
INTRODUCTION

Every organism on earth needs the ability to know the time 
of day for anticipating and responding to the changes in the 
external environments imposed by solar time (Curtis et al., 
2014). Biological processes and functions are well organized 
in time, as evidenced by the expression of ultradian (high fre-
quency), circadian (approximately 24-h), circamensual (ap-
proximately monthly), and circannual (approximately yearly) 
rhythms, as well as by the changes that occur with menarche, 
reproduction, and menopause (Lincoln et al., 2006). These 
circadian rhythms are mainly maintained based on the cycli-
cal changes depending on the light-dark cycle (Haus, 2007). 
These rhythms and biological signals form a complex network 
including participation and interaction of the central nervous 
system (CNS), endocrine glands, peripheral endocrine tis-
sues, and the immune system (Haus, 2007). These endog-
enous rhythms are flexible and adjust with light-dark, feeding, 
and temperature cycles as environmental cues (Cermakian et 
al., 2014). The circadian system has adaptability and predict-
ability, and maintains homeostasis in health and well-being 
(Hastings et al., 2007; Nakagawa and Okumura, 2010). Circa-
dian rhythms form a network with the CNS, suprachiasmatic 
nucleus (SCN), peripheral endocrine system, and the immune 
system (Fig. 1).

The SCN is located in the small hypothalamic region and 
is identified as the master pacemaker for regulating circadi-
an rhythms through neuronal, humoral, and behavioral cues 
(Ralph et al., 1990). The SCN receives photic inputs through 
the retinohypothalamic tract (RHT) and non-photic cues from 
disparate neural inputs (Rosenwasser, 2009). These inputs 
converge in the SCN, which integrates both environmental 
and physiological signals to coordinate downstream brain 
areas and organ systems through neuronal and endocrine 
outputs (Guo et al., 2006). The SCN generates dissemination 
signals including several neuropeptides and direct axonal pro-
jections for communicating with specific neuronal populations 
to generate circadian patterns of behavior and physiology (In-
ouye and Kawamura, 1979; Meyer-Bernstein et al., 1999). Cir-
cadian oscillators are found in peripheral organs such as the 
liver, heart, kidney, and skin, as well as in cultured cell lines 
(Fig. 2) (Yamazaki et al., 2000; Lamia et al., 2008). Each cell 
of almost every tissue has independent oscillators; the spleen, 
lymph nodes, and isolated macrophages contain autonomous 
cellular oscillators that even operate without systemic time 
information (Nagoshi et al., 2004; Welsh et al., 2004). Circa-
dian rhythm generation is a cell autonomous and fundamental 
mechanism of cell rhythm; it is highly conserved in SCN and 
peripheral cells. 

The simplest form of the cell autonomous system forms as 
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a transcription-translation oscillator loop (Fig. 3) (Curtis et al., 
2014). The core of this oscillator is composed of a heterodi-
meric partnership of the basic-helix-loop-helix PER-ARNT-
SIM (PAS) domain proteins, BMAL1 and CLOCK, which bind 
E-box sites and induce the expression of the repressors, 
Period (PER) and Cryptochrome (CRY), which in turn trans-
locate to the nucleus and suppress their own expression by 
interfering with the BMAL: CLOCK complex. PER and CRY 
proteins are then degraded gradually and the repression of 
BMAL1 and CLOCK is relieved; the cycle thus begins freshly 
for another 24-h cycle (Curtis et al., 2014). Further levels of 
complexity, robustness, and regulation in the basic feedback 
loop ensues through additional feedback loops, which involve 
other transcription factors such as the orphan nuclear recep-
tors REV-ERB α, β, and retinoic acid receptor-related orphan 
receptor (ROR) α, β, and γ (Duguay and Cermakian, 2009). 
CK1δ and CK1ε play a vital role in the posttranslational modi-
fication of the circadian timing system (Lee et al., 2009). PER 
proteins are phosphorylated from CK1δ and CK1ε, leading to 
their ubiquitin-dependent degradation and thus determine the 
intrinsic period of the clock. Suppression of CK1δ/ε slows PER 
protein turnover, decelerates clock progression, and length-
ens the circadian period (Lee et al., 2009). 

BMAL1

BMAL1 is a crucial clock component among all clock genes 
and proteins. Knock out of this single clock gene results in the 

loss of all rhythmic behavioral activity (Bunger et al., 2000). A 
span of basal pathologies understates the conditions related to 
accelerated aging caused by BMAL1 (Kondratov et al., 2006). 
The role of BMAL1 was investigated in myeloid cells, which 
mediate the clearance of the gram-positive bacterium, Listeria 
monocytogenes (Nguyen et al., 2013). Ly6Chi monocytes are 
the first line of defense against this bacterium. BMAL1 empha-
sizes the recruitment of these cells into inflamed tissues, and 
mice with myeloid BMAL1 depletion show depletion of Ly6Chi 
cells (Nguyen et al., 2013). E-boxes attached to BMAL1 in the 
promoters of Ccl2, Ccl8, and S100a8, then reduce Ccl2 tran-
scription, and attenuate Ly6Chi monocyte numbers at inflamed 
sites (Nguyen et al., 2013). 

Absence of BMAL1 drives chronic inflammation, insulin re-
sistance, hyperglycemia, whereas lack of BMAL1 enhances 
Ly6Chi monocytosis and their recruitment into metabolical-
ly stressed tissues such as fat pads (Nguyen et al., 2013). 
Therefore, BMAL1 acts as an anti-inflammatory molecule in 
monocytes by repressing Ccl2. When BMAL1 is present at 
low levels in myeloid cells, excessive inflammation progress-
es to sepsis (Nguyen et al., 2013). LPS-stimulated peritoneal 
macrophages lacking BMAL1 produce high amounts of IL-6 
(Gibbs et al., 2012).

Inflammatory responses are controlled by BMAL1 after toll-
like receptor 4 (TLR4) activation in macrophages via regula-
tion of the epigenetic state of enhancers. Acetylation of lysine 
27 in histones is increased with BMAL1 deletion, along with 
prolonged activation of NF-kB target genes (Oishi et al., 2017). 
In the immune response, reactive oxygen species (ROS) play 
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Fig. 1. Schematic for the complex network of the central nervous system, superchiasmatic nucleus (SCN), peripheral endocrine system, 
and immune system.
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a vital role and are regulated by BMAL1 in multiple tissue 
types (Mittal et al., 2014). Deletion of BMAL1 promotes an ad-
vanced aging phenotype, which results in increased oxidative 
stress and generates a diabetic phenotype in the pancreas 
due to oxidative stress-induced death of β-cells (Kondratov 
et al., 2009; Lee et al., 2013). Neurodegeneration and astro-
gliosis are enhanced in the brain due to oxidative stress in-
duced by the deletion of BMAL1 (Musiek et al., 2013). BMAL1 
is known to regulate inflammation by controlling ROS levels 

and through the direct binding of NRF2 to the IL-1β promoter 
(Kobayashi et al., 2016). 

PER2

Per2 is part of the PER clock proteins and modulates in-
flammation along with CRY. The mutant mouse strain PER2 
(Per2-/-) is an ideal experimental model that is used to reveal 

Fig. 2. Coordination of environmental cues and peripheral organs by the superchiasmatic nucleus (SCN) through downstream signals.

Fig. 3. The cell autonomous transcription-translation oscillator loop (Figure modified from Robinson and Reddy, 2014).
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specific characteristics of molecular clock components in the 
immune system and to peruse the role of PER2 in immune 
regulatory function (Zheng et al., 1999). PER2 mutant mice 
lose any changes in IFN-γ levels over 24-h periodicity (Arjona 
and Sarkar, 2006). Per2 plays a pivotal role in the host re-
sponse and regulates IFN-γ production in NK cells and the 
spleen, as well as IL-1β production in macrophages (Liu et 
al., 2006). Circadian clock gene oscillations are disturbed in 
Per2-/- mice, which lose their circadian rhythm by LPS-induced 
shock (Halberg et al., 1960). Per2-/- mice are resistant to LPS-
induced death via reduced production of IFN-γ by NK and NKT 
cells (Liu et al., 2006). IL-1β is mainly secreted from macro-
phages and the vascular endothelium in response to systemic 
endotoxin challenge (Liu et al., 2006). IL-1β levels were de-
creased by 30% in LPS-stimulated splenic macrophages and 
by 95% in the serum of LPS-challenged Per2-/- mice. Rather 
than monocytes/macrophages, Per2-/- deficient vascular en-
dothelium shows IL-1β impairment in response to systemic 
endotoxin (Borish et al., 1992; Fabry et al., 1993; Bourdoulous 
et al., 1995).

Per2 gene regulates daily IFN-γ production, and Per2 de-
ficiency leads to immune modulation by changing the rhythm 
of IFN-γ mRNA in the spleen. In Per2 mutant mice, there were 
no significant changes in IFN-γ levels, which were significantly 
lower than those in wild-type mice (Arjona and Sarkar, 2006). 
Table 1 shows that clock genes influence inflammation by spe-
cific inflammatory mediators.

INFLUENCE OF CIRCADIAN CLOCKS IN 
INFLAMMATORY DISEASES THROUGH 
HORMONES

Glucocorticoids
The adrenal cortex produces glucocorticoids (GCs), which 

are steroid hormones. The SCN plays an important role in 
rhythmic glucocorticoid synthesis and secretion (Son et al., 
2011). GC levels are the highest in the early active phase, 
which means early in the day in humans (Son et al., 2011). 
GCs have an anti-inflammatory nature and a rhythm peak at 
night, which opposes their pro-inflammatory rhythm (Webster 
et al., 2002). GCs control various cell types in the immune 
system, and high levels of circulating GCs suppress immune 
responses leading to higher infection susceptibility (Webster 
et al., 2002). Suppression of GCs also exacerbates inflamma-
tory responses (Webster et al., 2002).

GCs are influenced by circadian clocks, as binding ele-
ments of GC receptors are found in the promoters of clock 
genes PER1, PER2, and Rev-erbα (Balsalobre et al., 2000). 
per1 and per2 expression is drastically upregulated by GC 
treatment in cultured cells, in vitro cultured lung slices, and 
in different organs (Fukuoka et al., 2005; Gibbs et al., 2009; 
So et al., 2009; Cheon et al., 2013). GCs contemporizing cel-

lular circadian oscillators in vitro and in peripheral tissues in 
vivo (Nagoshi et al., 2004; Fukuoka et al., 2005) PER2 protein 
rhythms are based on GC rhythms in the limbic forebrain (Se-
gall and Amir, 2010). GCs are candidates for mediating the 
peripheral clock reset and regulate behavioral reset under the 
control of the SCN (Kiessling et al., 2010). 

Cortisol synthesis shows circadian rhythms as a maximum 
in the early morning hours at 8:00 AM and steadily declines 
through the day to reach trough levels after sleep onset at 
night (Lakatos et al., 1995; Haeck et al., 2007). Cortisol is an 
influential endogenous anti-inflammatory substance that is up-
regulated in the early morning and is related to the inhibition of 
inflammation during the day; its downregulation in the evening 
and night time is related to the exacerbation of inflammation 
during the early morning. 

Corticotropin-Releasing Hormone (CRH) regulates cortisol 
secretion, and fluctuations in cortisol lead to atopic dermatitis 
(AD). Low nocturnal cortisol levels lead to nocturnal itching in 
individuals with AD (Patel et al., 2007). Circadian dysregula-
tion results in abnormalities in cortisol secretion, which leads 
to inflammatory diseases such as AD (Vaughn et al., 2018). In 
patients with rheumatoid arthritis (RA), cortisol rhythm is re-
lated to disease activity at low to moderate levels. This rhythm 
is highly distributed in patients with RA when the disease is in 
the active stage, leading to a flattening of the response curve, 
and two peaks appear in the morning and afternoon (Neeck et 
al., 1990). High disease activity in patients with RA is related 
to elevated serum cortisol levels. 

Melatonin
The pineal gland synthesizes and secretes melatonin, and 

this synthesis mainly occurs at night (Maronde and Stehle, 
2007). Melatonin is secreted in a diurnal pattern by a steady 
increase and peak between 2:00 AM to 4:00 AM, followed 
by a gradual decrease (Delagrange and Guardiola-Lemai-
tre, 1997). Melatonin has a sedative effect, and promotes 
sleep by acting on the SCN; it can also decrease the core 
body temperature (Haldar and Ahmad, 2010). Melatonin ex-
erts anti-oxidative and immunomodulatory effects and plays 
a role in inflammation as an anti-inflammatory or pro-inflam-
matory component depending on the cell type and conditions 
(Schwarz et al., 1988; Delagrange and Guardiola-Lemaitre, 
1997; Mauriz et al., 2013).

Melatonin also influences the diurnal rhythms of leukocyte 
proliferation, cytokine production, and NK cell activity (del 
Gobbo et al., 1989; Drazen et al., 2001). Melatonin administra-
tion suppresses nitric oxide synthase by upregulating antioxi-
dant enzymes, cyclooxygenase-1/2 expression, PGE2 levels, 
and pro-inflammatory cytokine levels in various inflammatory 
models and also decreased CRY1 protein and Cry1 mRNA 
levels in an experimental mouse model of arthritis (Bang et al., 
2012; Mauriz et al., 2013).

Disrupted melatonin secretion induces AD in children as 
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Table 1. Interactions of clock gene components with inflammatory mediators

Clock genes Inflammatory mediators Effect on inflammation

BMAL1 Enhances Ly6Chi monocytosis, supresses the reactive oxygen  
species, 9ROS) 

Anti-inflammatory gene, controls inflammation

PER2 Monitors daily IFN-γ production Promotes inflammation
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reported by Schartz and colleagues (Schwarz et al., 1988). 
Low levels of melatonin lead to AD exacerbation in children 
whereas higher nocturnal melatonin results in reduced sleep 
disturbance and less severity of AD symptoms in children (Mu-
noz-Hoyos et al., 2007; Chang et al., 2014). In a double-blind 
randomized controlled study, children aged 1-18 years who 
were administered melatonin had significantly lower SCORing 
of atopic dermatitis (SCORAD) index scores than those re-
ceiving a placebo (Chang et al., 2014). Chang and colleagues 
reported that latency to sleep onset in children with AD was 
significantly shortened with melatonin supplementation than 
with the placebo (Chang et al., 2016). Melatonin ameliorates 
AD development in DNFB-treated NC/Nga mice by reducing 
total serum immunoglobulin E levels and the IL-4 and IFN-γ 
production by activated CD4+ T cells (Kim et al., 2009). 

Melatonin levels exhibit a wide plateau lasting 2-3 h in RA 
(Sulli et al., 2002). A study in a northern European country re-
ported that serum melatonin levels were elevated RA patients 
as compared to those in the controls (Cutolo et al., 2005). 
Melatonin enhances the Th1 immune response and may lead 
to unwanted increases in related cellular immune phenomena 
in patients with RA during the night (Cutolo and Maestroni, 
2005). Table 2 shows the role of hormones in inflammation 
according to their circadian rhythmicity.

Circadian clock regulates inflammatory responses by 
immune cells

Circadian oscillators are present in peripheral organs such 
as the liver, heart, kidney, and skin, as well as cultured cell 
lines. The SCN sets the phase of these peripheral clocks that 
are involved in the regulation of local physiology (Yamazaki et 
al., 2000; Schibler, 2006; Lamia et al., 2008). In mammalian 
physiology including the immune system, many functions and 
parameters change in a time-of-day dependent manner; these 
include lymphocyte proliferation, natural killer cell activity, hu-
moral immune responses, absolute and relative numbers of 
circulating white blood cells, and cytokine levels (Fernandes 
et al., 1976; Kawate et al., 1981; Young et al., 1995; Esqui-
fino et al., 1996; Arjona and Sarkar, 2005). GC regulates the 
immune system by regulating immune cell number, cytokine 
concentration, surface marker abundance, and immunologi-
cal effector functions rhythmically. This has contributed to an 
enormous progress in our understanding regarding the mo-
lecular basis of the circadian clock which is important in both 
health and disease (Takahashi et al., 2008). Peripheral tissues 
have autonomous circadian clocks, which are important regu-
lators of normal peripheral physiology (Storch et al., 2007; La-
mia et al., 2008).

Circadian clocks, which are fully operational and autono-
mous, exist in immunological tissues such as the spleen, 
lymph nodes, and resident peritoneal macrophages (Keller et 
al., 2009). Innate immunity is a crucial feature that is involved 

in the recognition of pathogens and subsequent initiation of 
defense strategies related to the macrophage intrinsic clock 
(Keller et al., 2009). Stimulation of macrophages by bacterial 
endotoxin for pro-inflammatory cytokine production is deter-
mined by the circadian phase of the macrophage clock (Krieg-
er, 1975). Peritoneal macrophages have 8% of transcripts 
that are expressed rhythmically, uncovering multiple possible 
points in the LPS response pathway that link the macrophage 
intrinsic circadian clock with important immunological effec-
tor functions (Keller et al., 2009). Different cell types such as 
granulocytes, T cells, B cells, and myeloid lineage-derived cell 
lines in immunological tissues have both time-dependent het-
erogeneity, and clock gene dynamics that represent an aver-
age of many possible distinct clocks in different cell popula-
tions (Keller et al., 2009). There is some circadian variation in 
cytokine levels, lytic activity, and phagocytosis in NK cells and 
macrophages (Arjona and Sarkar, 2005; Hayashi et al., 2007).

The circadian system has one major output route of tran-
scriptional regulation; 5-10% of the transcriptome is controlled 
by the circadian clock in many tissues and most transcripts 
oscillating in a tissue-specific manner (Schibler, 2007). Peri-
toneal macrophages have 8% of genes related to circadian 
modulation (Keller et al., 2009). Circadian expression in LPS 
induces immune pathways at multiple levels ranging from sig-
nal reception via signal transduction to response generation 
and interestingly, gene transcription of AP-1 or TLR4 inhibitory 
molecules such as CD80 and MD-1, indicating their circadian 
transcription (Keller et al., 2009). The circadian clock plays a 
regulatory role in many functional aspects including phagocy-
tosis, antigen presentation, and immune regulation. Immune 
regulatory genes such as Cd59a, Cd69, Cd86, and Cd200r1 
are expressed with high amplitude (Keller et al., 2009). Mac-
rophages are regulated in a time-of-day-dependent manner in 
response to bacterial endotoxin. Halberg et al. first reported 
dramatic diurnal variations in a mouse model of endotoxic 
shock and suggested the biological significance of the tim-
ing of immune functions (Halberg et al., 1960; Barnes et al., 
1993; Hrushesky et al., 1994). Splenocytes secrete TNF-α 
and IL-6 in a circadian manner, and T cells, monocyte/mac-
rophages show circadian fluctuations; immune cell trafficking 
is also under circadian regulation (Keller et al., 2009). The cir-
cadian clock also plays a regulatory role in many functional 
aspects including phagocytosis. It thus seems reasonable to 
assume that cytokine secretion is regulated by the circadian 
clock in these cells. The circadian system interacts with and 
regulates the immune system as investigated in CD11b+ mac-
rophages based on global circadian gene expression profiling 
experiments (Keller et al., 2009). The circadian clock plays a 
regulatory role in many functional aspects including phago-
cytosis. Among 17,308 genes from peritoneal macrophages, 
1,403 genes are rhythmically expressed in a circadian manner 
(Keller et al., 2009). Circadian transcriptional regulation at the 

Table 2. Circadian rhythmicity of hormones and their effect on inflammation

Hormones Relation to circadian rhythmicity Effect on inflammation

Cortisol Maximum levels at 8:00 AM, declines throughout the day Fluctuations leads to atopic dermatitis and rheumatoid 
arthritis

Melatonin Maximum levels at 2:00 AM to 4:00 AM. Then decrease 
gradually

Suppress the nitric oxide synthase, disruption leads to 
atopic dermatitis
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level of LPS-induced immune response has been confirmed 
in components regulating LPS binding to TLR4 and homodi-
merization of TLR4 (MD-1 and CD180/RP105), components 
of the MAPK pathway controlling multiple downstream levels 
including transcription factor activation, cytokine protein pro-
cessing, subunits and regulatory components of NF-κB and 
AP-1 transcription factors involved in proinflammatory cy-
tokine transcription (NFkB1, RELA, IkBα, JUN, FOS), com-
ponents regulating cytokine mRNA stability and localization 
(ELAVL1, SFPQ), and protein processing (ADAM17) (Keller et 
al., 2009). According to the nature of the transcriptional circa-
dian clock within this pathway, it is very likely that the observed 
rhythmic immune functions are at least partly controlled by cir-
cadian clocks present in immune cells. 

PER2 and Rev-Erbα transcripts from the spleen and lymph 
nodes showed high-amplitude circadian oscillations with a 
peak-to-trough ratio of ~4 for Per2 and ~20 for Rev-Erbα. 
In CD11b+ peritoneal macrophages, high amplitude mRNA 
rhythms of Per2 (peak-to-through ratio ~100) and Rev-Erbα 
(peak-to-through ~300) were observed (Keller et al., 2009). 
Moreover, their expression peaked around circadian time (CT) 
6-9 for Rev-Erbα and around CT 12-15 for PER2. These clock 
proteins are part of an autonomous functional clock, which is 
manifested in PER2: LUC knockin mice; the spleen and lymph 
node explants of these mice showed persistent circadian os-
cillations of bioluminescence for more than a week. These 
cells showed high-amplitude circadian rhythmicity for more 
than a week, indicating that the circadian clock can operate 
autonomously without the requirement of systemic drivers in 
immune cells (Keller et al., 2009).

 In ex vivo stimulated spleen cells, TNF-α and IL-6 are se-
creted at the peak levels when the mortality rate of endotoxic 
shock is the highest and the overall spleen contents as well 
as absolute numbers of monocytes/macrophages, are at their 
maximum levels (Halberg et al., 1960). The relationship be-
tween the circadian clock and immune system is bidirectional; 
sometimes, immune system parameters can also modulate 
the circadian clock (Majde and Krueger, 2005; Coogan and 
Wyse, 2008). LPS can induce a phase-shift in the circadian 
clock in mice and proinflammatory cytokines can alter circadi-
an neuronal activity in the SCN (Marpegan et al., 2005; Kwak 
et al., 2008). 

Circadian clock and atopic dermatitis (AD)
The skin shows time-of-day -dependent changes based 

on environmental conditions such as UV irradiation and tem-
perature, and forms a barrier between the body and the en-
vironment. Some studies have reported circadian regulation 
of metabolic and physiological processes in the skin, time-
of-day-dependent variations in human skin function such as 
barrier recovery, trans-epidermal water loss, sebum secretion, 
skin temperature, and skin pH (Yosipovitch et al., 1998; Le Fur 
et al., 2001; Yosipovitch et al., 2004). HaCaT keratinocytes are 
a model for investigating the effects of temperature cycles on 
epidermal oscillators (Yosipovitch et al., 1998). Temperature is 
a potent Zeitgeber of HaCaT clocks, synchronizing clock gene 
expression, and expanding the amplitude of clock-controlled 
genes (Sporl et al., 2011). Clock genes such as Dbp, Bmal1, 
Per2, and Cry1 are expressed rhythmically after temperature 
entrainment (Brown et al., 2002). Upon temperature paradigm 
entrainment of the circadian clock in primary epidermal cells, 
canonical clock genes show high amplitude oscillations in 

HaCaT keratinocytes (Sporl et al., 2011). These observations 
indicate that primary epidermal keratinocytes possess a cell-
autonomous circadian clockwork (Sporl et al., 2011). Choles-
terol is needed for keratinocyte differentiation and proliferation 
as well as for cornified envelope formation (Schmidt et al., 
1991). Keratinocytes form an epidermal lipid barrier by cho-
lesterol. Regulation of cholesterol metabolism in keratinocytes 
by the circadian clock would imply a strict timing for keratino-
cyte differentiation and skin barrier function (Yosipovitch et al., 
1998, 2004). 

According to the circadian rhythms, fluctuations occur in 
skin barrier biophysical parameters (Le Fur et al., 2001). Fa-
cial sebum production shows oscillations in 8- and 24-h pat-
terns and is the highest in the early afternoon and the lowest at 
night (Verschoore et al., 1993). Night-time pruritus is caused 
by low production of nocturnal sebum, which forms a hydro-
lipid film on the skin surface to maintain hydration (Vaughn et 
al., 2018). Generally, in healthy adults, trans-epidermal water 
loss (TEWL) is highest in the late afternoon and evening (Yo-
sipovitch et al., 1998; Le Fur et al., 2001; Yosipovitch et al., 
2004). Circadian clock genes regulate skin hydration at the 
cellular level. CLOCK gene knockout mice show a lack of stra-
tum corneum (SC) hydration due to dysfunctional aquaporin-3 
proteins (AQP3), which are transmembrane channels on ke-
ratinocytes that facilitate water and glycerol entry to maintain 
hydration (Hara-Chikuma and Verkman, 2008).

Immune functions in AD including regulation of circulat-
ing leukocyte numbers and types, and cytokine production 
are also controlled by circadian rhythms (Lange et al., 2006). 
Pro-inflammatory cytokines such as interleukin (IL)-12 and 
circulating naïve T- cells peak at night in adults, whereas cy-
totoxic T-cells and anti-inflammatory cytokines such as IL-10 
peak during the day in vitro (Dimitrov et al., 2007; Lange et 
al., 2010). This diurnal pattern of immune function parallels 
the nocturnal itching and exaggeration of AD (Yosipovitch et 
al., 2002). 

Circadian clock and asthma
Asthma is a complex lung disease driven by airway remod-

eling and involves inflammation, subepithelial fibrosis, smooth 
muscle proliferation, and goblet cell metaplasia (Bergeron et 
al., 2009). Additionally, an important characteristic of asthma 
is that patients exhibit symptoms by circadian rhythms (Clark, 
1987). Clock genes may also contribute to lung inflammation, 
fibrosis, glucocorticoid response, and immunity (Silver et al., 
2012; Gibbs et al., 2014; Pekovic-Vaughan et al., 2014). En-
vironmental and genetic manipulation of circadian function 
can also lead to acute and chronic viral airway pathologies. 
Asthma symptoms frequently show exacerbation in the early 
hours of the morning, at around 4:00 AM, and sudden death 
also tends to occur at this time (Litinski et al., 2009). One sur-
vey including 7,729 patients with asthma reported that 74% 
awoke at least once per week with asthma symptoms, 64% 
showed nocturnal asthma symptoms at least three times per 
week, and approximately 40% of the patients experienced 
symptoms nightly (Litinski et al., 2009). Mice with disruption 
of circadian rhythms mimic chronic jet lag or shift work, caus-
ing alterations in lung mechanisms and clock gene expres-
sion in the lung (Hadden et al., 2012). Some subjects with 
nocturnal asthma show circadian variation in the number per 
unit volume of alveolar eosinophils, with a significantly greater 
number present at 4:00 AM vs. 4:00 PM; alveolar eosinophils 
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increased with nocturnal asthma and correlated with nocturnal 
decrements in forced expiratory volume 1 (FEV1) (Durrington 
et al., 2014). The bronchoalveolar lavage fluid from patients 
with asthma contains increased numbers of macrophages, 
neutrophils, and CD4 T lymphocytes at 4:00 AM vs. that at 
4:00 PM, and the percentage of CD4 T lymphocytes in the 
4:00 AM lavage fluid is inversely correlated with the 4:00 AM 
FEV1 (Kelly et al., 2004; Litinski et al., 2009). 

The Bmal1 deletion mouse model showed greater suscep-
tibility to bacterial infections and inflammation in response to 
microbial products such as endotoxin and to sterile agents 
such as bleomycin and cigarette smoke (Nguyen et al., 2013; 
Gibbs et al., 2014; Hwang et al., 2014; Pekovic-Vaughan et 
al., 2014). Both eosinophils and mast cells are called harbor 
circadian clocks and show circadian rhythms (Ehlers et al., 
2018). Bmal1-/- mice exhibit more severe infection by increas-
ing weight loss, mortality, and viral RNA expression (Ehlers 
et al., 2018). Bmal1-/- mice develop more extensive airway 
inflammation than wild-type mice, as evidenced by broncho-
alveolar lavage (BAL) protein concentrations and leukocyte 
counts. Moreover, Bmal1-/- mice show increased magnitude 
of granulocyte-predominant lung inflammation during Sendai 
virus (SeV) infection (Ehlers et al., 2018). Bacterial infection 
and endotoxin-challenge in Bmal1-/- mice have been shown to 
induce exaggerated inflammation because of the dysregula-
tion of specific chemotactic factors such as CCL2 and CXCL5 
(Ehlers et al., 2018). Bmal1 deletion enhanced the broad-
based increase of pro-inflammatory cytokine expression in 
response to SeV; for instance, 30 cytokines and chemokines 
were identified at higher levels in BAL fluid in response to SeV 
infection in WT animals, and 20 cytokines exhibited signifi-
cantly greater levels in Bmal1-/- mice for at least 2 time points 
as compared to those in wild-type mice (Ehlers et al., 2018). 
IFN-γ levels are much higher in SeV-infected Bmal1-/- mice 
along with higher levels of CXCL5 and IL-6. The circadian 
clock gene, Bmal1, thus regulates bronchiolitis and asthmatic 
airway phenotypes (Ehlers et al., 2018). Table 3 shows the in-
flammatory mediators in AD and asthma that follow circadian 
rhythmicity while upregulating inflammation. 

CONCLUSION

Overall, cell-autonomous circadian rhythmicity is generated 

by a transcription/translational loop, ensued by an additional 
loop including Rev-Erbα and retinoic acid receptor-related or-
phan receptors (ROR). Disruption of circadian genes leads to 
inflammatory diseases. We thus concluded that among clock 
genes, BMAL1 acts as an anti-inflammatory component, Per2 
gene ensures inflammatory responses, fluctuation in cortisol 
and melatonin leads to atopic dermatitis. Proinflammatory cy-
tokines such as TNF-α and IL-6, are also secreted rhythmi-
cally from immune cells. 
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