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Abstract

Both innate and adaptive immune cells exist in the skin, predominantly in the dermis layer. Recent studies
have focused on how and which circadian rhythms contribute to maintain good health. Over recent years, we
have gained a better understanding of the molecular mechanisms that control biological clocks and circadian
rhythms. Circadian rhythms maintain homeostasis by providing day and night information to various
physiological functions of our body. However, excessively high immune system activity can lead to a risk of
developing autoimmune or allergic diseases. Recently, increasing numbers of studies with human and mouse
models have been conducted to investigate the mechanisms underlying circadian regulation of the skin
homeostasis. In this review, circadian regulation in the skin will be discussed from different points of view.
Skin is referred as the largest organ of the body and is directly exposed to the external environment, including
large changes in diurnal temperature, light, and pathogens. Immune cells as well as skin cells are the ones
protecting us from these stimulants. Associations of the circadian system and these cells have been revealed
in many ways, however, the specific roles of the peripheral clocks in these cells remain unknown. Circadian
regulation in the skin diseases is discussed specifically in atopic dermatitis and other skin allergic symptoms
as well as psoriasis.
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Introduction

Most living things maintain an approximate 24 h rhythm in behaviors, including sleep-wake cycles and
physiological processes such as body temperature and hormone secretion [1]. These are referred to as
circadian rhythms and are controlled by clocks, which introduce rhythms via an internal factor without the
need for participation of environmental factors, although rhythms can be adjusted by external factors [2].
Circadian rhythms maintain homeostasis by providing day and night information to various physiological
functions of our body. In other words, circadian rhythms have an influence on a wide variety of biological
processes, including behavior, metabolism, neuronal activity, endocrinology, and immunity [2]. For instance,
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the peripheral clock in cell level is shown to operate pigmentation in human hair follicle as well as in
epidermal melanocytes [3].

In humans, circadian rhythms are generated in and coordinated by a multi-oscillatory system located in
the brain [4]. This master pacemaker is located in the suprachiasmatic nucleus (SCN) of the hypothalamus.
The SCN shows a strong 24 h cycle rhythm of electrophysiological activity, which leads to periodic display of
physiological functions and behavior via a hierarchical system [2, 4]. Thus, the SCN is referred to as the central
clock, and other clocks located throughout the body are known as peripheral clocks [2]. The human body is
said to be composed of approximately 37 trillion cells, in almost all of which peripheral clocks contribute to
maintenance of functions in peripheral tissue [2].

Over recent years, we have gained a better understanding of the molecular mechanisms that control
biological clocks and circadian rhythms. Indeed, many studies have supported the importance of molecular
clocks for the regulation of human physiology, including hormonal and metabolic homeostasis. Studies
in fruit flies, and subsequently in rodents and humans, have led to the development of a transcriptional-
translational feedback loop (TTFL) molecular model of circadian rhythms. The major clock genes involved in
the TTFL include brain and muscle aryl hydrocarbon receptor nuclear translocator-like 1 (BMAL1), circadian
locomotor output cycles kaput (CLOCK), period circadian regulator (PER)1/2, and cryptochrome circadian
regulator (CRY)1/2, which form the main components of systems with a 24 h cycle. The transcriptional
activators BMAL1 and CLOCK play a positive role by activating PER and CRY genes via specific promoter
sequences known as E-boxes. PER and CRY are then translated into proteins in the cytoplasm and transported
to the nucleus after interacting with each other. Transcription is then stop when they bind to BMAL1 and
CLOCK. Thus, PER and CRY are expressed rhythmically in a 24 h cycle [5].

In humans, the strongest environmental factor that acts to reset the central clock is sunlight or visible
light acting through the retina, and subsequently triggering hormonal and other electrochemical signals in
the body [4]. In chronobiology, this process is known as entrainment, which refers to the synchronization of
physiological or behavioral rhythms to environmental rhythms. Peripheral organs and cells are functionally
entrained by hormones and other electrochemical signals, or by body temperature [4]. One of the key features
of circadian rhythms is that the circadian clock maintains an endogenous periodic rhythm of approximately
24 h, even in constant dark conditions or in the absence of any environmental stimulation [6]. Therefore, light
and temperature work synergistically to orchestrate the circadian phase, modulating regulation of the clock
and contributing to seasonal adaptations in clock functions. Moreover, recent studies have focused on how
nutrition (“eating right”) might affect circadian rhythms to maintain good health [7].

While the central clock is primarily responsible for light entering the retina and stimulating the SCN via
the hypothalamic retinal tract, the skin, which deserves to be the mid-wall between the environment and the
organism, receives and generates signals regarding timing. Since the skin is directly exposed to the external
environment, skin functions, including immune responses, are influenced by the central clock but can be
locally reset by exposure to ultraviolet (UV) light, pollutants, humidity, temperature, etc. [4]. Therefore, the
influence of skin peripheral clock on the skin immunity may be closely related to the circadian system and the
maintenance of healthy skin at both cellular and molecular levels.

Circadian regulation in the skin

Skin is regarded as the largest organ of the body and is directly exposed to the external environment, including
large changes in diurnal temperature, light, and pathogens. Thus, in normal circumstances, many markers of human
skin moisture retention, transepidermal water loss (TEWL), capillary blood flow, temperature and pH of the skin
surface, and rate of epithelial cell proliferation appear to maintain daily rhythms to keep our skin healthy [4]. TEWL
is higher in the afternoon and the evening than in the morning [4]. This suggests that performance of the skin as a
barrier declines in the evening and at night. Skin temperature of the arm and calf are also reported to show daily
variations, with the lowest temperatures in early morning and the highest at night [8]. Skin temperature typically
reflects cutaneous capillary flow, which also shows a pattern of being lower in the morning and the highest in the
afternoon, with a second peak in the late evening just before sleep [9]. Moreover, patients with chronic urticaria
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suffer the greatest itchiness in the evening [10], which can be explained by evidence for a decreased skin barrier in
the evening. Mizutani et al. [11] reported that although cutaneous tolerance was induced in mice, with sensitization
during the neonatal period, this induction was suppressed in Bmall-deficient mice, mice with dysregulated circadian
rhythms, suggesting that circadian control regulates homeostasis of the skin. Looking back in some old studies, in
1994, Pershing et al. [9] have reported circadian activity of topical 0.05% betamethasone dipropionate in human
skin in vivo. Although the precise mechanisms were not discussed in this study, the authors suggest an application
of topical treatment on the skin at late afternoon may be more effective than the same amount of treatment in the
morning [9].

In 2001, circadian rhythms in heat-induced sweat on forearm were shown. Skin surface pH shows
fluctuation within the range of pH 5.5 to 6.0, and pH was found to be higher in the afternoon compared
to the morning [12]. There are also other evidence shown about circadian changes in the volume of heat-
induced [13] or exercise-induced [14] sweat. Since sweat is a sample limited in the volume, there are still not
many studies following these suggestions. However, as it is also a sample that can be collected invasively, any
further studies are highly expected.

Living organisms are active at different periods (diurnal or nocturnal) depending on the species.
During the active period, pathogens are often encountered. The 24 h cyclical control of immune function
enables organisms to protect themselves with the most effective response when it is needed. Another role of
circadian rhythms is to adjust various immune functions (e.g., among different cell types) without any delay
in cooperation with other physiological systems [15]. However, excessively high immune system activity can
lead to a risk of developing autoimmune or allergic diseases. Thus, circadian regulation in the skin aims to
maintain a homeostasis within the skin and the immune system.

Clock-related molecules in skin cells

An in vitro assessment of keratinocytes, fibroblasts, and adipocytes has clarified contributions of the cellular
circadian clocks in these cells to cutaneous homeostasis [16]. Moreover, Bmall deficient mice were reported
to show fast aging in cutaneous cells [17], which may also contribute to a premature immune system for
regulating the skin condition. However, studies investigating the precise pathophysiology of the cutaneous
tissue and the skin are yet to be conducted.

Although the numbers are limited, there are several important studies investigating the presence of
circadian oscillations in the human skin have reported. Sandu et al. [18] reported that primary cultures of
keratinocytes, melanocytes, and fibroblasts derived from a human skin biopsy show circadian oscillations
in clock related genes. The analysis also revealed with each cell type specific oscillating periods, which
fibroblasts showed the shortest period of 22.2 h, followed by keratinocytes 23.1 h, and melanocytes 25.2 h.
They also detected opposite phases between Bmall, and Per or Cry transcripts, approximately 8 h phase
advance in Per [18], in accordance with the TTFL theory.

Clock-related pathways in skin

In 2014, Hardman et al. [3] also showed evidence in melanocytes as well as hair follicles, in which they
investigated a cell-autonomous pigmentation modulatory function in peripheral clocks. Using siRNA
technology, BMAL1 or PERI1 silencing was found to increase hair pigmentation. These partial clock gene
silencing resulted in to increase tyrosinase and tyrosinase related protein (TRP)1/2 expression and activity,
as well as melanin synthesis [3].

Another study showed Krueppel-like factor 9 (KIf9), a transcriptional factor known to be involved in cell
proliferation and differentiation including keratinocytes, showed a clear diurnal oscillation mRNA expression
in epidermal suction blister and punch-biopsy samples [19]. Similarly, Bmall protein was found to play a
role in regulating cell proliferation and metabolism in mouse skin via controlling anti-phasic parameter,
reactive oxygen species (ROS) levels [20]. Although the study was based on fibroblasts data, ROS as well as UV
stimulation is shown to trigger the synchronization of the circadian clock via interactions between BMAL1 and
heat-shock factor-1 (HSF1), a central transcription factor for the heat-shock response (HSR) pathway [21].
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These data support ROS contribution to the circadian regulation in the skin. Geyfman et al. [20] also reported
another role of Bmal1l adjusting circadian sensitivity to ultraviolet-B (UV-B) induced DNA damage in mouse
epidermis; sensitivity is higher late at night. This finding is in consistent with the study showing UV-B-
induced DNA damage responses and apoptosis in human keratinocytes are regulated by CLOCK as well as
BMAL1 proteins [22].

Immune factors regulated by clock-related molecules

Regarding UV-B damage, tissue inhibitor of metalloproteinase-3 (TIMP-3), which is regulated by
CLOCK, was shown as a novel circadian locomotor that inhibits the expression of UV-B-induced matrix
metallopeptidase 1 (MMP1)andinflammatory cytokines [tumornecrosisfactor (TNF),chemokine (C-X-Cmotif)
ligand (CXCL)1, CXCL8] in human keratinocytes [23]. CLOCK as well as BMAL1 is also reported to regulate the
transcription of aquaporin-3 (AQP3), which 24 h cycle rhythmical expression pattern was detected in HaCaT
cells. AQP3 locates in the basal layer of the epidermis and regulates biological functions of the skin such as
water content and trans-epidermal water loss, thus this study revealed a molecular mechanism to control
the skin hydration [24]. These data suggest that skin circadian protein oscillations are essential for the skin,
as an outermost shield that protects our body from harmful and complicated external conditions such as UV
exposures and dryness.

Considering the shield barrier function of the skin, antimicrobial peptides are also shown to oscillate
daily. In this study, the mRNA expression levels in antimicrobial peptides analyzed, including defensin 1 and
3, reached their peaks at early hours of active phase, rhythms if which were abolished in mice kept in constant
dark condition [25]. This study suggests that the skin innate immune response is influenced by the circadian
system, suggesting that we may make use of the circadian influence to control the skin immunity.

As was mentioned earlier, “eating right” is the focus of attention recently in order to keep peripheral
clocks to maintain our good health. Using 5 different patterns of restricted feeding in mice, Wang et al. [26]
showed skin peripheral clock shift can be induced by restricted feeding, independent from liver clock.
Moreover, restriction during daytime was reported to reverse the UV sensitivity of the skin, especially for
DNA damage. Although the direct interconnection between the feeding signal and the skin peripheral clock
is still unknown, influence of food intake on the skin biophysiology may be greater than it is recognized
so far (Figure 1).
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Figure 1. Circadian regulation in skin cells. Circadian rhythms in skin are affected by many factors. Not only clock related mole-
cules, but other skin physiologies are also regulated by these signals
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Circadian regulation in immune cells

Both innate and adaptive immune cells exist in the skin, predominantly in the dermis layer. The epidermis,
especially the basal layer, contains Langerhans cells (LCs) and CD8* T cells. On the other hand, the dermal layer
is composed of CD4* T cells, B cells, natural killer (NK) cells, innate lymphoid cells, eosinophils, neutrophils,
mast cells, macrophages, and dendritic cells [27]. LC initiates the immune response in the skin; they form a
network on the surface of the skin, extends the dendrites, and capture antigens in the environment through
the gaps of tight junctions. Upon phagocytosing an allergen or pathogen, LC presents the antigen directly to T
cells present in cutaneous immunological memory, or migrates to the lymph nodes and presents the antigen
via major histocompatibility complex (MHC) [28].

Circadian clock genes are expressed in numerous immunological tissues and cells, and are reported to
show rhythmic expression in spleen, lymph node, and peritoneal macrophages, tissues, and cells [29]. The
manner by which physiology is controlled by peripheral clocks is still poorly understood. However, a 24 h
cycle does seem to be important for the skin homeostasis, as has been observed in sleep disruptions in many
of the skin disorders. Additionally, many symptoms of allergic diseases and associated clinical laboratory
data are reported to show marked changes across approximately 24 h cycles [30]. Moreover, these circadian
clocks can be operated autonomously without signals from the central clock [29].

It is well known that both endogenous (secreted from adrenal glands) and exogenous (therapeutic)
glucocorticoid hormones modulate peripheral clocks [31]. Cortisol, an endogenous glucocorticoid hormone
in humans, is reported to show 24 h cycle variations, reaching a peak at the time of waking and a trough
late at night [32]. In conditions without any specific stress, plasma corticosterone levels in mice show 5 to
10 fluctuations between the highest and lowest concentrations [33]. Among currently available medical
options, topical glucocorticoids are widely used to treat allergic symptoms, different classes of glucocorticoid
ointments are used for atopic dermatitis/eczema. Therefore, understanding the role of glucocorticoids on
local clocks is important to determine the regulation of circadian rhythms on the immune system. Moreover,
it will enable more accurate and personalized treatment of patients.

The role of circadian rhythms in the immune system is a new area of research, which has started to reveal
the importance of circadian control in immune regulation. However, the specific underlying mechanisms
remain unknown. Research generally supports the role of circadian-controlled immune variations in coping
with infections [34]. For instance, the circulating leukocyte count reaches a peak during the day in rodents
and at night in humans [16]. Moreover, the concentration of human serum interleukin (IL)-5 appears to be
maintained by type 2 innate lymphoid cells (ILC2), which constitutively secrete IL-5. They also secrete IL-13
during type 2 inflammation, which leads to local CC chemokine ligand (CCL)11/eotaxin production and
eosinophil accumulation as observed in many allergic symptoms [35]. This indicates that not all variables in
the immune system follow patterns modulated by circadian rhythms, but some do so to keep the homeostasis
in the immune system.

In rodents, Clock mutant mice have been well studied in the chronobiology field. One study reported
that, compared with wild type (WT) mice, Clock mutant mice showed comparable numbers and proportions
of lymphocytes (CD4*, CD8", y/&" T cells, and B cells) in the thymus and spleen, as well as serum antibody
[immunoglobulin (Ig)G, IgA, and IgE] levels, and leukocyte counts in peripheral blood. Thus, Clock mutant
mice do not have obvious developmental defects in terms of the immune system [36]. This suggests that
CLOCK may not have a direct impact on immune regulation. Nevertheless, impaired leukocyte trafficking and
the skin inflammatory responses was shown in hamsters lacking a functional circadian system by disruptive
phase shifts [37], which suggests a solid circadian regulation in the skin immune system. Also, in human
study, the numbers and suppressive function of CD4*CD25*Foxp3* regulatory T cells (Treg) was reported to
show a circadian rhythm, increase at night and decrease during the day [11]. Taken together, although some
of the precise mechanism is still unveiled yet, the circadian clock may be enhancing the skin immunity during
active periods when the risk of contracting infections is the highest, and suppressing immune responses
during inactive periods.
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Circadian regulation in atopic dermatitis and other skin allergic symptoms

Sleep disruption in skin disorders has been described in many studies. In addition to the diurnal cortisol
pattern affecting the night increased itching in atopic dermatitis, urticaria, and several other skin
diseases [10, 38], elevated TEWL in the evening seems to be related to elevated pruritus [38]. Circadian clock
dysregulation was also reported to affect contact hypersensitivity. Clock mutant mice showed significantly
severe ear swelling compared to WT mice [39]. They also found significantly higher numbers of mast cells in
Clock mutant model [39]. Per2 is also reported to regulate a time-of-day-dependent variation in cutaneous
anaphylactic reaction [40].

Mizutani et al. [11] reported that cutaneous tolerance was induced in mice with sensitization during the
neonatal period. Those induction was suppressed in mice with dysregulated circadian rhythm induced in
two different methods [11], suggesting circadian control regulates the homeostasis in the skin. Also, a high
amplitude in internal cortisol level was reported to decrease the immune function against Staphylococcus
aureus colonization on mice skin, which is an exacerbating factor in atopic dermatitis [41]. Interestingly,
a study with 2,4-dinitrofluorobenzene (DNFB)-treated NC/Nga mice showed that increased ear thickness
and the skin lesions can be reduced by topical melatonin administration [42]. Moreover, total IgE levels
as well as IL-4 and interferon (IFN)-y production from local CD4* T cells were decreased by the melatonin
treatment [42]. Melatonin is a hormone that plays a major role in regulation of the circadian system, which
is also known to have anti-oxidant properties, as a direct free radical scavenger, by stimulating anti-oxidative
enzymes to increase the efficiency of mitochondrial oxidative phosphorylation, and by reducing free radical
generation [43]. These anti-oxidative functions of melatonin are suggested to influence the immune system.
Exogenous melatonin treatment of pinealectomized rats was found to restore the ability of cells to migrate
from the bone marrow [44]. Another study showed an activation with retinoic acid-related orphan receptor
(ROR)a/y agonist (SR1078) increased mRNA expression levels of clock related genes and worsen the atopic
dermatitis-like symptoms [45]. Taken together, these data strongly support an association between the
atopic dermatitis or other skin allergic conditions and the circadian system. It seems that larger amplitude
in corticosteroids or clock related genes seem to lead to an exacerbation in these conditions, thus, keeping
fluctuation small but enough to maintain immune function to beat back S. aureus is important. In order to
make this happen, topical melatonin or any alternative administration may become a possible candidate.

Circadian regulation in psoriasis

In psoriasis, daily as well as seasonal variations in its symptoms has reported. In this cross-sectional online
survey study, the authors showed that pruritus and flare-ups in psoriasis fluctuate daily, the worst in the
evening followed by nighttime [46].

Recently, increasing numbers of studies in mouse models have been conducted to investigate the
mechanisms underlying circadian regulation of the skin homeostasis. Using a Toll-like receptor 7 ligand,
imiquimod (IMQ) induced psoriasis-like skin disease model, Ando et al. [36] demonstrated milder skin
symptom in Clock mutant mice. The authors also clarified that Clock mutation reduced y/8* T cell responses
to IL-23 significantly, caused by a diminished expression of IL-23R [36]. Moreover, Per2 mutation was found
to exacerbate IMQ induced dermatitis [36].

Similarly, mice treated with 1% IMQ cream for 5 days showed disruption in an otherwise observed diurnal
trend in epidermal thickness in homeostasis [47]. Moreover, the authors reported a constant increased spleen
weight in 5 days IMQ treated mice, although the weight showed a daily fluctuation under homeostasis [47].
This suggests systemic inflammation level is elevated by IMQ treatment, i.e., in psoriasis-like skin disease
condition. They also showed mice lacking Bmall significantly increased IMQ-induced IFN-sensitive gene
response in the skin [47], which confirms the circadian regulation on IMQ-induced skin inflammation.

Although many of the mechanism still unclear, these evidences support psoriasis symptoms are influenced
by the circadian regulation through both the skin and the immune cell systems.
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Conclusion

In this review, circadian regulation in the skin is shown from different points of view. Associations of the

circadian system and the skin cells and the immune cells have been revealed in many ways, however, specific
roles of the peripheral clocks in the immune cells as well as epithelial cells and mesenchymal cells remain

unknown. Especially, how the peripheral clocks are dysregulated in disease status in cellular or tissue level
assessments are required to clarify the complicated network web of these systems. Harmonizing the advanced

studies from both immunology and chronobiology viewpoints, namely in chrono-immunology, may positively
influence our future health, diagnosis, therapies, and prevention. Medically or cosmetically, we may apply
topical treatment to reset local clocks, which may lead to keeping our skin healthy and promote a better and

a sooner recovery in near future (Figure 2).

Figure 2. Skin and immune cells crosstalk via circadian regulations. In circadian clock dysregulated state, both skin and immune
cells interact and function abnormally, expanding inflammation. Upon resetting local clock, cells may be brought back to steady

state and will get ready highly for protecting themselves
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