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Abstract: Clock (circadian) genes are heterogeneously expressed in hair follicles (HFs). The genes
can be modulated by both the central circadian system and some extrinsic factors, such as light
and thyroid hormones. These circadian genes participate in the regulation of several physiological
processes of HFs, including hair growth and pigmentation. On the other hand, because peripheral
circadian genes are synchronized with the central clock, HFs could provide a noninvasive and
practical method for monitoring and evaluating multiple circadian-rhythm-related conditions and
disorders among humans, including day and night shifts, sleep-wake disorders, physical activities,
energy metabolism, and aging. However, due to the complexity of circadian biology, understanding
how intrinsic oscillation operates using peripheral tissues only may be insufficient. Combining HF
sampling with multidimensional assays such as detection of body temperature, blood samples, or
certain validated questionnaires may be helpful in improving HF applications. Thus, HFs can serve
as a critical model for monitoring the circadian clock and can help provide an understanding of the
potential mechanisms of circadian-rhythm-related conditions; furthermore, chronotherapy could
support personalized treatment scheduling based on the gene expression profile expressed in HFs.

Keywords: circadian rhythm; clock; hair follicle; sleep; aging; chronotherapy

1. Introduction

Hair loss affects a large part of the world’s population. Although not life-threatening,
hair loss has a significant negative effect on life quality [1] and leads to psychological
disturbance, distress, self-consciousness, embarrassment, frustration, and jealousy [2].
Lifestyle, especially sleep quality [3], is thought to be associated with hair loss. Several
studies reported that sleep disturbances could cause various immunological reactions in
the skin, which may influence the development of hair loss [4,5]. Therefore, sleep seems to
affect the growing and shedding of hair follicles (HFs) through certain mechanisms. Sleep—
wake cycles are intertwined with the circadian timing system, which modulates behavior
and physiology, such as body temperature, metabolism, and hormone secretion in humans;
this behavior and physiology fluctuate over approximately 24 h. This periodic fluctuation
is a biological phenomenon known as the circadian rhythm [6], and its controlling system
is called the circadian clock. In recent years, mounting environmental and lifestyle changes,
such as artificial lighting, red-eye flights, and electronic products, have disturbed human

Int. . Mol. Sci. 2023, 24, 2407. https:/ /doi.org/10.3390/ijms24032407

https:/ /www.mdpi.com/journal/ijms


https://doi.org/10.3390/ijms24032407
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0003-4445-8403
https://orcid.org/0000-0002-9140-7118
https://orcid.org/0000-0001-9002-3190
https://doi.org/10.3390/ijms24032407
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms24032407?type=check_update&version=1

Int. . Mol. Sci. 2023, 24, 2407

20f18

sleep, and thus further disorganized the circadian rhythm. The consequences of this
disruption are profound and could cause widespread health problems [7], such as cancer,
cardiovascular diseases, and metabolic obesity [8]. Although the definite causation between
sleep disturbances and hair loss is still uncertain, increasing evidence suggests potential
effects of the circadian clock on HF regeneration [9], pigmentation [10], or aging [11].
Furthermore, HFs have a growth cycle that comprises anagen, catagen, and telogen; and
this unique periodic feature is reminiscent of intrinsic rhythms. Therefore, a revealment
of the internal association between the circadian clock and HFs is essential for a full
understanding of the potential mechanisms of hair loss and hair aging. This revealment
will help in the development of new therapeutic strategies. In addition, as with most
human tissues, HFs express peripheral clock genes; and collecting HF samples can provide
a noninvasive way to monitor the central circadian rhythm of the human body [12]. In this
study, we focused on the potential effects of the circadian clock on HFs mainly involved in
the physiological process. Due to the noninvasive advantages of HF sampling, monitoring
human circadian rhythm and an evaluation of associated diseases using HF cells were
also performed.

2. Expression of Circadian Clock in HFs and Its Effects on the Physiological Process

The circadian clock consists of central and peripheral clocks. The central clock is lo-
cated in the suprachiasmatic nucleus (SCN) of the hypothalamus, which is the pacing point
for circadian rhythms. Light is perceived by the retina and then transmitted to SCN neurons
via electrical signals, which release instructions to the organism and affect the peripheral
clock system through neurotransmitters, endocrine factors, and bodily fluids [13]. The
peripheral clock can be found in almost all peripheral tissues, such as the skin, heart, liver,
and kidneys, and is regulated by the central clock to produce synchronized rhythms [14].
At the molecular level, the mechanisms of the circadian rhythms that are generated by the
central and peripheral clocks are similar. The circadian clock mechanism is composed of in-
terdependent feedback loops of transcription and translation of specific gene products. The
bHLH-PAS transcriptional activators CLOCK and BMALL1 form a heterodimer and activate
target genes containing E-boxes in their enhancer regions, including period 1-3 (PER1/2/3)
and cryptochromes 1 and 2 (CRY1/2). PER and CRY proteins are imported into the nu-
cleus and repress the transcription of their own gene loci, whereupon a new circadian
cycle can begin. In addition, the CLOCK-BMALL1 heterodimer activates the expression of
nuclear receptors ROR and REV-ERB«, which in turn activate and inhibit, respectively,
the transcription of BMALI and other target genes containing retinoic-acid-related orphan
receptor response elements. The second feedback loop provides additional robustness to
the circuitry [15,16] (Figure 1).

2.1. Heterogeneous Expression of Clock Genes in HFs and Influence from Extrinsic Factors

HFs move through regular growth cycles throughout their life process which com-
prises three phases: anagen, catagen, and telogen [17]. Stages of rapid growth and elon-
gation of the hair shaft alternate with periods of quiescence and regression driven by
apoptotic signals. The anagen phase is the most active period of HF growth: hair grows
rapidly and forms a complete hair shaft. During anagen, transient amplifying cells derived
from epithelial hair follicle stem cells (HFSCs) in the bulge proliferate intensively and
then differentiate into hair shafts and inner root sheaths [18]. The catagen phase is a short
transition stage that occurs at the end of the anagen phase. The catagen phase represents the
end of active growth of a hair shaft. During this phase, the low segment of HFs undergoes
apoptosis-driven regression. Dermal papilla cells begin to condense and move upward; and
when they move to a position underneath the bulge area, HFs enter the telogen phase [19].
In this phase, HFs have the weakest biological activity and the hair shaft falls off. However,
the expression and activity of relevant regulators in HFs that control their periodic growth
are significantly enhanced in preparation for the beginning of the next anagen. After a
period of rest, HFs are stimulated by an external signal. Cells located in the secondary hair
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germ start to proliferate first, then bulge HFSCs start to proliferate and migrate downward
to form transient amplifying cells, and the next anagen stage of HFs begins [20] (Figure 2).
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Figure 1. Feedback loops of transcription and translation in the circadian clock system. (Created with

Nucleus = Cytoplasm

BioRender.com).

Rhythmic fluctuations have been detected in peripheral tissues including HFs, and
circadian-clock-regulation genes exhibit periodic expression in phase with the hair growth
cycle. During the critical stage of the initiation of hair growth at telogen and early anagen,
enhanced circadian expression of circadian-clock-regulation genes occurs. The secondary
hair germ, which contains actively cycling stem and progenitor cells, is where most promi-
nent rthythmic circadian genes are expressed [9]. As anagen progresses, the epithelial
matrix and the mesenchymal dermal papilla become critical sites for the circadian activity
specific to regenerating anagen HFs [21]. Through microarrays, it has been found that
telogen and anagen mice skin present distinct circadian-gene-expression programs [23],
indicating a dynamic regulation of the circadian transcriptome within HFs. Furthermore,
Janich et al. [24] found that follicular bulge stem cells display inherent circadian hetero-
geneity to physiological activation, which is modulated by Bmall. There is a population
of “ready” cells that can respond more quickly and efficiently to activating stimuli, while
another group is less prone to the stimuli. Deletion of Bmall would result in a progressive
accumulation of dormant stem cells, indicating a circadian clock fine-tuning of the temporal
behavior of HFSCs.
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Figure 2. Heterogeneous expressions of clock genes in HFs depending on cell types (bulge and bulb
at anagen [21]; hair germ at early anagen and telogen [9]) and hair cycle (anagen and catagen [22];
telogen [9]). Human gene names are italicized, with all letters in uppercase; and mouse gene names
are italicized, with only the first letter in uppercase and the remaining letters in lowercase. (Created
with BioRender.com).

Oscillating molecular clock activity in peripheral tissues is synchronized with the
central clock located in the SCN. Thus, factors that can influence the central clock may also
affect peripheral tissues, including HFs, directly or indirectly. For example, external light
regulates daily rhythmic tissue activities by entraining the central circadian clock through
the eyes [25,26]. This process is performed by a group of photoreceptors located in the
intrinsically photosensitive retinal ganglion cells (ipRGCs) [27,28]. It has been found that
external light stimulation of the eyes of C57BL/6 mice results in rapid activation of HFSCs
and prominent hair regeneration, which is interpreted by an autonomic nervous system
circuit of ipRGCs [29]. Ex vivo experiments also show the positive impact of blue light
on hair growth, and CRY1 might mediate these effects [30]. In addition to light, thyroid
hormones are recognized as key regulators of circadian rhythmicity [31,32], which is crucial
for seasonal rhythms and the timing of the mating season in mammals [33]. HFs are direct
targets of thyroid hormones. Thyroxine T4 treatment can prolong the anagen of cultured
human HFs in vitro, and both T3 and T4 significantly stimulate intrafollicular melanin
synthesis [34]. Moreover, thyroid hormones can directly modulate peripheral clock activity
in human HFs in the absence of central clock inputs. It was found that both transcript
and protein levels of core clock genes, BMALI and PER1, were significantly decreased
in cultured human HFs after 24 h of T4 treatment, although their rhythmicity was still
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maintained [35]. By contrast, a 6-day treatment resulted in the upregulation of transcript
and/or protein levels of BMAL1, PER1, CLOCK, CRY1, and CRY2.

Thus, circadian clock genes in HFs show heterogeneous expressions depending on
hair cycle and cell types (Figure 2). Extrinsic factors such as light and thyroid hormones
also have influence on expression levels of these clock genes.

2.2. Regulatory Role of Clock Genes in the Hair Cycle

Both the regenerative cycling of HFs and the circadian clock show defined periodic
features, and a connection should exist between these two timing systems. To explore the
role of clock genes in the regulation of the hair cycle, different gene mutant mice models
were established. In global Bmall—/— mice, a clear delay at the first anagen phase of
HFs was found [9], suggesting an important role of clock genes in the synchronized HF
cycling of growth. However, K14Cre mediated keratinocyte Bmall selective deletion is
insufficient to reproduce this anagen delay [22]. Thus, BMALLI intrinsic to keratinocytes
may be dispensable in normal anagen initiation of HFs. Recently, Ray et al. [36] found that
rhythmic changes in the transcriptome, proteome, and phosphorylated proteome were still
present in Bmall knockout mice, indicating that deletion of the key clock gene Bmall does
not affect the circadian oscillations of all rhythm molecules. This periodic oscillation may be
caused by transcriptional regulation mediated by the erythroblast transformation specific
transcription factor family. Therefore, there may be another set of rhythmic oscillation
“pacemakers” in HFs, which probably explain the results found in Bmallfl/fl;K14Cre mice.
In addition to BMAL1, PER1 shows effects on the hair cycle; and the knockdown of PER1
led to significant anagen prolongation of cultured human HFs [22].

Since the circadian clock is implicated in hair cycle control, what is the potential
mechanism of this control? To address this question, the cell cycle was examined in
global Bmall—/— mice HFs; and an absence of mitotic cells was found within the delayed
HFs at anagen, which is likely due to a block at the G1 phase of the cell cycle in the
secondary hair germ cells [9]. By contrast, constant and elevated cell proliferation were
detected in the interfollicular epidermis and upper HFs in Bmallfl/fl;K14Cre mice [23],
suggesting that BMALL1 intrinsic to keratinocytes is required for time-of-the-day-dependent
proliferation during homeostatic cell division. Using an inducible keratinocyte-specific
Bmall deletion mouse model, it was found that the clock coordinates cell cycle progression
by synchronizing G2/M checkpoint, which makes hairs grow faster in the morning than
they do in the evening [21]. Since DNA is more susceptible to damage during cellular
mitosis, circadian mitotic gating may provide an important protective mechanism in highly
proliferative HFs. Thus, circadian clock genes could control HF cycling by regulating the
cell cycle and proliferation.

In addition, it was found that the knockdown of BMAL1 in HF dermal papilla cells
resulted in significant decreases in mRNA expression of the hair-growth-related genes
WNT10B, LEF1, STAT3, and BMP4 [37]. Interestingly, the level of the androgen receptor
also decreased. Due to the important role of the androgen receptor in the pathogenesis of
androgenetic alopecia, these results may lead to the introduction of new therapies, such as
chronotherapy, in the modulation of the circadian gene expression in alopecia treatments.

2.3. Involvement of the Circadian Clock in HF Aging

Aging is a complex process that is influenced by both genetic and environmental fac-
tors. Growing evidence indicates an association between the circadian clock and the aging
process. For example, Brmall—/— mice showed a significantly shorter lifespan compared to
wild-type mice and exhibited a range of premature aging phenotypes, including hair regen-
eration defects, age-related lens and cornea defects, and reduced subcutaneous fat [11]. In
old Bmall mutant mice, hair regeneration after shaving was significantly delayed compared
with regeneration in wild-type mice. However, this phenomenon was not found in young
knockout mice, indicating that it was an age-related defect [11]. In another aging mouse
model, which was established by a localized irradiation regimen and closely mimicked
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many aspects of physiological skin aging, several features of HF aging, such as striking
baldness, HF miniaturization, and hair graying, were observed [38]. These changes may be
associated with CLOCK because inhibition of the miR-31-CLOCK-MAPK/ERK pathway
could ameliorate premature aging effects [38], indicating the involvement of circadian
genes in HF aging.

Normal homeostatic functions of adult stem cells have rhythmic oscillations, which
could become arrhythmic during aging. CLOCK gene levels of primary human mesenchy-
mal stem cells (hMSCs) derived from healthy donors at different ages decrease with both
passage and age. CLOCK deficiency accelerates hMSC senescence, whereas its overex-
pression rejuvenates physiologically and pathologically aged hMSCs [39]. Thus, CLOCK
may play a potentially protective role during hMSC aging. What is the situation with HF
aging? HFSCs in the bulge provide a source of hair regeneration, and these stem cells
have been found to leave their niche during HF aging and terminally differentiate into
epidermal cells [40,41]. This process is called transepidermal differentiation; it could lead to
HF miniaturization and, ultimately, baldness. However, the association between circadian
disruption and the aging of HFSCs is uncertain. In the premature mice model mentioned
above that was established by localized irradiation, it was shown that miR-31 upregulation
could drive HFSC transepidermal differentiation, and this process was associated with
the circadian gene Clock [38]. In addition, using a circadian clock reporter mouse model,
it was shown that Bmall modulated the expression of regulatory genes of the epidermal
stem cell in an oscillatory manner and that arrhythmia of these stem cells led to premature
aging [24].

In addition, telomere length and telomerase activity are potential markers of biologic
skin aging [42]. Telomere shortening impairs the ability of mobilization and proliferation
of epidermal stem cells in HFs and leads to an aging phenotype of hair graying and hair
loss [43], while overexpression of telomerase reverse transcriptase (TERT) or telomerase
reintroduction can correct these defects, facilitate robust hair growth, and prevent degen-
erative pathologies [44—46]. Indeed, telomerase activity and telomere length dynamics
are under regulation of the circadian clock, and telomerase activity exhibits endogenous
circadian rhythmicity. It was found that the mRNA level of TERT oscillates with circadian
rhythms that are under the control of CLOCK-BMAL1 heterodimers, and CLOCK defi-
ciency in mice causes loss of rhythmic telomerase activities, TERT mRNA oscillation, and
shortened telomere length [47].

At the molecular level, aging is highly associated with increased levels of reactive
oxygen species (ROS) [48]. Therefore, circadian proteins that participate in DNA repair
and the accumulation of cellular ROS also have effects on aging [49]. It was found that
Bmall-deficient mice accumulate significantly more ROS than do the control group, which
can potentially explain the phenotype of progeria [11]. However, the involved process has
not been evaluated in HF aging.

2.4. Association of the Circadian Clock with Hair Pigmentation

The skin has a complex circadian organization, and several types of cells in the
skin are likely to act in coordination to drive rhythmic functions within the skin. Func-
tional oscillators and significant amplitudes of clock genes, including PER2, BMALI, and
CRY1, were detected in human keratinocytes, fibroblasts, and melanocytes [50]. Further-
more, melanocytes expressed a photosensitive system mediated by neuropsin [51], which
can respond to light stimuli and stimulate the expression of clock genes [52]. Therefore,
melanocytes may play a unique role in the regulation of peripheral circadian clock pho-
toentrainment, and not only act in the pigment-associated process. Unlike the state of
interfollicular melanocytes, the state of melanocytes in HFs is tightly coupled to the hair
growth cycle. Melanocytes become melanogenically active during anagen. When HFs enter
catagen, melanogenesis is switched off, and it reappears during the next anagen. Given
that circadian genes regulate hair cycle and hair growth, is it possible that they participate
in the regulation of hair melanocytes and influence HF pigmentation? It was found that
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silencing BMAL1 or PER1 not only stimulates the melanin content of human HFs but also
increases tyrosinase expression and activity [10]. In addition, TYRPI and TYRP2 mRNA
levels, gp100 protein expression, melanocyte dendricity, and the number of gp100+ HF
melanocytes are increased, indicating a novel role for peripheral circadian clock processes
in the regulation of HF pigmentation [53].

Melatonin, which is released by the SCN in humans and secreted at night under a
robust circadian rhythm, induces night-state physiological functions. There is an increasing
focus on the relationship between melatonin and circadian-rhythm-associated disorders.
Several placebo-controlled, randomized, clinical data also demonstrated that melatonin
treatment has meaningful effects on health problems associated with a disturbed circadian
rhythm [54,55]. Interestingly, melatonin and its metabolites inhibit melanogenesis by reduc-
ing tyrosinase activity and melanocyte proliferation by stimulating melatonin membrane
receptors. These putative effects of melatonin may occur via melatonin-regulated changes
in peripheral clock genes such as BMALI and PER1 [56]. However, the current evidence
about the potential role of the circadian clock in melanogenesis and HF pigmentation is
still limited.

3. Monitoring of Circadian-Rhythm-Related Conditions and Disorders Using HFs

An increasing body of evidence indicates a correlation between circadian dysfunction
and the incidence of sleep disorders, metabolic syndromes, cardiovascular diseases, and
cancer [57]. Thus, monitoring the human circadian clock could be an effective approach
to study rhythm-related diseases in the clinical setting. Dim-light melatonin onset assay
is regarded as the most reliable tool and the gold standard for assessing the human cir-
cadian phase [58]; however, it is difficult to standardize and perform this assay at scale
because it requires a subject to sit in a dim room for repeated saliva sample collection.
Since circadian clock genes are expressed in almost all peripheral tissues while numer-
ous cell-autonomous peripheral clocks are synchronized and governed by SCN [59], it
is possible to characterize the human circadian clock by determining gene expression in
peripheral tissues. Oral mucosa [60,61] or white blood cell [62,63] samples have been
used for this purpose; however, disadvantages still exist. For example, it is difficult to
obtain enough living cells and high-quality RNA from the oral mucosa, while physical
stimuli and time delays due to the processing of blood cell separation may affect the
expression levels of clock genes [64]. Therefore, a noninvasive and reliable method is
urgently needed.

HFs are widely used for biological research in areas ranging from molecular biology
and stem cell biology to systems biology [65]. As mentioned above, circadian-rhythm-
related genes are expressed in HFs and show rhythmic fluctuations that are synchronized
with the central clock located in the SCN. Thus, HFs can serve as a great tool for chronobio-
logical studies. A noninvasive method developed by Akashi et al., using cells that remained
attached to plucked hairs, was applied to sample collection and circadian-related gene
detection [12]. The results can reflect individual behavioral rhythms, which coincide with
those detected by the melatonin and cortisol rhythms, indicating the method’s reliability
and accuracy. In addition, ex vivo cultures of whole-hair root tissue were established [66,67];
these cultures can provide a convenient method for estimating in vivo circadian character-
istics. We summarized an evaluation of the circadian rhythm using the human HF model
for various conditions and disorders (Table 1).



Int. J. Mol. Sci. 2023, 24, 2407 8 of 18
Table 1. Evaluation of the circadian rhythm in various conditions and disorders using human hair follicles.
. Ti /Cells & Observations
Conditions/Disorders Participants (Number) C lissu.e es hod - - Reference
ollection Metho Circadian Markers Results
Female diurnal workers (10) and Keratinocytes and dermal papilla PER1 BMALL Protein expression increased in the [68]
shift workers (10) stem cells isolated from HFs deregulated group
PER2
. . Scalp HFs; PER3 .
Rotating shift workers (6) 3 hintervals NRIDI Phase: ~2 h delay [12]
NR1D2
Mesor: decrease after consecutive night shifts
PER3 Amplitude: fewer workers with significant 24 h
Day and night shifts rhythms after night shifts
[69]
Phase: n.s.
Male daytime workers (11), . Mesor: n.s.
nurses and doctors (10), Bee}rd HEs; NR1D1 Amplitude: n.s.
4 h intervals .
and factory workers (11) Phase: n.s.
Mesor: decrease after one night shift
NRID2 Amplitude: fewer workers with significant 24 h
rhythms after night shifts
Phase: n.s.
Female shift (23) and daytime Pubic HFs; PER? Shift nurses exhibited lower circadian variations [70]
nurses (25) Five time points than did daytime nurses
Amplitude: n.s.
PER3 Phase: delayed in the group with delayed
Healthy male participants (16) and sleep-wake phase disorder [71]
male patients with the delayed Beard HFs; NRIDI Amplitude: n.s.
Sleep disorders sleep—wake phase disorder (18) 4 hintervals Phase: n.s.
NRID? Amplitude: n.s.
Phase: n.s.
Latent circadian rthythm Scalp HFs; PER3 Peak time of PER3 expression and GUw are (72]

sleep-wake disorders (24)

8 h intervals

positively correlated
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Table 1. Cont.
. . Partici ts (Number) Tissue/Cells & Observations .
Conditions/Disorders articipants (Numbe Collection Method Circadian Markers Results Reference
. PER3 Amplitude: higher in the active group
Adult males (20) 4F ﬁ?‘al HFSI NRIDI Amplitude: n.s. [73]
intervals NRID2 Amplitude: n.s.
Physical activity Mesor: n.s.
Health le (1) Facial HFs; AITJIQEstl Amplitude: n.s. [74]
catthy maie 4 hintervals NRID2 Phase: 2—4 h delay during habitual
nighttime training
Peak time of PER3 expression was delayed in the
Facial HFs: PER3 eveningness group;

Chronotype Young men (24) Ahin terval’s NR1D1 change in the peak time of NR1D1 and PER3 [75]

NR1D2 expression from the Friday to Monday trial was

high in the eveningness group
Decision-makin Extreme morning (16) and evening Plucked hairs; PER3 3 h phase differences between morning and [76]
casion-masing chronotype (8) 8 h intervals NR1D2 evening chronotypes

. Total parenteral nutrition (TPN) Scalp HFs; Peak time of PER3 relative to wake-up time was
Energy metabolism (78) and non-TPN aged subjects (6) 6 h intervals PER3 delayed in TPN patients (771
Nondementia elderly subjects (10) Scalp HFs; Z\IIDREIR D31 Peripheral circadian phases in dementia subjects (78]

and old—-old dementia patients (5) 6 h intervals NRID2 were within normal range
Age-related diseases
PER3
Parkinson’s disease patients (17) 65}‘:?111:;;15:1,5 NR1D1 Phase: delayed after bright light therapy [79]
NR1D2

Abbreviations: HFs—hair follicles; n.s.—nonsignificant; GUw—Ilocal time of getting out of bed on working or school days. Gene names are italicized and protein names are not.
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3.1. Day and Night Shifts

Irregular work schedules have become increasingly common in most industrialized
societies. Epidemiological surveys have found that female workers who frequently have
rotating work schedules or work at night are more likely to develop endometrial and
breast cancers [80,81]. However, the potential pathogenesis remains unexplored. When
people who work in shifts cannot adjust their sleep-wake cycle to the light/dark cycle,
desynchronization of the circadian rhythm may occur. Multiple studies have showed
that markers, such as melatonin, cortisol, and body temperature, of the central circadian
pacemaker are reduced in amplitude or distorted when people work atypically—especially
during night shifts [70,82-85].

Using keratinocytes and dermal papilla stem cells isolated from HFs of female shift
workers, it was found that chronic circadian dysregulation due to day and night shifts
affects the expression of PER1 and BMALI [68]. In addition, there was a loss of clonogenic
potential in keratinocytes derived from both the epidermis and HFs in the shift group, sug-
gesting that long-term deregulated circadian rhythm can affect the regenerative properties
of human skin and hair precursor cells. In another study using HFs directly for evaluation,
a serious time lag between circadian gene expression rhythms and lifestyle in workers with
different rotating shift types was also found [12]. To further assess the effects of different
shift types on the circadian clock, men with different work time arrangements were re-
cruited; an assay of HF samples indicated that the proportion of workers showing PER3
and NR1D2 expression conforming to a 24 h period cosine curve was significantly lower in
the continuous night group than it was in the overnight group [69]. In addition, clock gene
PER3 expression patterns of most continuous night shift workers deviated strongly from
the 24 h period cosine pattern. It was suggested that the effects of shift work on clock gene
expression vary depending on the shift system. Similarly, it was found that after a day off,
shift nurses exhibited lower circadian variations than did daytime nurses, using evaluation
of peripheral skin temperature and cortisol levels. In addition, maximum values of PER2
detected using HF cells were significantly different between the two groups [70].

Therefore, the detection of individual circadian clock expression patterns by HF
cells could be helpful in assessing the status of shift work, which may help in further
optimization of shift work schedules.

3.2. Physical Activity and Human Behavior
3.2.1. Sleep—Wake Disorders

Sleep problems caused by circadian rhythm disruption are known as circadian rhythm
sleep—wake disorders (CRSWDs). They are common in the general population although
they are often misdiagnosed. A recent nationwide epidemiological survey conducted in
Cyprus revealed that 12.8% of the enrolled participants met the criteria for CRSWD [86].
There are several subtypes of CRSWDs, and patients are typically characterized by a
desynchrony between habitual sleep timing and social time schedules [87,88]. Delayed
sleep—wake phase disorder (DSWPD) is the most common type which is featured by
delayed sleep onset and offset compared to sleep times of healthy subjects. By detecting
clock gene expression rhythms using beard follicle cells, it was found that peak time in
the DSWPD group was delayed and negatively correlated with sleep quality [71]. In
addition, amplitudes of the clock gene, especially PER3, positively respond to favorable
mental and physical conditions as well as high-quality sleep, indicating that the clock
gene may help us understand sleep rhythm disturbances. In addition to DSWPD, there
is a group of patients who have a habitual sleep timing that is synchronized with social
time schedules but not with circadian-driven sleepiness. This sleep condition is described
as latent CRSWD (LCRSWD) [72]. Because patients with LCRSWD have an apparently
normal habitual sleep schedule, conventional diagnostic methods for typical CRSWDs are
insufficient for detecting it. Using HF samples collected at approximately 8 h intervals,
Akashi et al. [72] established a set of criteria to detect the circadian rhythms and sleep
parameters of subjects with potential LCRSWD. Through follow-up studies, they assessed
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the reliability of these criteria and confirmed the reproducibility of candidate screening.
Further sleep improvement was also achieved by circadian amelioration, supporting a
belief in the reliability of this method.

3.2.2. Daily Activities

Circadian clock genes regulate daily physiological and behavioral rhythms, such
as locomotion, feeding times, sleep—wake cycles, body temperature, metabolism, and
hormone-secretion-related activities in humans [89,90]. Conversely, peripheral circadian
rhythms can be regulated by scheduled feeding and exercise [91]. Takahashi et al. [73]
conducted a cross-sectional study involving 20 human adult males and detected their
circadian clock using HF cells. It was found that the amplitude of PER3 expression was
positively correlated with moderate and vigorous physical activity and peak oxygen uptake,
suggesting that increasing daily physical activity may affect the in vivo circadian clock
system driven by PER3. Similarly, to observe the effect of intensive exercise on clock gene
expression, facial hair samples of participants were collected to detect the rhythm of clock
gene expression [74]. It was found that, compared with the nonexercise period, the subjects’
circadian clock gene expression was delayed by 2 to 4 h during habitual nighttime training
(from 20:00 to 22:00). However, nighttime training did not affect the maximum level and
circadian amplitude of clock gene expression.

3.2.3. Chronotype and Decision-Making

Variation in the timing of endogenous rhythms between individuals results in diverse
chronotypes, which can be classified into three categories, namely, morningness, inter-
mediate, and eveningness. There is a robust association between chronotype and social
jetlag [92], which is the discrepancy between internal circadian clocks and social clocks.
Using HF cells collected from 24 young men in both Friday and Monday trials, it was
also found that there was a significant main effect of time on the expression of NR1D1,
NR1D2, and PER3 in the morningness group but not in the eveningness group, indicating
chronotype and social jetlag influence circadian clock gene expression [75].

Chronotypes are not only clearly associated with sleep, diet, and physical activ-
ity [92,93] but also lead to distinct behavioral responses to stimuli, depending on the time
of day [94]. For example, morning chronotypes perform better at cognitive tasks in the
morning while better attention and alertness during evening hours have been found in
evening chronotypes [95]. Peripheral tissues such as buccal mucosa cells have been suc-
cessfully utilized in measuring oscillations in circadian gene expression to understand how
differences in the molecular clock between individuals are associated with chronotype [96];
however, little is known about how differences in the timing or phase of oscillations of
the molecular clock affect human behavior. Ingram et al. [76] set up two decision-making
tasks that needed to be completed by participants either in the morning or in the evening.
Meanwhile, the chronotypes of the participants were measured through both self-report
morningness—eveningness questionnaire (MEQ) and analyses of circadian-clock-regulated
genes using HF samples. It was found that, compared to MEQ, HF detection-based
chronotypes showed more pronounced effects of chronotype and/or time of the day on
decision-making. Therefore, it is feasible to evaluate interindividual differences in human
behavior using HF tissue.

3.2.4. Energy Metabolism

The circadian clock plays a critical role in many biological processes, including energy
metabolism [97]. Remarkable differences have been found between morning and evening
metabolic states, including insulin secretion and sensitivity, and these differences are also
associated with clock gene expressions in HFs [98]. In addition, timed food intake affects
the human circadian clock [99], and it has been found that continuous total parenteral
nutrition (TPN) around the clock may potentially perturb peripheral circadian rhythms.
Detection of clock gene expression using HF cells indicated that a portion of aged subjects
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receiving continuous TPN had abnormal circadian rhythms in peripheral clocks. In contrast,
there were no apparent defects among non-TPN subjects [77]. Therefore, a deep knowledge
of these associations might be useful for ameliorating metabolic disorders and optimizing
TPN administration.

Time of feeding is an important regulator of circadian rhythm [100,101]. Methods,
including detection of plasma melatonin and cortisol level and clock gene expression
in white adipose tissue or blood, have been used to evaluate the effect of meal time on
circadian rhythm [99,102]. However, HFs have not been used in this field.

3.3. Age-Related Diseases

Numerous animal studies have indicated that aging leads to abnormal circadian phys-
iology and behavior which is due to reduced neuronal excitability and fragile intracellular
networks in SCN [103]. In humans, age-related abnormalities in circadian rhythms are
similar to those in mice [104]. In a recent cohort study that recruited 2930 men aged over
65 years, an association was identified between reduced circadian rhythmicity and an
increased risk of Parkinson’s disease (PD)—a typical age-related neurodegenerative disor-
der [105]. Evaluation of circadian disruption was performed using wrist actigraphy in this
study. However, when circadian rhythms were evaluated using plucked hairs, it was found
that peripheral clocks of elderly subjects with severe dementia and abnormal circadian
behavior oscillated similarly to those of healthy or young subjects [66,78]. Therefore, the
circadian pathway from external inputs to the peripheral clock may function normally even
in old adults with severe dementia. In PD patients, sleep disturbances are highly prevalent
and are regarded as circadian dysfunction because dopaminergic therapy (DT)-receiving
PD patients show a circadian phase advance. Recently, the efficacy of bright light therapy in
treating sleep problems among DT-receiving PD patients was confirmed in several clinical
trials [106,107]. Furthermore, a circadian phase shift of clock gene expression was detected
using HFs in most PD patients, providing additional evidence of the correlation between
circadian modulation and sleep improvement [79].

3.4. Optimization of Evaluation Using HF Cells

As mentioned above, HF sampling offers a noninvasive and practical method for
detecting intrinsic human circadian rhythm in the evaluation of various conditions and
disorders. However, to guarantee reliable results, multiple rounds of sample collection, for
example, every 3—4 h, are necessary. Unfortunately, this is unfeasible and inconvenient in a
clinical setting. Thus, sampling at few time points is expected. Akashi et al. [12] attempted
to establish a three-point phase prediction. They found that the maximum error in relation
to calculated nine-point curves was approximately 2.5 h, and the errors were within 1.5 h
in most cases. Furthermore, the tolerance against data fluctuations was extremely high.
Furthermore, one-point phase prediction was proposed as a possibility for human data
with the standard-curve method, using additional genes whose rhythms of expression
can be reliably detected. Moreover, Lee et al. [108] developed an endogenous circadian
rhythm estimation model, which combined the relative expression patterns of various
circadian clock genes and a machine learning process with a validation algorithm. The
model helps to estimate an individual’s endogenous circadian time using only a single
time point to sample HF cells. Recently, a user-friendly app, SkinPhaser, was developed
to predict the molecular clock phase using the expression values of 12 biomarker genes
from one epidermis sample for each tested subject [109]. Given the similarity of cell types
in the epidermis and HFs, a software or an app that uses only one HF sample but has a
high prediction accuracy and low invasion is expected soon.

4. Limitations and Challenges

Current studies have revealed the close association between the circadian clock and
HFs, but the complex molecular mechanisms underlying their interactions remain largely
unclear. In addition, a growing body of evidence shows that circadian rhythm is asso-
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ciated with sex differences [110-113]. Revealment of the differences between females
and males in circadian timing systems can help give an understanding of some condi-
tions, such as habitual sleep duration and insomnia prevalence, and improve treatment
strategies. However, sex difference was not compared in current studies using HF sam-
pling. Some studies only included female participants [68,70], while others only evaluated
males (Table 1) [69,71,73-75]. Although both genders were included in the remaining
studies [72,76-79], gender is not considered to be an influencing factor. Modification of re-
cruitment strategy to maintain a balance between sexes and carrying out statistical analyses
to evaluate the effect of sex are necessary in the future [114].

Moreover, due to the complexity of circadian biology, using peripheral human tis-
sues independent of the SCN is insufficiently understood regarding intrinsic oscillatory
behaviors. Thus, it remains a major challenge for translational chronobiological research to
determine the clinical relevance of data based on HF samples. Combined with HF cells,
multidimensional assays, such as detection of body temperature, collection of blood sam-
ples, or use of certain validated questionnaires, may be helpful in improving the application
of HF data in clinical medicine. Furthermore, optimization of algorithms is necessary and
could provide an accurate and precise prediction model for the general population.

5. Conclusions and Perspectives

As mini-organs in the peripheral tissue, HFs express a set of heterogeneous clock genes
that can be modulated by both the central circadian system and other extrinsic factors, such
as light and thyroid hormones. Circadian genes participate in the regulation of several
physical activities of HFs, including the hair cycle, hair aging, and pigment production. On
the other hand, because circadian genes expressed in peripheral tissues are synchronized
with the central clock located in the SCN, HFs provide a noninvasive and simple method
for evaluating individual circadian rhythm traits. HFs can not only help in gaining an
understanding of the human biological clock system but also in identifying people at
increased risk of circadian-rhythm-related diseases [108]. In addition, because telomere and
telomerase activity serve as a link between circadian systems and aging, HFs can provide a
practical tool for research into telomere- and aging-related diseases [43].

Although the relationship between hair loss and the circadian clock is still uncertain,
understanding the traits of circadian rhythm in HFs will help in the development of
novel treatments for androgenetic alopecia, telogen effluvium, and hair graying. Several
epidemiological studies found that patients with sleep disorders showed an increased
risk of developing alopecia areata [4,5]. Regarding pathogenesis, alopecia areata is a
complicated autoimmune and inflammatory disease involving Type 1, Type 2, and Th17
axis [115]. The inflammatory cells and the cytokines produced are also under circadian
control [116,117]. Therefore, circadian rhythm may play a role in the development of
alopecia areata. This role needs to be investigated in a future study.

Personalized medicine aims to provide patient-tailored therapeutics for improved
treatment outcomes because of the great variability of patient responses to therapy. This
large variation is partly due to the time-dependent participation of circadian-regulated
genes in drug transport and metabolism. In addition, several drugs target circadian-
regulated genes [118]. Therefore, chronotherapy, which aims to treat illnesses according
to endogenous biological rhythms, has been proposed. Improved patient outcomes with
circadian-based treatments have been demonstrated in several clinical trials, especially for
cancer and inflammatory diseases [119,120]. Currently, several platforms allow monitoring
of circadian biomarkers in individual patients through wearable technologies (rest-activity
and body temperature), blood or salivary samples (melatonin and cortisol), and daily
questionnaires (food intake) [121]. Therefore, the establishment of an optimized evaluation
model using HF sampling would also support personalized treatment scheduling by
identifying patients most likely to benefit from circadian-rhythm-based therapies and
predicting optimal drug timing based on the patients’ gene expression profile.
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With the increase in industrialization and the level of stress in the world, the acceler-
ated pace of modern lifestyles leads to constant circadian disturbances of the endogenous
homeostasis of an organism. Phototherapy or exercise that provides circadian modulation
could become a nonpharmacological intervention strategy to counteract the adverse effects
of shift work or jet lags. This strategy may offer new possibilities for clinical treatment—not
only for hair loss and hair graying, but also for other circadian-rhythm-related disorders.
Recently, the therapeutic potential of topical T4 in dermatological therapy, especially in
wound healing and hair growth, was proposed [122] due to the role of thyroid hormone
receptor-mediated signaling in skin physiology and pathology. Given the association be-
tween the circadian rhythm and HFs and the direct modulation of clock genes in HFs by T4,
further exploration of thyroid hormone may provide a novel low-cost and effective therapy.

Author Contributions: Conceptualization, L.-P.L. and Y.-W.Z,; literature review, L.-PL. and M.-H.L.;
writing—original draft preparation, L.-P.L. and M.-H.L.; writing—review and editing, L.-P.L. and
Y.-W.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded partly by the National Natural Science Foundation of China
(82103766 to L.-P.L. and 81770621 to Y.-W.Z.), Japan Society for the Promotion of Science (JSPS),
KAKENHI (JP18H02866 to Y.-W.Z.), and the Grant for International Joint Research Project of the
Institute of Medical Science, the University of Tokyo (New-2022-K1008 to Y.-W.Z.).

Acknowledgments: We thank Si-Lin Chen of Jiangsu University for designing Figure 2.

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

References

1.  Huang, C.H,; Fu, Y;; Chi, C.C. Health-Related Quality of Life, Depression, and Self-esteem in Patients With Androgenetic Alopecia:
A Systematic Review and Meta-analysis. JAMA Dermatol. 2021, 157, 963-970. [CrossRef]

2. Dhami, L. Psychology of Hair Loss Patients and Importance of Counseling. Indian J. Plast. Surg. Off. Publ. Assoc. Plast. Surg. India
2021, 54, 411-415. [CrossRef]

3. Agaoglu, E; Kaya Erdogan, H.; Acer, E.; Atay, E.; Metintas, S.; Saracoglu, Z.N. Prevalence of early-onset androgenetic alopecia
and its relationship with lifestyle and dietary habits. Ital. ]. Dermatol. Venereol. 2021, 156, 675-680. [CrossRef]

4. Seo, HM.; Kim, T.L.; Kim, J.S. The risk of alopecia areata and other related autoimmune diseases in patients with sleep disorders:
A Korean population-based retrospective cohort study. Sleep 2018, 41, zsy111. [CrossRef]

5. Dai, Y.X,; Tai, YH.; Chen, C.C.; Chang, Y.T.; Chen, T.J.; Chen, M.H. Bidirectional association between alopecia areata and sleep
disorders: A population-based cohort study in Taiwan. Sleep Med. 2020, 75, 112-116. [CrossRef]

6.  Chaix, A,; Zarrinpar, A ; Panda, S. The circadian coordination of cell biology. J. Cell Biol. 2016, 215, 15-25. [CrossRef]

7. Potter, G.D.; Skene, D.J.; Arendt, J.; Cade, J.E.; Grant, PJ.; Hardie, L.J. Circadian Rhythm and Sleep Disruption: Causes, Metabolic
Consequences, and Countermeasures. Endocr. Rev. 2016, 37, 584—608. [CrossRef]

8.  Farhud, D.; Aryan, Z. Circadian Rhythm, Lifestyle and Health: A Narrative Review. Iran. |. Public Health 2018, 47, 1068-1076.

9. Lin, KK, Kumar, V.; Geyfman, M.; Chudova, D.; Ihler, A.T.; Smyth, P; Paus, R.; Takahashi, J.S.; Andersen, B. Circadian clock
genes contribute to the regulation of hair follicle cycling. PLoS Genet. 2009, 5, €1000573. [CrossRef]

10. Hardman, J.A.; Tobin, D.J.; Haslam, 1.S.; Farjo, N.; Farjo, B.; Al-Nuaimi, Y.; Grimaldi, B.; Paus, R. The peripheral clock regulates
human pigmentation. |. Investig. Dermatol. 2015, 135, 1053-1064. [CrossRef]

11.  Kondratov, R.V,; Kondratova, A.A.; Gorbacheva, V.Y.; Vykhovanets, O.V.; Antoch, M.P. Early aging and age-related pathologies in
mice deficient in BMALI, the core componentof the circadian clock. Genes Dev. 2006, 20, 1868-1873. [CrossRef]

12.  Akashi, M.; Soma, H.; Yamamoto, T.; Tsugitomi, A.; Yamashita, S.; Yamamoto, T.; Nishida, E.; Yasuda, A.; Liao, ] K.; Node, K.
Noninvasive method for assessing the human circadian clock using hair follicle cells. Proc. Natl. Acad. Sci. USA 2010, 107,
15643-15648. [CrossRef] [PubMed]

13. Reghunandanan, V.; Reghunandanan, R. Neurotransmitters of the suprachiasmatic nuclei. J. Circadian Rhythm. 2006, 4, 2.
[CrossRef] [PubMed]

14. Yamazaki, S.; Numano, R.; Abe, M.; Hida, A.; Takahashi, R.; Ueda, M.; Block, G.D.; Sakaki, Y.; Menaker, M.; Tei, H. Resetting
central and peripheral circadian oscillators in transgenic rats. Scienice 2000, 288, 682-685. [CrossRef] [PubMed]

15. Mohawk, J.A.; Green, C.B.; Takahashi, ].S. Central and peripheral circadian clocks in mammals. Annu. Rev. Neurosci. 2012, 35,
445-462. [CrossRef] [PubMed]

16. Takahashi, ].S. Transcriptional architecture of the mammalian circadian clock. Nat. Rev. Genet. 2017, 18, 164-179. [CrossRef]

17.  Alonso, L.; Fuchs, E. The hair cycle. J. Cell Sci. 2006, 119, 391-393. [CrossRef]

18. Paus, R,; Foitzik, K. In search of the “hair cycle clock”: A guided tour. Differentiation 2004, 72, 489-511. [CrossRef]

19. Schneider, M.R.; Schmidt-Ullrich, R.; Paus, R. The hair follicle as a dynamic miniorgan. Curr. Biol. 2009, 19, R132-R142. [CrossRef]


http://doi.org/10.1001/jamadermatol.2021.2196
http://doi.org/10.1055/s-0041-1741037
http://doi.org/10.23736/S2784-8671.21.06874-7
http://doi.org/10.1093/sleep/zsy111
http://doi.org/10.1016/j.sleep.2020.06.015
http://doi.org/10.1083/jcb.201603076
http://doi.org/10.1210/er.2016-1083
http://doi.org/10.1371/journal.pgen.1000573
http://doi.org/10.1038/jid.2014.442
http://doi.org/10.1101/gad.1432206
http://doi.org/10.1073/pnas.1003878107
http://www.ncbi.nlm.nih.gov/pubmed/20798039
http://doi.org/10.1186/1740-3391-4-2
http://www.ncbi.nlm.nih.gov/pubmed/16480518
http://doi.org/10.1126/science.288.5466.682
http://www.ncbi.nlm.nih.gov/pubmed/10784453
http://doi.org/10.1146/annurev-neuro-060909-153128
http://www.ncbi.nlm.nih.gov/pubmed/22483041
http://doi.org/10.1038/nrg.2016.150
http://doi.org/10.1242/jcs.02793
http://doi.org/10.1111/j.1432-0436.2004.07209004.x
http://doi.org/10.1016/j.cub.2008.12.005

Int. J. Mol. Sci. 2023, 24, 2407 15 0f 18

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Lin, X.; Zhu, L.; He, J. Morphogenesis, Growth Cycle and Molecular Regulation of Hair Follicles. Front. Cell Dev. Biol. 2022,
10, 899095. [CrossRef]

Plikus, M.V,; Vollmers, C.; de la Cruz, D.; Chaix, A.; Ramos, R.; Panda, S.; Chuong, C.M. Local circadian clock gates cell cycle
progression of transient amplifying cells during regenerative hair cycling. Proc. Natl. Acad. Sci. USA 2013, 110, E2106-E2115.
[CrossRef]

Al-Nuaimi, Y.; Hardman, J.A.; Biro, T.; Haslam, LS.; Philpott, M.P,; Toth, B.I.; Farjo, N.; Farjo, B.; Baier, G.; Watson, R.E.B.; et al.
A meeting of two chronobiological systems: Circadian proteins Periodl and BMAL1 modulate the human hair cycle clock.
J. Investig. Dermatol. 2014, 134, 610-619. [CrossRef]

Geyfman, M.; Kumar, V; Liu, Q.; Ruiz, R.; Gordon, W.; Espitia, F.; Cam, E.; Millar, S.E.; Smyth, P.; Ihler, A.; et al. Brain and
muscle Arnt-like protein-1 (BMAL1) controls circadian cell proliferation and susceptibility to UVB-induced DNA damage in the
epidermis. Proc. Natl. Acad. Sci. USA 2012, 109, 11758-11763. [CrossRef]

Janich, P; Pascual, G.; Merlos-Suarez, A.; Batlle, E.; Ripperger, J.; Albrecht, U.; Cheng, H.Y.; Obrietan, K.; Di Croce, L.; Benitah,
S.A. The circadian molecular clock creates epidermal stem cell heterogeneity. Nature 2011, 480, 209-214. [CrossRef]

Berson, D.M.; Dunn, FA.; Takao, M. Phototransduction by retinal ganglion cells that set the circadian clock. Science 2002, 295,
1070-1073. [CrossRef]

Hattar, S.; Liao, H.W.; Takao, M.; Berson, D.M.; Yau, K.W. Melanopsin-containing retinal ganglion cells: Architecture, projections,
and intrinsic photosensitivity. Science 2002, 295, 1065-1070. [CrossRef]

Hattar, S.; Lucas, R.J.; Mrosovsky, N.; Thompson, S.; Douglas, R.H.; Hankins, M.W.; Lem, J.; Biel, M.; Hofmann, E; Foster, R.G;
et al. Melanopsin and rod-cone photoreceptive systems account for all major accessory visual functions in mice. Nature 2003, 424,
75-81. [CrossRef]

Panda, S.; Provencio, I; Tu, D.C.; Pires, S.S.; Rollag, M.D.; Castrucci, A.M.; Pletcher, M.T.; Sato, T.K.; Wiltshire, T.; Andahazy, M.;
et al. Melanopsin is required for non-image-forming photic responses in blind mice. Science 2003, 301, 525-527. [CrossRef]

Fan, S.M.; Chang, Y.T.; Chen, C.L.; Wang, W.H.; Pan, M.K.; Chen, W.P; Huang, W.Y.; Xu, Z.; Huang, H.E.; Chen, T,; et al. External
light activates hair follicle stem cells through eyes via an ipRGC-SCN-sympathetic neural pathway. Proc. Natl. Acad. Sci. USA
2018, 115, E6880-E6889. [CrossRef]

Buscone, S.; Mardaryev, A.N.; Westgate, G.E.; Uzunbajakava, N.E.; Botchkareva, N.V. Cryptochrome 1 is modulated by blue light
in human keratinocytes and exerts positive impact on human hair growth. Exp. Dermatol. 2021, 30, 271-277. [CrossRef]
Yoshimura, T. Thyroid hormone and seasonal regulation of reproduction. Front. Neuroendocrinol. 2013, 34, 157-166. [CrossRef]
[PubMed]

Kalsbeek, A.; 1a Fleur, S.; Hliers, E. Circadian control of glucose metabolism. Mol. Metab. 2014, 3, 372-383. [CrossRef] [PubMed]
Dardente, H.; Hazlerigg, D.G.; Ebling, FJ. Thyroid hormone and seasonal rhythmicity. Front. Endocrinol. 2014, 5, 19. [CrossRef]
Van Beek, N.; Bodo, E.; Kromminga, A.; Gaspar, E.; Meyer, K.; Zmijewski, M.A; Slominski, A.; Wenzel, B.E.; Paus, R. Thyroid
hormones directly alter human hair follicle functions: Anagen prolongation and stimulation of both hair matrix keratinocyte
proliferation and hair pigmentation. J. Clin. Endocrinol. Metab. 2008, 93, 4381-4388. [CrossRef] [PubMed]

Hardman, J.A.; Haslam, L.S.; Farjo, N.; Farjo, B.; Paus, R. Thyroxine differentially modulates the peripheral clock: Lessons from
the human hair follicle. PLoS ONE 2015, 10, e0121878. [CrossRef] [PubMed]

Ray, S.; Valekunja, U.K,; Stangherlin, A.; Howell, S.A.; Snijders, A.P.; Damodaran, G.; Reddy, A.B. Circadian rhythms in the
absence of the clock gene Bmall. Science 2020, 367, 800-806. [CrossRef] [PubMed]

Watabe, Y.; Tomioka, M.; Watabe, A.; Aihara, M.; Shimba, S.; Inoue, H. The clock gene brain and muscle Arnt-like protein-1
(BMAL1) is involved in hair growth. Arch Dermatol. Res. 2013, 305, 755-761. [CrossRef] [PubMed]

Yu, Y;; Zhang, X.; Liu, E; Zhu, P,; Zhang, L.; Peng, Y.; Yan, X,; Li, Y;; Hua, P; Liu, C.; et al. A stress-induced miR-31-CLOCK-ERK
pathway is a key driver and therapeutic target for skin aging. Nat. Aging 2021, 1, 795-809. [CrossRef]

Liang, C.; Liu, Z.; Song, M.; Li, W.; Wu, Z.; Wang, Z.; Wang, Q.; Wang, S.; Yan, K,; Sun, L.; et al. Stabilization of heterochromatin
by CLOCK promotes stem cell rejuvenation and cartilage regeneration. Cell Res. 2021, 31, 187-205. [CrossRef]

Matsumura, H.; Mohri, Y.; Binh, N.T.; Morinaga, H.; Fukuda, M.; Ito, M.; Kurata, S.; Hoeijmakers, ].; Nishimura, E.K. Hair follicle
aging is driven by transepidermal elimination of stem cells via COL17A1 proteolysis. Science 2016, 351, aad4395. [CrossRef]
Zhang, C.; Wang, D.; Wang, J.; Wang, L.; Qiu, W.; Kume, T.; Dowell, R.; Yi, R. Escape of hair follicle stem cells causes stem cell
exhaustion during aging. Nat. Aging 2021, 1, 889-903. [CrossRef]

Buckingham, E.M.; Klingelhutz, A.J. The role of telomeres in the ageing of human skin. Exp. Dermatol. 2011, 20, 297-302.
[CrossRef] [PubMed]

Stone, R.C.; Aviv, A.; Paus, R. Telomere Dynamics and Telomerase in the Biology of Hair Follicles and their Stem Cells as a Model
for Aging Research. J. Investig. Dermatol. 2021, 141, 1031-1040. [CrossRef]

Flores, I; Cayuela, M.L.; Blasco, M. A. Effects of telomerase and telomere length on epidermal stem cell behavior. Science 2005,
309, 1253-1256. [CrossRef]

Siegl-Cachedenier, I.; Flores, 1.; Klatt, P.; Blasco, M.A. Telomerase reverses epidermal hair follicle stem cell defects and loss of
long-term survival associated with critically short telomeres. J. Cell Biol. 2007, 179, 277-290. [CrossRef]

Sarin, K.Y.; Cheung, P; Gilison, D.; Lee, E.; Tennen, R.I.; Wang, E.; Artandi, M.K,; Oro, A.E.; Artandi, S.E. Conditional telomerase
induction causes proliferation of hair follicle stem cells. Nature 2005, 436, 1048-1052. [CrossRef]


http://doi.org/10.3389/fcell.2022.899095
http://doi.org/10.1073/pnas.1215935110
http://doi.org/10.1038/jid.2013.366
http://doi.org/10.1073/pnas.1209592109
http://doi.org/10.1038/nature10649
http://doi.org/10.1126/science.1067262
http://doi.org/10.1126/science.1069609
http://doi.org/10.1038/nature01761
http://doi.org/10.1126/science.1086179
http://doi.org/10.1073/pnas.1719548115
http://doi.org/10.1111/exd.14231
http://doi.org/10.1016/j.yfrne.2013.04.002
http://www.ncbi.nlm.nih.gov/pubmed/23660390
http://doi.org/10.1016/j.molmet.2014.03.002
http://www.ncbi.nlm.nih.gov/pubmed/24944897
http://doi.org/10.3389/fendo.2014.00019
http://doi.org/10.1210/jc.2008-0283
http://www.ncbi.nlm.nih.gov/pubmed/18728176
http://doi.org/10.1371/journal.pone.0121878
http://www.ncbi.nlm.nih.gov/pubmed/25822259
http://doi.org/10.1126/science.aaw7365
http://www.ncbi.nlm.nih.gov/pubmed/32054765
http://doi.org/10.1007/s00403-013-1403-0
http://www.ncbi.nlm.nih.gov/pubmed/23955654
http://doi.org/10.1038/s43587-021-00094-8
http://doi.org/10.1038/s41422-020-0385-7
http://doi.org/10.1126/science.aad4395
http://doi.org/10.1038/s43587-021-00103-w
http://doi.org/10.1111/j.1600-0625.2010.01242.x
http://www.ncbi.nlm.nih.gov/pubmed/21371125
http://doi.org/10.1016/j.jid.2020.12.006
http://doi.org/10.1126/science.1115025
http://doi.org/10.1083/jcb.200704141
http://doi.org/10.1038/nature03836

Int. J. Mol. Sci. 2023, 24, 2407 16 of 18

47.
48.

49.
50.

51.

52.

53.

54.

55.
56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Chen, W.D.; Wen, M.S,; Shie, S.S.; Lo, Y.L.; Wo, H.T.; Wang, C.C.; Hsieh, 1.C.; Lee, T.H.; Wang, C.Y. The circadian rhythm controls
telomeres and telomerase activity. Biochem. Biophys. Res. Commun. 2014, 451, 408-414. [CrossRef]

Balaban, R.S.; Nemoto, S.; Finkel, T. Mitochondria, oxidants, and aging. Cell 2005, 120, 483—495. [CrossRef]

Antoch, M.P; Kondratov, R.V. Circadian proteins and genotoxic stress response. Circ. Res. 2010, 106, 68-78. [CrossRef]

Sandu, C.; Dumas, M.; Malan, A.; Sambakhe, D.; Marteau, C.; Nizard, C.; Schnebert, S.; Perrier, E.; Challet, E.; Pevet, P; et al.
Human skin keratinocytes, melanocytes, and fibroblasts contain distinct circadian clock machineries. Cell Mol. Life Sci. 2012, 69,
3329-3339. [CrossRef]

Buhr, E.D.; Yue, WW.; Ren, X,; Jiang, Z.; Liao, H.W.; Mei, X.; Vemaraju, S.; Nguyen, M.T,; Reed, R.R.; Lang, R.A ; et al. Neuropsin
(OPN5)-mediated photoentrainment of local circadian oscillators in mammalian retina and cornea. Proc. Natl. Acad. Sci. USA
2015, 112, 13093-13098. [CrossRef] [PubMed]

Buhr, E.D.; Vemaraju, S.; Diaz, N.; Lang, R.A.; Van Gelder, R.N. Neuropsin (OPN5) Mediates Local Light-Dependent Induction
of Circadian Clock Genes and Circadian Photoentrainment in Exposed Murine Skin. Curr. Biol. 2019, 29, 3478-3487.e3474.
[CrossRef] [PubMed]

Slominski, A.T.; Hardeland, R.; Reiter, R.J. When the circadian clock meets the melanin pigmentary system. J. Investig. Dermatol.
2015, 135, 943-945. [CrossRef]

Zisapel, N. New perspectives on the role of melatonin in human sleep, circadian rhythms and their regulation. Br. J. Pharmacol.
2018, 175, 3190-3199. [CrossRef] [PubMed]

Arendt, J. Melatonin: Countering Chaotic Time Cues. Front. Endocrinol. 2019, 10, 391. [CrossRef]

Sevilla, A.; Cheret, J.; Slominski, R.M.; Slominski, A.T.; Paus, R. Revisiting the role of melatonin in human melanocyte physiology:
A skin context perspective. J. Pineal Res. 2022, 72, €12790. [CrossRef]

Matsumura, R.; Node, K.; Akashi, M. Estimation methods for human circadian phase by use of peripheral tissues. Hypertens. Res.
2016, 39, 623-627. [CrossRef]

Burgess, H.]J.; Wyatt, ] K.; Park, M.; Fogg, L.F. Home Circadian Phase Assessments with Measures of Compliance Yield Accurate
Dim Light Melatonin Onsets. Sleep 2015, 38, 889-897. [CrossRef]

Hastings, M.H.; Reddy, A.B.; Maywood, E.S. A clockwork web: Circadian timing in brain and periphery, in health and disease.
Nat. Rev. Neurosci. 2003, 4, 649-661. [CrossRef]

Cajochen, C.; Jud, C.; Munch, M.; Kobialka, S.; Wirz-Justice, A.; Albrecht, U. Evening exposure to blue light stimulates the
expression of the clock gene PER2 in humans. Eur. J. Neurosci. 2006, 23, 1082-1086. [CrossRef]

Bjarnason, G.A.; Jordan, R.C.; Wood, P.A,; Li, Q.; Lincoln, D.W,; Sothern, R.B.; Hrushesky, W.].; Ben-David, Y. Circadian expression
of clock genes in human oral mucosa and skin: Association with specific cell-cycle phases. Am. J. Pathol. 2001, 158, 1793-1801.
[CrossRef]

Burioka, N.; Takata, M.; Okano, Y.; Ohdo, S.; Fukuoka, Y.; Miyata, M.; Takane, H.; Endo, M.; Suyama, H.; Shimizu, E. Dexametha-
sone influences human clock gene expression in bronchial epithelium and peripheral blood mononuclear cells in vitro. Chronobiol.
Int. 2005, 22, 585-590. [CrossRef]

Boivin, D.B.; James, EO.; Wu, A.; Cho-Park, PE; Xiong, H.; Sun, Z.S. Circadian clock genes oscillate in human peripheral blood
mononuclear cells. Blood 2003, 102, 4143-4145. [CrossRef]

Sato, M.; Matsuo, T.; Atmore, H.; Akashi, M. Possible contribution of chronobiology to cardiovascular health. Front. Physiol. 2013,
4,409. [CrossRef]

Al-Nuaimi, Y.; Baier, G.; Watson, R.E.; Chuong, C.M.; Paus, R. The cycling hair follicle as an ideal systems biology research model.
Exp. Dermatol. 2010, 19, 707-713. [CrossRef]

Yamaguchi, A.; Matsumura, R.; Matsuzaki, T.; Nakamura, W.; Node, K.; Akashi, M. A simple method using ex vivo culture of
hair follicle tissue to investigate intrinsic circadian characteristics in humans. Sci. Rep. 2017, 7, 6824. [CrossRef]

Nishida, A.; Miyawaki, Y.; Node, K.; Akashi, M. Ex vivo Culture Assay Using Human Hair Follicles to Study Circadian
Characteristics. Bio Protoc. 2020, 10, €3638. [CrossRef]

Deshayes, N.; Genty, G.; Berthelot, F; Paris, M. Human long-term deregulated circadian rhythm alters regenerative properties of
skin and hair precursor cells. Eur. J. Dermatol. 2018, 28, 467-475. [CrossRef]

Hattammaru, M.; Tahara, Y.; Kikuchi, T.; Okajima, K.; Konishi, K.; Nakajima, S.; Sato, K.; Otsuka, K.; Sakura, H.; Shibata, S.; et al.
The effect of night shift work on the expression of clock genes in beard hair follicle cells. Sleep Med. 2019, 56, 164-170. [CrossRef]
Bracci, M.; Ciarapica, V.; Copertaro, A.; Barbaresi, M.; Manzella, N.; Tomasetti, M.; Gaetani, S.; Monaco, F.; Amati, M.; Valentino,
M.; et al. Peripheral Skin Temperature and Circadian Biological Clock in Shift Nurses after a Day off. Int. ]. Mol. Sci. 2016, 17, 623.
[CrossRef]

Haraguchi, A.; Komada, Y.; Inoue, Y.; Shibata, S. Correlation among clock gene expression thythms, sleep quality, and meal
conditions in delayed sleep-wake phase disorder and night eating syndrome. Chronobiol. Int. 2019, 36, 770-783. [CrossRef]
Akashi, M.; Sogawa, R.; Matsumura, R.; Nishida, A.; Nakamura, R.; Tokuda, L.T.; Node, K. A detection method for latent circadian
rhythm sleep-wake disorder. EBioMedicine 2020, 62, 103080. [CrossRef]

Takahashi, M.; Haraguchi, A.; Tahara, Y.; Aoki, N.; Fukazawa, M.; Tanisawa, K.; Ito, T.; Nakaoka, T.; Higuchi, M.; Shibata, S.
Positive association between physical activity and PER3 expression in older adults. Sci. Rep. 2017, 7, 39771. [CrossRef]
Okamoto, A.; Yamamoto, T.; Matsumura, R.; Node, K.; Akashi, M. An out-of-lab trial: A case example for the effect of intensive
exercise on rhythms of human clock gene expression. . Circadian Rhythm. 2013, 11, 1-5. [CrossRef]


http://doi.org/10.1016/j.bbrc.2014.07.138
http://doi.org/10.1016/j.cell.2005.02.001
http://doi.org/10.1161/CIRCRESAHA.109.207076
http://doi.org/10.1007/s00018-012-1026-1
http://doi.org/10.1073/pnas.1516259112
http://www.ncbi.nlm.nih.gov/pubmed/26392540
http://doi.org/10.1016/j.cub.2019.08.063
http://www.ncbi.nlm.nih.gov/pubmed/31607531
http://doi.org/10.1038/jid.2014.553
http://doi.org/10.1111/bph.14116
http://www.ncbi.nlm.nih.gov/pubmed/29318587
http://doi.org/10.3389/fendo.2019.00391
http://doi.org/10.1111/jpi.12790
http://doi.org/10.1038/hr.2016.68
http://doi.org/10.5665/sleep.4734
http://doi.org/10.1038/nrn1177
http://doi.org/10.1111/j.1460-9568.2006.04613.x
http://doi.org/10.1016/S0002-9440(10)64135-1
http://doi.org/10.1081/CBI-200062416
http://doi.org/10.1182/blood-2003-03-0779
http://doi.org/10.3389/fphys.2013.00409
http://doi.org/10.1111/j.1600-0625.2010.01114.x
http://doi.org/10.1038/s41598-017-07268-8
http://doi.org/10.21769/BioProtoc.3638
http://doi.org/10.1684/ejd.2018.3358
http://doi.org/10.1016/j.sleep.2019.01.005
http://doi.org/10.3390/ijms17050623
http://doi.org/10.1080/07420528.2019.1585366
http://doi.org/10.1016/j.ebiom.2020.103080
http://doi.org/10.1038/srep39771
http://doi.org/10.1186/1740-3391-11-10

Int. J. Mol. Sci. 2023, 24, 2407 17 of 18

75.

76.

77.

78.

79.

80.
81.

82.

83.

84.

85.

86.

87.

88.

89.
90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Takahashi, M.; Tahara, Y.; Tsubosaka, M.; Fukazawa, M.; Ozaki, M.; Iwakami, T.; Nakaoka, T.; Shibata, S. Chronotype and social
jetlag influence human circadian clock gene expression. Sci. Rep. 2018, 8, 10152. [CrossRef]

Ingram, K.K.; Ay, A.; Kwon, S.B.; Woods, K.; Escobar, S.; Gordon, M.; Smith, I.H.; Bearden, N.; Filipowicz, A.; Jain, K. Molecular
insights into chronotype and time-of-day effects on decision-making. Sci. Rep. 2016, 6, 29392. [CrossRef]

Tatsumoto, M.; Matsumura, R.; Endo, T.; Tokuda, L.T.; Node, K.; Akashi, M. Potential negative effect of total parenteral nutrition
on the human circadian clock. Genes Cells 2022, 27, 613-620. [CrossRef]

Yamaguchi, A.; Tatsumoto, M.; Matsumura, R.; Endo, T.; Hirata, K.; Tokuda, I.; Akashi, M. Normal peripheral circadian phase in
the old-old with abnormal circadian behavior. Genes Cells 2018, 23, 849-859. [CrossRef]

Endo, T.; Matsumura, R.; Tokuda, I.T.; Yoshikawa, T.; Shigeyoshi, Y.; Node, K.; Sakoda, S.; Akashi, M. Bright light improves sleep
in patients with Parkinson’s disease: Possible role of circadian restoration. Sci. Rep. 2020, 10, 7982. [CrossRef]

Hansen, J. Increased breast cancer risk among women who work predominantly at night. Epidemiology 2001, 12, 74-77. [CrossRef]
Schernhammer, E.S.; Laden, E; Speizer, EE.; Willett, W.C.; Hunter, D.J.; Kawachi, I.; Colditz, G.A. Rotating night shifts and risk of
breast cancer in women participating in the nurses” health study. J. Natl. Cancer Inst. 2001, 93, 1563-1568. [CrossRef]

Goh, VH,; Tong, T.Y.; Lim, C.L.; Low, E.C.; Lee, LK. Circadian disturbances after night-shift work onboard a naval ship. Mil. Med.
2000, 165, 101-105. [CrossRef]

Harris, A.; Waage, S.; Ursin, H.; Hansen, A.M.; Bjorvatn, B.; Eriksen, H.R. Cortisol, reaction time test and health among offshore
shift workers. Psychoneuroendocrinology 2010, 35, 1339-1347. [CrossRef]

Bostock, S.; Steptoe, A. Influences of early shift work on the diurnal cortisol thythm, mood and sleep: Within-subject variation in
male airline pilots. Psychoneuroendocrinology 2013, 38, 533-541. [CrossRef]

Boivin, D.B.; Boudreau, P.; Kosmadopoulos, A. Disturbance of the Circadian System in Shift Work and Its Health Impact. J. Biol.
Rhythm. 2022, 37, 3-28. [CrossRef]

Frangopoulos, E; Nicolaou, I.; Zannetos, S.; Economou, N.T.; Adamide, T.; Georgiou, A.; Nikolaidis, P.T.; Rosemann, T.; Knechtle,
B.; Trakada, G. Setting Objective Clinical Assessment Tools for Circadian Rhythm Sleep-Wake Disorders—A Community-Based
Cross-Sectional Epidemiological Study. Nat. Sci. Sleep 2021, 13, 791-802. [CrossRef]

Kanathur, N.; Harrington, J.; Lee-Chiong, T. Circadian rhythm sleep disorders. Clin. Chest Med. 2010, 31, 319-325. [CrossRef]
Culnan, E.; McCullough, L.M.; Wyatt, J.K. Circadian Rhythm Sleep-Wake Phase Disorders. Neurol. Clin. 2019, 37, 527-543.
[CrossRef]

Guldir, T.; HG, O. Circadian rhythm in mammals: Time to eat & time to sleep. Biol. Rhythm Res. 2017, 48, 243-261.

Healy, K.L.; Morris, A.R.; Liu, A.C. Circadian Synchrony: Sleep, Nutrition, and Physical Activity. Front. Netw. Physiol. 2021,
1, 732243. [CrossRef]

Sasaki, H.; Hattori, Y.; Ikeda, Y.; Kamagata, M.; Iwami, S.; Yasuda, S.; Tahara, Y.; Shibata, S. Forced rather than voluntary exercise
entrains peripheral clocks via a corticosterone /noradrenaline increase in PER2::LUC mice. Sci. Rep. 2016, 6, 27607. [CrossRef]
Mota, M.C.; Waterhouse, J.; De-Souza, D.A.; Rossato, L.T.; Silva, C.M.; Araujo, M.B.; Tufik, S.; de Mello, M.T.; Crispim, C.A.
Association between chronotype, food intake and physical activity in medical residents. Chronobiol. Int. 2016, 33, 730-739.
[CrossRef]

Sempere-Rubio, N.; Aguas, M.; Faubel, R. Association between Chronotype, Physical Activity and Sedentary Behaviour: A
Systematic Review. Int. ]. Environ. Res. Public Health 2022, 19, 9646. [CrossRef]

May, C.P,; Hasher, L. Synchrony effects in inhibitory control over thought and action. J. Exp. Psychology. Hum. Percept. Perform.
1998, 24, 363-379. [CrossRef]

Venkat, N.; Sinha, M.; Sinha, R.; Ghate, J.; Pande, B. Neuro-Cognitive Profile of Morning and Evening Chronotypes at Different
Times of Day. Ann. Neurosci. 2020, 27, 257-265. [CrossRef]

Novakova, M.; Sladek, M.; Sumova, A. Human chronotype is determined in bodily cells under real-life conditions. Chronobiol. Int.
2013, 30, 607-617. [CrossRef]

Dollet, L.; Pendergrast, L.A.; Zierath, J.R. The role of the molecular circadian clock in human energy homeostasis. Curr. Opin.
Lipidol. 2021, 32, 16-23. [CrossRef]

Fujimoto, R.; Ohta, Y,; Masuda, K.; Taguchi, A.; Akiyama, M.; Yamamoto, K.; Nakabayashi, H.; Nagao, Y.; Matsumura, T.;
Hiroshige, S.; et al. Metabolic state switches between morning and evening in association with circadian clock in people without
diabetes. J. Diabetes Investig. 2022, 13, 1496-1505. [CrossRef]

Wehrens, SM.T.; Christou, S.; Isherwood, C.; Middleton, B.; Gibbs, M. A.; Archer, S.N.; Skene, D.J.; Johnston, ].D. Meal Timing
Regulates the Human Circadian System. Curr. Biol. 2017, 27, 1768-1775.e1763. [CrossRef]

Vollmers, C.; Gill, S.; DiTacchio, L.; Pulivarthy, S.R.; Le, H.D.; Panda, S. Time of feeding and the intrinsic circadian clock drive
rhythms in hepatic gene expression. Proc. Natl. Acad. Sci. USA 2009, 106, 21453-21458. [CrossRef]

Weger, B.D.; Gobet, C.; David, EP.A.; Atger, F.; Martin, E.; Phillips, N.E.; Charpagne, A.; Weger, M.; Naef, F.; Gachon, F. Systematic
analysis of differential rhythmic liver gene expression mediated by the circadian clock and feeding rhythms. Proc. Natl. Acad. Sci.
USA 2021, 118, €2015803118. [CrossRef] [PubMed]

Ogata, H.; Horie, M.; Kayaba, M.; Tanaka, Y.; Ando, A.; Park, I.; Zhang, S.; Yajima, K.; Shoda, J.I.; Omi, N.; et al. Skipping
Breakfast for 6 Days Delayed the Circadian Rhythm of the Body Temperature without Altering Clock Gene Expression in Human
Leukocytes. Nutrients 2020, 12, 2797. [CrossRef] [PubMed]


http://doi.org/10.1038/s41598-018-28616-2
http://doi.org/10.1038/srep29392
http://doi.org/10.1111/gtc.12976
http://doi.org/10.1111/gtc.12633
http://doi.org/10.1038/s41598-020-64645-6
http://doi.org/10.1097/00001648-200101000-00013
http://doi.org/10.1093/jnci/93.20.1563
http://doi.org/10.1093/milmed/165.2.101
http://doi.org/10.1016/j.psyneuen.2010.03.006
http://doi.org/10.1016/j.psyneuen.2012.07.012
http://doi.org/10.1177/07487304211064218
http://doi.org/10.2147/NSS.S308917
http://doi.org/10.1016/j.ccm.2010.02.009
http://doi.org/10.1016/j.ncl.2019.04.003
http://doi.org/10.3389/fnetp.2021.732243
http://doi.org/10.1038/srep27607
http://doi.org/10.3109/07420528.2016.1167711
http://doi.org/10.3390/ijerph19159646
http://doi.org/10.1037/0096-1523.24.2.363
http://doi.org/10.1177/0972753121990280
http://doi.org/10.3109/07420528.2012.754455
http://doi.org/10.1097/MOL.0000000000000722
http://doi.org/10.1111/jdi.13810
http://doi.org/10.1016/j.cub.2017.04.059
http://doi.org/10.1073/pnas.0909591106
http://doi.org/10.1073/pnas.2015803118
http://www.ncbi.nlm.nih.gov/pubmed/33452134
http://doi.org/10.3390/nu12092797
http://www.ncbi.nlm.nih.gov/pubmed/32932677

Int. J. Mol. Sci. 2023, 24, 2407 18 of 18

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Kondratova, A.A.; Kondratov, R.V. The circadian clock and pathology of the ageing brain. Nat. Rev. Neurosci. 2012, 13, 325-335.
[CrossRef]

Czeisler, C.A.; Dumont, M.; Dulffy, ].E; Steinberg, J.D.; Richardson, G.S.; Brown, E.N.; Sdnchez, R.; Rios, C.D.; Ronda, ].M.
Association of sleep-wake habits in older people with changes in output of circadian pacemaker. Lancet 1992, 340, 933-936.
[CrossRef] [PubMed]

Leng, Y.; Blackwell, T.; Cawthon, PM.; Ancoli-Israel, S.; Stone, K.L.; Yaffe, K. Association of Circadian Abnormalities in Older
Adults With an Increased Risk of Developing Parkinson Disease. JAMA Neurol. 2020, 77, 1270-1278. [CrossRef]

Videnovic, A.; Klerman, E.B.; Wang, W.; Marconi, A.; Kuhta, T.; Zee, P.C. Timed Light Therapy for Sleep and Daytime Sleepiness
Associated With Parkinson Disease: A Randomized Clinical Trial. JAMA Neurol. 2017, 74, 411-418. [CrossRef] [PubMed]
Martino, J.K.; Freelance, C.B.; Willis, G.L. The effect of light exposure on insomnia and nocturnal movement in Parkinson’s
disease: An open label, retrospective, longitudinal study. Sleep Med. 2018, 44, 24-31. [CrossRef] [PubMed]

Lee, T.; Cho, C.H.; Kim, WR.; Moon, ].H.; Kim, S.; Geum, D.; In, H.P.; Lee, H.]. Development of model based on clock gene
expression of human hair follicle cells to estimate circadian time. Chronobiol. Int. 2020, 37, 993-1001. [CrossRef]

Wu, G.; Ruben, M.D.; Francey, L.J.; Smith, D.E; Sherrill, ].D.; Oblong, J.E.; Mills, K.J.; Hogenesch, ].B. A population-based gene
expression signature of molecular clock phase from a single epidermal sample. Genome Med. 2020, 12, 73. [CrossRef]

Duffy, J.F,; Cain, S.W.; Chang, A.M.; Phillips, A.J.; Munch, M.Y.; Gronfier, C.; Wyatt, ] K,; Dijk, D.J.; Wright, K.P,; Czeisler, C.A.
Sex difference in the near-24-hour intrinsic period of the human circadian timing system. Proc. Natl. Acad. Sci. USA 2011, 108,
15602-15608. [CrossRef]

Noh, S.G.; Jung, H.J.; Kim, S.; Arulkumar, R.; Kim, D.H.; Park, D.; Chung, H.Y. Regulation of Circadian Genes Nr1d1 and Nr1d2
in Sex-Different Manners during Liver Aging. Int. ]. Mol. Sci. 2022, 23, 10032. [CrossRef] [PubMed]

Cain, S.W,; Dennison, C.F,; Zeitzer, ] M.; Guzik, A.M.; Khalsa, S.B.; Santhi, N.; Schoen, M.W.; Czeisler, C.A.; Duffy, ].E. Sex
differences in phase angle of entrainment and melatonin amplitude in humans. J. Biol. Rhythm. 2010, 25, 288-296. [CrossRef]
[PubMed]

Bailey, M.; Silver, R. Sex differences in circadian timing systems: Implications for disease. Front. Neuroendocrinol. 2014, 35, 111-139.
[CrossRef] [PubMed]

Spitschan, M.; Santhi, N.; Ahluwalia, A.; Fischer, D.; Hunt, L.; Karp, N.A.; Levi, F; Pineda-Torra, I.; Vidafar, P.; White, R. Sex
differences and sex bias in human circadian and sleep physiology research. eLife 2022, 11, ¢65419. [CrossRef] [PubMed]
Fukuyama, M.; Ito, T.; Ohyama, M. Alopecia areata: Current understanding of the pathophysiology and update on therapeutic
approaches, featuring the Japanese Dermatological Association guidelines. . Dermatol. 2022, 49, 19-36. [CrossRef]

Cutolo, M.; Sulli, A.; Pizzorni, C.; Secchi, M.E.; Soldano, S.; Seriolo, B.; Straub, R.H.; Otsa, K.; Maestroni, G.J. Circadian rhythms:
Glucocorticoids and arthritis. Ann. New York Acad. Sci. 2006, 1069, 289-299. [CrossRef] [PubMed]

Yu, X.; Rollins, D.; Ruhn, K.A.; Stubblefield, ]J.J.; Green, C.B.; Kashiwada, M.; Rothman, P.B.; Takahashi, J.S.; Hooper, L.V. TH17
cell differentiation is regulated by the circadian clock. Science 2013, 342, 727-730. [CrossRef]

Hesse, J.; Martinelli, J.; Aboumanify, O.; Ballesta, A.; Relogio, A. A mathematical model of the circadian clock and drug
pharmacology to optimize irinotecan administration timing in colorectal cancer. Comput. Struct. Biotechnol. J. 2021, 19, 5170-5183.
[CrossRef] [PubMed]

Ballesta, A.; Innominato, PF,; Dallmann, R.; Rand, D.A ; Levi, EA. Systems Chronotherapeutics. Pharmacol. Rev. 2017, 69, 161-199.
[CrossRef]

Ursini, E; De Giorgi, A.; D’Onghia, M.; De Giorgio, R.; Fabbian, F.; Manfredini, R. Chronobiology and Chronotherapy in
Inflammatory Joint Diseases. Pharmaceutics 2021, 13, 1832. [CrossRef]

Martinell, J.; Dulong, S.; Li, X.M.; Teboul, M.; Soliman, S.; Levi, F.; Fages, F; Ballesta, A. Model learning to identify systemic
regulators of the peripheral circadian clock. Bioinformatics 2021, 37, i401-i409. [CrossRef] [PubMed]

Paus, R.; Ramot, Y.; Kirsner, R.S.; Tomic-Canic, M. Topical L-thyroxine: The Cinderella among hormones waiting to dance on the
floor of dermatological therapy? Exp. Dermatol. 2020, 29, 910-923. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1038/nrn3208
http://doi.org/10.1016/0140-6736(92)92817-Y
http://www.ncbi.nlm.nih.gov/pubmed/1357348
http://doi.org/10.1001/jamaneurol.2020.1623
http://doi.org/10.1001/jamaneurol.2016.5192
http://www.ncbi.nlm.nih.gov/pubmed/28241159
http://doi.org/10.1016/j.sleep.2018.01.001
http://www.ncbi.nlm.nih.gov/pubmed/29530365
http://doi.org/10.1080/07420528.2020.1777150
http://doi.org/10.1186/s13073-020-00768-9
http://doi.org/10.1073/pnas.1010666108
http://doi.org/10.3390/ijms231710032
http://www.ncbi.nlm.nih.gov/pubmed/36077427
http://doi.org/10.1177/0748730410374943
http://www.ncbi.nlm.nih.gov/pubmed/20679498
http://doi.org/10.1016/j.yfrne.2013.11.003
http://www.ncbi.nlm.nih.gov/pubmed/24287074
http://doi.org/10.7554/eLife.65419
http://www.ncbi.nlm.nih.gov/pubmed/35179486
http://doi.org/10.1111/1346-8138.16207
http://doi.org/10.1196/annals.1351.027
http://www.ncbi.nlm.nih.gov/pubmed/16855156
http://doi.org/10.1126/science.1243884
http://doi.org/10.1016/j.csbj.2021.08.051
http://www.ncbi.nlm.nih.gov/pubmed/34630937
http://doi.org/10.1124/pr.116.013441
http://doi.org/10.3390/pharmaceutics13111832
http://doi.org/10.1093/bioinformatics/btab297
http://www.ncbi.nlm.nih.gov/pubmed/34252929
http://doi.org/10.1111/exd.14156
http://www.ncbi.nlm.nih.gov/pubmed/32682336

	Introduction 
	Expression of Circadian Clock in HFs and Its Effects on the Physiological Process 
	Heterogeneous Expression of Clock Genes in HFs and Influence from Extrinsic Factors 
	Regulatory Role of Clock Genes in the Hair Cycle 
	Involvement of the Circadian Clock in HF Aging 
	Association of the Circadian Clock with Hair Pigmentation 

	Monitoring of Circadian-Rhythm-Related Conditions and Disorders Using HFs 
	Day and Night Shifts 
	Physical Activity and Human Behavior 
	Sleep–Wake Disorders 
	Daily Activities 
	Chronotype and Decision-Making 
	Energy Metabolism 

	Age-Related Diseases 
	Optimization of Evaluation Using HF Cells 

	Limitations and Challenges 
	Conclusions and Perspectives 
	References

