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Abstract

Significance: Skin, a complex organ and the body’s first line of defense against environmental insults, plays a
critical role in maintaining homeostasis in an organism. This balance is maintained through a complex network
of cellular machinery and signaling events, including those regulating oxidative stress and circadian rhythms.
These regulatory mechanisms have developed integral systems to protect skin cells and to signal to the rest of the
body in the event of internal and environmental stresses. Recent Advances: Interestingly, several signaling
pathways and many bioactive molecules have been found to be involved and even important in the regulation of
oxidative stress and circadian rhythms, especially in the skin. It is becoming increasingly evident that these two
regulatory systems may, in fact, be interconnected in the regulation of homeostasis. Important examples of
molecules that connect the two systems include serotonin, melatonin, vitamin D, and vitamin A. Critical Issues:
Excessive reactive oxygen species and/or dysregulation of antioxidant system and circadian rhythms can
cause critical errors in maintaining proper barrier function and skin health, as well as overall homeostasis.
Unfortunately, the modern lifestyle seems to contribute to increasing alterations in redox balance and circadian
rhythms, thereby posing a critical problem for normal functioning of the living system. Future Directions: Since
the oxidative stress and circadian rhythm systems seem to have areas of overlap, future research needs to be
focused on defining the interactions between these two important systems. This may be especially important in the
skin where both systems play critical roles in protecting the whole body. Antioxid. Redox Signal. 20, 2982-2996.

Introduction

IN HUMANS, as well as in all other complex organisms, one of
the most important organs for maintaining biological ho-
meostasis is the skin. This is carried out via rapid and bilateral
sensing between the layers that make up the skin, and is
mediated by many factors, including neurostimulants and
hormones. The outer layer of skin most obviously provides a
physical barrier against harmful environmental toxicants to
which it is exposed and which are capable of producing a
state of overwhelming oxidative stress if left unchecked. The
barrier is also useful in blocking the loss of beneficial and
necessary factors such as water from leaving the body in an
untimely manner. This is accomplished by an extremely so-
phisticated skin structure made of specialized cell systems.
Because of its placement and ability to interact directly with
the environment, the skin is uniquely situated in the body
in such a way that it is intricately involved in many other

essential body processes, including redox reactions and cir-
cadian rhythms. However, the immediate proximity of the
external environment puts the skin at higher risk of being
injured or affected by external stimuli or stressors. Some of
the more common environmental stressors are ionizing radi-
ation, chemical hazards, and pollution. Exposure to these
environmental hazards can lead to serious damage to cellular
components or death of the cell. For example, ultraviolet (UV)
radiation can cause a variety of adverse effects to skin, in-
cluding DNA damage, protein degradation, and depletion of
antioxidant enzymes. Additionally, UV light can lead to an
excessive generation of reactive oxygen species (ROS), which
can directly cause oxidative stress in the cells.

Since organisms tend to be exposed to environmental
hazards in a circadian fashion, the circadian clocks may be
important in regulating cellular responses to these external
events. Circadian rhythms are those elements in the body that
are regulated in an approximate 24-h cycle of oscillations.
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Circadian rhythms are being increasingly shown to be im-
portant in various biological processes including protective
responses of the body. For example, recently it has been
suggested that UV-caused cutaneous damages may be best
repaired in the morning hours in diurnal animals, and that
the DNA repair capacity of cells is lowest in dark hours when
light and pollutants are less likely to reach the organism (31).
However, with the advent of artificial light, an altered circa-
dian rhythm may be less helpful for protection. Several recent
studies have shown increases in rates of diverse diseases, in-
cluding diabetes, mental health, and cancer, in night-shift
workers who have a dysregulated circadian clock (38, 75, 116).

Disruptions in fundamental processes such as redox state
and circadian rhythms can cause extensive problems in the
living system, which has to develop defensive and protective
mechanisms to mitigate the damages before they are detri-
mental. Skin produces several protective molecules, including
melanin and vitamin D, which are dependent upon sunlight
and can counteract oxidative stress. Interestingly, these mole-
cules are produced in skin in a circadian manner. In the event of
a disruption of the circadian rhythms, the production of these
protective factors is compromised, thereby allowing cellular
oxidative stress to reach irreparable levels that interfere with
vital regulatory processes. Other circadian-linked protective
hormones and vitamins, such as melatonin and vitamin A, are
also important in regulation of circadian and redox states of the
skin. When all of these systems are working in concert, it
allows for optimal protection and functioning of the living
system. However, if any part(s) of this complex system is
damaged or dysregulated, it can translate into problems for
the whole organism. Therefore, it is important to focus on the
associations and collaborations between redox and circadian
systems, in skin as well as in other cells of the body. These

FIG. 1. Skin structure, solar ra-
diation, and UVR penetrance. Skin
is a highly ordered, complex struc-
ture that consists of two main lay-
ers: the dermis and epidermis. The
sun emits a wide range of electro-
magnetic radiations; of which, the
radiations reaching to earth’s sur-
face mostly fall in the visible or
near-visible range. Of these, UVR is
the most damaging to humans. The
diagram shows the wavelength
definitions of the electromagnetic
spectrum, as well as the approxi-
mate depth to which the different
UVR subtypes can penetrate. UVC
can only penetrate the upper layer
of the epidermis, UVB can penetrate
into the dermis, and UVA can
penetrate over 1000 um into the
skin. UVR, ultraviolet radiation. To
see this illustration in color, the
reader is referred to the web ver-
sion of this article at www.lie
bertpub.com/ars
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possible interactions are the focus of this review, and impor-
tant topics for future research, especially for skin biology and
diseases.

Barrier Function of Skin

The major function of skin is to provide a barrier between a
well-regulated milieu intérieur and the exterior environment.
All organisms have a barrier that separates and defines
themselves from their environment. The complexity of this
barrier increases with the complexity of the organism, ulti-
mately evolving from a cell wall, like that found in bacteria
and protozoans, into a multilayer tissue covering the entire
body, such as that found in mammals. Although the exact
makeup of skin may vary from species to species, it inevitably
provides the individual with protection from the environ-
ment. In humans, this structure consists of two primary lay-
ers: the dermis and the epidermis (Fig. 1) (63). The dermis is
the layer just above the subcutaneous tissue, and has many
components, including fibroblasts and connective tissues
made of extracellular matrix agents, such as collagen, elastin,
and glycosaminoglycans. The dermis contains many struc-
tures and components important in connecting the skin to
other major bodily processes, such as blood and lymphatic
vessels, adipose cells, mast cells, sweat glands, hair follicles,
and nerves. Most of these structures are either initiators or
messengers of important regulatory systems. The dermis is
also the home for synthesis of a variety of biologically active
skin products, including various cytokines, amines, melato-
nin, melanin, hormones, and steroids (103, 107). The epider-
mis is the outermost layer of skin tissue, and is connected to
the dermis through a basement membrane which both lay-
ers interact with, but is part of neither. The majority of the
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epidermis is made up of keratinocytes, which are warehouses
for the fibrous structural protein keratin. The other cell types
present housed in the epidermis include melanocytes, Lang-
erhans cells, mast cells, and Merkel cells. The keratinocytes are
responsible for a key characteristic of the epidermis, the ability
to rapidly and systematically replenish itself, and ultimately
the reason for an extremely strong and efficient skin barrier
(60, 84). They undergo a well-orchestrated process of differ-
entiation, where highly proliferative, undifferentiated deeply
housed epidermal cells are converted to highly differentiated,
non-dividing anuclear corneocytic cells that make up the
outermost layer of the skin known as the stratum corneum.
The corneocytes are linked together with certain proteins and
lipids and form a strong, mostly waterproof, barrier for the
organism. Ultimately the corneocytes are desquamated from
the skin surface as this layer is replenished again with another
layer of corneocytes.

The ultimate purpose of this complex barrier is to protect
the organism from external effects, such as physical injuries,
radiation, microbial assaults, and chemicals, while maintain-
ing homeostasis by helping to regulate body temperature and
prevent excess water loss from the body. Although the barrier
provided by the skin is surprisingly sophisticated, when
breached by environmental insults, it can lead to local as well
as systemic harm to the body. Several measures are used to
determine the optimal health of skin, including its barrier
function. These measures include transepidermal water
loss (TEWL), surface pH, stratum corneum hydration, and
skin temperature. Healthy skin has decreased TEWL, a well-
hydrated stratum corneum, and a slightly acidic surface pH
(54). Interestingly, several of these factors have been found to
fluctuate in a circadian fashion in humans (120). This may
indicate that the barrier function of the skin is stronger at
certain times of the day than at others. Indeed, it would make
sense that skin defenses would be higher during daytimes
when it is more likely to encounter challenges from environ-
mental insults. In the evening and night time, diurnal or-
ganisms tend to be less active and less challenged by
environmental harms. However, in modern lifestyles, with
artificial lights and abnormal sleep cycles, skin can be chal-
lenged at almost any time, leading to damage or stress to the
cell as well as perturbation of normal physiology, ultimately
resulting in adverse health effects and diseases.

Oxidative Stress in Skin

The skin provides an efficient barrier against many types of
environmental insults, including a variety of harmful elec-
trophiles and free radicals such as those generated due to
exposure to chemicals and ionizing radiation. Additionally,
ROS are continuously produced in the majority of the cells
within a living system. Figure 2 shows some of the sources of
ROS in the body, as well as the deleterious effects that may
result from an overload of ROS. The most common ROS in the
body are superoxide radicals (¢O,), peroxides (ROOR), hy-
droxyl radicals (¢OH), nitric oxide (NO), and peroxynitrite
(¢ONOO). Many of these are normally produced in the cell as
byproducts of cellular processes, such as metabolism and
certain enzymatic activities (63, 81). These ROS are required in
a number of processes and cell signaling pathways in the bi-
ological system, often providing a defense mechanism.
However, to ensure that the ROS levels do not get out of hand,
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FIG. 2. Sources of ROS and their effects in the mamma-
lian cells. ROS have many sources, including ionizing radi-
ation, oxidizing chemicals and enzymes, immune cells, and
mitochondrial respiration. In the cell, increased levels of
oxidative stress from excessive ROS can cause a variety of
harmful effects to cellular components and biomolecules,
including DNA damage, lipid peroxidation, protein oxida-
tion, and enzyme degradation. ROS, reactive oxygen species.
To see this illustration in color, the reader is referred to the
web version of this article at www.liebertpub.com/ars

they are carefully equalized and kept in check by free-radical-
scavenging mechanisms, such as a number of antioxidant
enzymes, which are generated in the body. Thus, a fine bal-
ance between ROS and the antioxidant defense system is
the key for maintaining global homeostasis as well as skin
homeostasis. Since skin is exposed directly to molecular
oxygen as well as environmental toxicants, excessive levels of
ROS appear to be unavoidable in this tissue. Some frequent
external sources of ROS are UV radiation, environmental
pollutants, and other hazardous chemicals (109). Because of
their placement at the body-environment interface, skin cells
can be directly affected by these agents, making these external
ROS especially harmful. If the redox state of cells is mis-
balanced toward oxidant species either due to a suboptimal
detoxification of ROS or due to excessive and/or frequent
ROS generation, then a state of oxidative stress ensues in the
cells. Sustained or overwhelming oxidative stress can result in
extensive damage to many cellular components and macro-
molecules, including RNA, DNA, proteins, and lipids. In the
skin, this can be especially harmful since ROS can react with
the protective lipid bilayers in the stratum corneum to form
lipid hydroperoxides, which may lead to a weakening of the
barrier functions of the skin (109). Also, since skin is the pri-
mary protective layer, the most harmful effects of external
stressors tend to be focused there and can lead to aging, in-
flammation, and carcinogenesis, all of which have direct
links to ROS. Interestingly, the general activity of antioxidant
enzymes has been shown to have higher expression within the
epidermis than in the dermis (96). To counteract the increased
oxidative stress potential, skin cells possess several lines of
defense, including protective enzymes, such as catalases
(CATs), glutathione peroxidases (GPxs), and superoxide dis-
mutases (SODs), as well as small-molecule antioxidants like
vitamins A, C, and E; melatonin; and glutathione (GSH).
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However, sometimes environmental insults can overwhelm
or completely bypass these protective measures. To deal with
this, the body has come up with ways to try to fix some of the
most common effects of ROS damage to the cell. In the skin, a
sophisticated system of repair of damaged DNA is an excel-
lent example. Solar UV radiation can lead to extensive dam-
age to cellular DNA, either directly or by ROS intermediates,
and trigger a DNA damage response (16, 49). UV exposure to
the skin cells causes two types of DNA lesions that are known
as cyclobutane pyrimidine dimers and 6-4 photoproducts
(Fig. 3). These lesions cause significant changes in the struc-
ture of DNA that can result in faulty transcription and repli-
cation. Certain specific areas of DNA double-helix structure
are especially prone to damage. One such “hot spot” for UV-
induced damage is present within the p53 tumor suppressor
gene that shows a signature mutation, characterized by
specific C to T and CC to TT transitions, in~50% of skin
cancers (7). To try to prevent the incorporation of these error-
ridden sequences into the genome, the cell attempts to repair
the damaged DNA. The cell has developed several processes
to do this; one of which is called nucleotide excision repair
(NER), which consists of excision of the damaged piece of
DNA prior to repair by the DNA polymerase enzyme (92). A
simplified depiction of NER process is provided in Figure 4.
Interestingly, NER has been found to be regulated in a circa-
dian fashion via one of the key damage recognition proteins,
xeroderma pigmentosum A (XPA) (43). As we can seg, if the
DNA damage from ROS and the environment is not severe,
then the cell may be able to repair itself, but not without ex-
pending extra effort. However, if the damage is severe and the
cells are unable to repair the damage, then it undergoes ap-
optosis to avoid proliferation of damaged cells, which may
have acquired a hyperproliferative phenotype (12).

As mentioned earlier, healthy levels of ROS play an im-
portant role in regulating cellular activities, as well as in redox
signaling that ensures the normal functioning of a number of
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physiological processes. For detailed information about these,
readers are encouraged to consult many excellent reviews
available on this topic (25, 42, 85, 111). As an example, a study
by Leloup et al. suggests that the mitochondrial ROS are
obligatory signals for glucose-induced insulin secretion (52).
In this study, the authors found that ROS generated by the
mitochondria are essential in signaling pancreatic beta cells to
produce and secrete insulin in response to increased glucose
exposure. The authors also demonstrated that mice injected
with insulin consumed less food due to an increase in hypo-
thalamic ROS levels (41). This study suggested that ROS are
intricately involved in metabolism and breakdown of food. In
the skin, ROS appear to be equally important. A review by
Bito and Nishigori discussed the impact of ROS on signaling
pathways in keratinocytes (8). Among other important skin-
related ROS effects, the authors discuss how ROS can be
generated by UV exposure and directly impact several im-
portant cellular signaling pathways, such as NF-xB, MAPK,
and JAK-STAT, as well as several skin-related diseases, in-
cluding psoriasis and atopic dermatitis.

In addition to ROS being directly responsible for modu-
lating several signaling cascades, certain antioxidants have
been shown to play important roles in signaling events other
than via neutralization of reactive molecules. An excellent
example of an antioxidant protein directly regulating signal-
ing pathway is found in the family of peroxiredoxin (Prx)
enzymes, which are known to scavenge peroxide radicals.
Prxs have particular significance in skin due to their ability to
detoxify lipid peroxides and potential importance in kerati-
nocyte differentiation (61, 93, 121). In a recent study, Gan et al.
found that the neuron-specific Prx2 may not only be impor-
tant in preventing ischemic/reperfusion brain injury because
of its antioxidant potential, but also because it may interact
directly with the Trx-Ask1 signaling complex, thereby sup-
pressing neuronal apoptosis (33). Other Prxs have also been
implicated in different signaling pathways, including ERK/
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FIG. 4. NER is regulated in a circadian fashion. When
cellular replication machinery detects UV-induced DNA
damage, NER is initiated. The clock-controlled protein XPA
is a rate-limiting step of the NER process. After initiation, the
damaged DNA nucleotides are removed, and DNA poly-
merase fills in the undamaged portion of the DNA using the
complementary sequence left behind as a template. NER,
nucleotide excision repair; XPA, xeroderma pigmentosum A.
To see this illustration in color, the reader is referred to the
web version of this article at www .liebertpub.com/ars

cyclin D1, inflammation, and p53 (66, 77, 112). Another ex-
ample of an antioxidant protein that is important in cell
signaling, especially in the skin, is SOD. SOD3, or extracellular
SOD, has been found to be intimately involved in immune
signaling in the skin [reviewed in ref. (51)]. Although this
avenue of research appears to have some potential and is
intruiging, it is likely that the primary function of antioxidant
enzymes, to directly detoxify ROS, is the role played by the
majority of these enzymes in the cell.

Circadian Rhythms and Oxidative Stress

Circadian rhythms are cellular and bodily processes that
maintain a distinct rhythm and oscillate predictably with
certain properties. Circadian rhythms can be found in nu-
merous processes throughout the body, and are dependent on
“zeitgebers” (from German for “synchronizer”), or external
cues, for their proper timing. Some of the strongest zeitgebers
for living beings on earth are light, activity levels, feeding
behavior, and environmental temperatures. In humans, the
“master clock” that regulates the circadian rhythms is located
in the suprachiasmatic nucleus (SCN) region of the brain, a
tiny region on the brain’s midline, directly above the optic
chiasm. This area of the hypothalamus is packed with ~ 20,000
neurons dedicated to maintaining the circadian rhythm of the
organism (14). The SCN is most affected by light signals,
which enter the eye and stimulate special retinorecipient cells
within the SCN via a nerve pathway, the retinohypothalamic
tract. The daily light/dark cycle triggers the body clock into
resetting its daily rhythms, with activation of the signaling
pathway during light exposure, and a shut down when there
is no light sensed by the retinorecipient cells. In addition to
this, the body’s circadian rhythm can be modified by other
zeitgebers to varying degrees. In the strictest sense, for a
rhythm to be considered circadian, there are five properties
that it must portray (6, 23). First, it must have a period of
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FIG. 5. Schematic representation of a circadian curve. A
curve representing a mock circadian rhythm with a 24-h
period is shown, with expression levels on the y-axis and
time on the x-axis. Peak=the maximum level of gene ex-
pression over the course of the oscillation. Trough=the
minimum level of gene expression over the course of the
oscillation. Period =the time required to complete one cycle.
Midline estimating statistic of rhythm (Mesor)=the value
halfway between the peak and trough. Amplitude=the dis-
tance from the mesor value to the peak (or trough). Phase
shift=displacement of a curve along the time axis, either
forward or backward.

about 24 h; although, this may vary slightly on an individ-
ual basis. Second, the rhythm must have the ability to be
synchronized or entrained. Third, the pattern must persist
after the removal of external stimuli. In other words, the
rhythm must not be due to an artificial agent. Fourth, the
phase of the cycle must be able to be shifted without altering
the period of the rhythm. And finally, it must maintain its
period independent of temperature. Figure 5 shows diagram
of a circadian curve with the most common circadian rhythm
terms highlighted. Although the SCN is responsible for
keeping the body’s global time, there are many cells around
the body that keep local time, called peripheral clocks. The
SCN signals to these clocks to keep the whole body in the
proper rhythm, but they are responsible for sending out
signals to the rest of the cells in their area at the appropriate
time.

At a molecular level, each cell appears to have certain
proteins and transcriptional targets, which need to be turned
on and off at specific times to allow for proper functioning of
the cell. Some of these are regulated by the biochemical con-
ditions of the cell at a particular time, but others need to
be regulated in a more time-dependent, rhythmic manner.
Some of these are the molecules that make up the clock-
transcriptional-translational feedback loop responsible for
maintaining the cellular circadian rhythm (50, 56, 88). As
shown in Figure 6, first BMAL1 (also called aryl hydrocarbon
receptor nuclear translocator-like [ARNTL]) heterodimerizes
with the circadian locomotor output cycles kaput (CLOCK)
protein or its paralog neuronal PAS domain-containing pro-
tein 2 (NPAS2). After either of these pairs is formed, the
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FIG. 6. The molecular clock: a transcriptional-translational feedback loop. Two typical transcriptional-translational
feedback loops of the molecular clock network are shown. Both loops start with the complexing of BMAL1 with the CLOCK
protein (or its paralog NPAS2). This complex then binds to the E-box element of a targeted rhythmic gene, thereby initiating
transcription of that protein. Two such proteins involved in the core loop of the molecular clock are the PERs and CRYs,
which form a negative feedback loop. After transcription, they heterodimerize and translocate to the nucleus, where they
interfere with the BMAL1:CLOCK complex at the promoter sites. A secondary feedback loop involves another set of rhythmic
proteins, REV-ERBa and RORo. After initiation of transcription by the BMAL:CLOCK complex, each protein separately
translocates into the nucleus, where they compete to bind the ROREs found in the BVIALI promoter. Binding by REV-ERBux
inhibits transcription of BMAL1, while RORa promotes it. ARNTL, aryl hydrocarbon receptor nuclear translocator-like (also
known as BMAL1); CLOCK, circadian locomotor output cycles kaput; CRYs, cryptochromes; NPAS2, neuronal PAS domain-
containing protein 2; PER, period; ROR, retinoic acid-related orphan receptor; ROREs, retinoic acid-related orphan receptor
response elements. To see this illustration in color, the reader is referred to the web version of this article at www lie

bertpub.com/ars

complex binds with the E-box element of a targeted rhythmic
gene, which initiates transcription of that protein. One set of
these rhythmic protein groups, the periods (PERs) and crypto-
chromes (CRYs), forms a negative feedback loop, as well as
performing their other cellular tasks. Upon transcription, these
proteins heterodimerize and translocate to the nucleus and
interfere with the activity of the BMAL1:CLOCK complex at
the promoter sites. A second regulatory loop is formed from
two other rhythmically controlled proteins, REV-ERBx and
retinoic acid-related orphan receptor « (ROR«). Upon ex-
pression, these orphan receptors compete to bind the retinoic
acid-related orphan receptor response elements found in the
BMAL1 promoter. Binding by REV-ERBu inhibits transcrip-
tion of BMALI1, while RORx promotes it. After this initial
rhythmic transcription, an intricate set of processes takes
over and helps regulate protein levels via post-translational
modification, including phosphorylation, histone acetylation,
methylation, and ubiquitination (32). These modifications

delay the core regulatory proteins so that the feedback process
takes ~24h, instead of only a few hours.

It has been estimated that up to about 10% of all genes may
be controlled in a circadian fashion [reviewed in ref. (91)].
Interestingly, many of the key oxidative-stress-related mol-
ecules have been demonstrated to fall in this group [re-
viewed in ref. (117)]. This makes sense as the living system
tends to be exposed to higher levels of stress at the same
times every day due to a rthythmicity of daily activities. One
good example of an antioxidant that shows rhythmicity is
the Prxs, which have been found to be highly conserved
across a wide range of organisms (22). In a study by O’Neill
and Reddy the circadian rhythmicity of Prxs was found to be
maintained in very simple red blood cells (73). The authors
found that Prxs had an~24-h redox cycle, which persisted
for several days in the absence of external cues (73). These
rhythms were entrainable and temperature compensated,
thus showing the key features of circadian rhythms. This
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interesting study suggested an existence of other levels of
circadian regulation more complex than just signaling be-
tween the SCN, peripheral clocks, and the cells. This study
also suggested that transcription may not be necessary for
regulation of circadian rhythms in all the cells. In a review by
Loudon, the author discusses this Prx rhythm anomaly, and
suggests that after looking at other evidence and experi-
ments, it is most likely that the rhythm determined by Prx
oxidation and the transcriptional-translational feedback
loop rhythm are able to run independently, but for proper
cellular function, they both must be operating and interact-
ing (55). In addition to the Prxs, many other oxidative stress
enzymes oscillate rhythmically, including SOD, CAT, GSH,
and GPx [reviewed in refs. (35, 117)]. There is also a daily
rhythm in ROS levels and the damage done to the cell by
them, with more ROS presence and antioxidant production
in the morning hours than at night in diurnal animals. There
is not much research done to connect oxidative stress with
circadian rhythms in skin. However, a robust circadian ROS
defense system appears to exist in the skin, especially with
the enormous amount of oxidative stress experienced daily
by skin cells (19, 46). Because of direct exposure of skin to
environmental insults including UV light, it would not be
surprising that the skin’s antioxidant capacity is highest at
midmorning, when human lifestyle traditionally allows for
maximal environmental exposure.

Solar Radiation, Oxidative Stress,
and Circadian Rhythms

Beyond any argument, light from the sun is essential to
life on our planet. The use of light in photosynthesis al-
lowed prehistoric organisms to trap the abundant energy
of the sun to fuel their metabolic needs (17). Emergence of
photosynthesis, fueled by solar energy, is probably one of
the most important processes on our planet because with-
out photosynthesis the earth’s atmosphere would not be
enriched with molecular oxygen, and without oxygen the
existence of aerobic life is not possible. Although the sun
emits energy across the entire electromagnetic spectrum
from low-energy radio waves all the way to extremely high-
energy gamma rays, the majority of solar radiation reaches
Earth’s surface in the form of visible and near-visible light,
such as UV and infrared. Most of the other forms of radia-
tion are absorbed by Earth’s atmosphere and particles
within (79). UV light is most harmful to humans and other
animals because of its relatively high energy (as compared
with visible light).

While the solar UV spectrum is continuous, for scientific
convenience it is divided into three specific wavebands
known as UVA, UVB, and UVC, which are classified ac-
cording to their wavelength. These bands differ in their bio-
logical actions and the depth to which they can penetrate into
the skin. Figure 1 shows the solar radiation spectrum, as well
as the depth of skin that the different UV wavelengths can
penetrate into. The UVA spectrum corresponds to wave-
lengths between 320 and 400 nm and can penetrate the skin to
the deepest levels, and cause extensive damage. The exact
effects of UVA on the skin are being extensively investigated.
However, studies have shown that UVA can cause a number
of adverse effects, including DNA damage, oxidative stress,
and aging. UVB consists of the wavelengths from 290 to
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320nm and is thought to be the most damaging portion of
solar radiation to human skin. UVB can penetrate to the
dermis in human skin and causes many deleterious effects,
including DNA damage, oxidative stress, and immunosup-
pression. UVC radiation, composed of wavelengths between
200 and 290nm, is the most energetic UV radiation, but is
unable to reach to Earth’s surface as it is effectively filtered out
by the ozone layer. However, with the advent of artificial
light, especially fluorescent lights, human skin is now also be
exposed to low levels of these subtypes of electromagnetic
radiation from non-solar sources. For example, UVC light
with a wavelength of 254nm is often used in germicidal/
disinfectant lamps. In addition, some energy-saving light
bulbs emit all three types of UV radiation (24).

Although light from the sun is essential to life on earth, the
benefits of sunlight are not without danger to living organ-
isms. Excessive exposure to UV light can be severely dam-
aging to human skin, leading to sunburn, photoaging,
immunosuppression, and even cancer. UV radiation can cer-
tainly penetrate the skin and damage the cells directly, but it
can also actin an indirect fashion to damage cells. It does so by
exciting already present molecules into free radicals, thereby
causing an overwhelming oxidative stress that can lead to the
just-mentioned damaging outcomes (1, 82). In humans, de-
velopment of the pigment melanin in the skin has been
thought to be a protective mechanism to counteract the
harmful effects of solar radiation (59).

As described earlier, light is also extremely important in
regulating circadian rhythms. In mammals, light is the
strongest zeitgeber, and is dependent upon specialized cells
in the eye for entrainment (29, 37, 70). These cells transmit
light information that allows the central pacemaker of the
body to keep the proper rhythm with external light (118). In
animals exposed to light at abnormal times, it has been
shown that it can have widespread effects on cellular pro-
cesses and overall physiology. An interesting study pub-
lished recently assessed the effects of chronic nightly
exposure to dim light on daily rhythms in locomotor activity,
serum cortisol concentrations, and brain expression of cir-
cadian clock proteins in Siberian hamsters (5). In this study,
the introduction of light at night was found to disturb the
normal diurnal fluctuation of cortisol concentrations as well
as the expression patterns of molecular clock proteins in the
SCN and hippocampus, suggesting that chronic exposure to
dim light at night can affect fundamental cellular function
and emergent physiology (5).

Light has also been implicated in a variety of diseases, in-
cluding diabetes, neurological diseases, and skin cancer, by
impacting circadian rhythms (18, 31, 67, 117). In a landmark
study, Gaddameedhi et al. demonstrated that mice exposed to
UV radiation in the morning showed an increased incidence
of skin cancer, as opposed to mice exposed in the afternoon
(31). The authors also found that the observed increase was
most likely due to changes in circadian control of a protein
involved in the NER system, XPA. Since this study was done
in mice, which are nocturnal animals with a sleep cycle op-
posite to humans, it is most likely that this would correspond
to an increased protection from skin cancer in humans during
the morning hours. This study presents an excellent example
of how organisms have used the predictability of sunlight
exposure to develop novel ways to protect themselves against
the worst effects of the sun’s rays.
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Skin Hormones in Oxidative Stress
and Circadian Rhythms

Interestingly, the skin as an organ contains and produces
various hormones, which are important in maintaining skin
homeostasis as well as global homeostasis. Several of these are
also modulated by or regulators of ROS and circadian clocks.
Additionally, the skin has developed a neuroendocrine-type
system for signaling of its own, but can still interact with the
overall neuroendocrine system in the body as well (107). This
system is defined by the ability of cells in the skin to both
produce and respond to traditional bioactive molecules (100,
101, 104). This micro-management by skin cells allows for the
maintenance of a localized homeostasis, as well as signaling to
the rest of the body to allow for global changes to be made
(97). Next, we have discussed these important bioactive
molecules in skin, namely, melatonin, serotonin, vitamin D,
and vitamin A.

Serotonin and melatonin

The indolic hormone serotonin (5-hydroxytryptamine) is
integral in signaling cascades that take place between the
neuroendocrine system and the skin. In addition to pineal
production, the synthesis of serotonin from tryptophan can
occur in the skin, and is governed there by neuronal growth
factors, cytokines, UV light, and steroids (19). Epidermal and
dermal skin compartments release the enzymes required for
the biotransformation of serotonin from tryptophan, includ-
ing the production of tryptophan hydroxylase in melanocytes
(99). Once this hormone is generated in the body, it can be
stored by platelets and carried systemically, allowing for
quick action and disbursement when needed (21). Con-
veniently, mammalian skin (and the lymphatic and vascula-
ture systems within) is not just a site of production of
serotonin, but is a major target for bioregulation by serotonin.
Skin cells express membrane-bound receptors and transporter
proteins for serotonin, and these interactions determine the
serotonergic responses. Certain cells in the skin, such as ker-
atinocytes, melanocytes, and dermal fibroblasts, have been
found to be the target for cutaneous serotonin, suggesting that
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serotonin receptors could be exploited for development of
drugs for skin diseases (71). The cross-talk between serotonin
and circadian cycles at anatomic and genetic levels suggests
that these two systems converge to regulate moods and be-
haviors, and holds importance in the field of psychiatry (114).
Serotonin has been implicated in several circadian oscilla-
tions, most notably the sleep/wake cycle (65, 68). Although
serotonin does not appear to have direct antioxidant effects, it
has been shown to be converted into melatonin (a proven
antioxidant) through certain reactions in the skin, leading to
many researchers to consider all of these interactions as a
system used by the body to maintain homeostasis [discussed
in ref. (104)].

The pineal hormone melatonin (N-acetyl-5-methoxy-
tryptamine) has been found to be very important in main-
taining homeostasis. This bioactive methoxyindole was
originally implicated in circadian rhythm maintenance, along
with serotonin. Some of the earliest work done with melatonin
suggested it to be a biomarker of circadian rhythm, and found
that melatonin levels are highest at night in diurnal humans
(57, 58, 86, 95). An example of melatonin rhythms in the skin
was discussed by Iyengar (40). The author demonstrated that
melanocytes in human skin respond to changes in the dura-
tion of UV exposure. These responses were suggested to be
mediated by serotonin and melatonin. Thus, higher melatonin
levels were found to correspond to shorter UV-exposure du-
ration, whereas high serotonin levels in the presence of mel-
atonin reflected a longer UV exposure. This was intimated to
be a possible mechanism for maintenance of a seasonal bio-
logical rhythm that mimics the sleep/wake pattern seen in
some animals that have coat color changes between the winter
and summer seasons (from pure white in winter to complete
re-pigmentation in summer). In addition to playing an im-
portant role in circadian rhythms, melatonin has been found to
have many biological effects, including its abilities to upre-
gulate other antioxidant enzymes, as well as acting as a strong
antioxidant on its own (34). Melatonin is produced in a
rhythmic fashion in the pineal gland, as well as by extra-pineal
sites, including the skin (102). Typical synthesis of melatonin
in the pineal gland is depicted in Figure 7, and is tied to light
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exposure. In skin, the biochemical machinery of melatonin
synthesis involves the transformation of tryptophan to sero-
tonin to melatonin via various enzymes [reviewed in detail in
ref. (45)]. In humans, melatonin imparts its physiological ac-
tion either by receptor mediation via melatonin receptors MT1
(Mella), MT2 (Mellb), and MT3 (cytosolic), interaction with
the nuclear receptor RORa family, or in a receptor-indepen-
dent fashion (45). This last method of action hinges on mela-
tonin’s ability to counter diverse cellular insults via cell
signaling molecules and hormonal secretions, which may take
place in various skin cell types, including keratinocytes, me-
lanocytes, and fibroblasts (98, 108).

Melatonin is thought to be a key agent in the skin’s ability to
neutralize both -endogenous and exogenous oxidative-stress-
generating molecules before they can have detrimental effects
on the skin (97, 98, 102). One way this is thought to occur in
humans is through a melatoninergic antioxidative system
(27). This is a system wherein the damaging effects of UV light
on the skin (via increased ROS production) are directly
counteracted by UV induction of melatonin metabolism,
which gives rise to several metabolites with ROS-scavenging
properties. It has been shown that melatonin possesses the
ability to augment several key antioxidant enzymes, includ-
ing CAT, GPx, and SOD, as well as attenuate DNA damage by
UV radiation in keratinocytes (26). In a review, Tan et al. have
highlighted the amazing ability of melatonin and its deriva-
tives to neutralize a wide range of ROS and reactive nitrogen
species (113). Additionally, melatonin has been suggested to
have numerous physiologically beneficial properties, includ-
ing the ability to modulate UV-induced apoptosis, involve-
ment in keratinocyte proliferation and protection, and
fibroblast health (45, 46). Since melatonin is produced in skin
and has been shown to modulate both circadian rhythms and
oxidative stress, it may have clinical and cosmetic benefits in
preventing and treating skin conditions. A recent review by
Kleszczynski and Fischer has provided considerable evidence
that suggests that melatonin may be an immensely useful
compound to counteract skin aging, especially due to its
ability to counteract the oxidative stress and to regulate cir-
cadian rhythms in skin cells (45). These same activities of
melatonin may be useful in preventing skin cancer, especially
because of its ability to neutralize free radicals (such as UV-
induced hydroxyl radicals) and direct protection of DNA (4,
44, 80, 98, 104). In fact, melatonin has been shown to suppress
initiation and promotion of skin carcinogenesis, as well as
erythema and skin damage from UV light (20, 48, 89). Inter-
estingly, in a recent study conducted in night-shift nurses,
melatonin suppression was found to be related to a statisti-
cally significantly decrease in risk of developing melanoma,
squamous cell carcinoma, and basal cell carcinoma (94). These
findings counteract the suggestion that lower levels of mela-
tonin could be a contributing factor in skin cancer develop-
ment. However, this study was reported to have certain
limitations in study design. For example, the details of UV
light exposure were not considered. It seems that further
carefully planned studies are required in this direction.

Vitamin D

Vitamin D is an interesting steroid hormone because it can
be produced in the body during a chemical reaction catalyzed
by UVB radiation. It only becomes technically classified as a

NDIAYE ET AL.

vitamin when the body is not able to synthesize it, as in the
case of reduced UV exposure, and it must be obtained
solely through diet (72). In humans, the precursor molecule
7-dehydrocholesterol (7-DHC) is normally present in the skin
in abundant levels. Upon exposure to UV light, 7-DHC is
converted to previtamin D3, which is then isomerized to vita-
min D3 by body heat. Then, vitamin D3 is hydroxylated in a
two-step process through the intermediate 25-hydroxyvitamin
D3 to 1,25-dihydroxyvitamin D3 (calcitriol), the biologically
active form of vitamin D3, which can happen while still in the
skin or after transport to the liver and kidneys (10, 39, 64). In
addition to this classical two-step hydroxyderivation of vita-
min D3, it has been proposed that processing of vitamin D3 into
a biologically active molecule may involve a variety of novel
metabolites (Fig. 8) (106). This system consists of many differ-
ent vitamin D3 metabolites, with 20-hydroxyvitamin D3 as the
most prominent in human serum, although it still has much
lower concentrations than 25-hydroxyvitamin D3. This cascade
of metabolites is initiated via cytochrome p450scc in certain
tissues (e.g., adrenals, placenta, and keratinocytes), with the
resultant biologically active metabolites being expressed in
different ratios in the key cell types. Their potency is also de-
fined by the cell lineage, and they have been found to be as
potent as calcitriol in skin cells. Very limited information is
available on the antioxidant capabilities of calcitriol. A few
researchers have assessed the effect of calcitriol in prostate cells,
especially at the gene expression profile level (30, 47, 78). In
these studies, several key antioxidant family genes were shown
to be upregulated with vitamin D exposure, including SOD,
thioredoxin reductase, and G6PD. After reviewing these re-
sults, Bao et al. assessed the protective effects of calcitriol on
prostate cells exposed to a potent ROS (3). It was found that this
active form of vitamin D was able to protect the cells from
H,0O,-induced cell death, via transcriptional activation of the
NADPH-regulating enzyme C6PD. Although this study was
done in prostate cells, it could be expected that similar results
may occur in the heavily ROS—challenged cutaneous tissue.
Although vitamin D has been linked with a multitude of
bodily processes, one of the most important and well studied
of these interactions is between vitamin D and calcium ho-
meostasis [reviewed in ref. (13)]. There is some evidence that
intracellular calcium signaling may play a role in mediat-
ing the body’s response to light signals, and the vitamin
D-responsive gene calbindin-D28k may be a primary media-
tor of this signaling (11, 110). These evidences suggest that this
hormone may be important in regulating both circadian
rhythm response and antioxidant capacity in skin cells where
the molecule is produced. Also, since vitamin D can only be
produced when the skin is exposed to sunlight, it would make
sense that the body would find some way (in the form of
calcitriol) to harness this extra molecule to provide protection
against the potentially harmful rays. Additionally, calcitriol is
increasingly being showed to be a potential treatment for
hyperproliferative and inflammatory diseases [reviewed in
refs. (62) and (115)]. It is thought that these protective prop-
erties are due to an ability of this hormone to regulate the
transcription of a wide variety of genes related to inflamma-
tion, oxidative stress, and tumorigenesis, which would make
it potentially helpful for many types of ailments. A series of
vitamin D analogs have been introduced and tested for the
treatment of hyperproliferative inflammatory skin conditions,
immune modulation, cancer, infections, and other diseases
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(53, 105). A major problem regarding the clinical use of vita-
min Dis a lack of consensus on the definition of normal ranges
for adequate vitamin D levels in the body. This is troublesome
when trying to determine doses of vitamin D for treatment of
its deficiency or other conditions. Since the body can produce
the vitamin on its own with UV light exposure, it could be
difficult to make sure that patients are getting the right dose,
even if a recommended dose consensus was reached. Optimal
dosing of vitamin D should depend on a careful consideration
of endogenous vitamin D levels as well as exposure to UV
radiation. On the other hand, potential harmful effects of in-
appropriate or inadequate vitamin D supplementation should
be considered (76). Therefore, dermatological recommenda-
tions on guidelines for skin protection to limit photodamage
and photoaging have to be revisited to ensure a sufficient
vitamin D status.

Vitamin A

Although the name suggests that it is one single molecule,
vitamin A is actually a set of chemicals that have the same
basic bioactive structure. Two major forms of vitamin A are
found in the diet: retinol, from animal food sources, and ca-
rotenoids, from plant sources. Since only plants and micro-
organisms are able to synthesize compounds with vitamin A
activity, it must be obtained by animals in either of these

forms from their diet [reviewed in ref. (36)]. The retinol form is
usually stored in animals as a chain of acyl esters of retinol,
which are broken down in the intestines and reduced into
retinol, which can then be stored or used by the body. The
plant-synthesized carotenoids are previtamins that are either
converted to retinol or absorbed directly by the intestine for
later conversion. Some other forms of vitamin A that are im-
portant biologically are cis- and trans-retinal and retinoic acid
(RA). 11-cis-Retinal is the form of vitamin A used in the retina
as a chromophore, and is converted to all-frans-retinal by
photons, which allows for visual cycles and color vision (90).
RA acts as a hormone in humans, and is largely responsible
for cellular signaling. Overall, the many forms of vitamin A
have been implicated in several bodily processes, including
vision (90), immunity (87), cystic fibrosis (9), and hair follicle
development (74), as well as in oxidative stress and circadian
rhythms (28, 83).

Vitamin A has been shown to be involved in driving the
daily rhythms of several antioxidant enzymes, including
CAT, GPx, and glutathione reductase (GR) (69, 83). Fonzo
et al. have shown that daily fluctuations in CAT and GPx
mRNA, protein, and activity were affected by vitamin A de-
ficiency in the hippocampus of rats (28). Also, the peak lipid
peroxidation levels were phase shifted by this deficiency.
Further, the authors looked at the RA-responsive elements
retinoic acid receptor (RAR)x and RXRpf, as well as the
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circadian clock components BMAL1 and PER1, and found
that all of these factors were reduced in rats fed a diet
without vitamin A. This finding was supported by a study
by Ponce et al. that demonstrates that RAR and RXR nuclear
receptors were present in the regulatory regions of certain
antioxidant enzyme genes in rat livers (83). In this study the
authors also found rhythmic oscillations of CAT, GPx, and
GR that were mitigated in rats fed a diet free of vitamin A
(83). Interestingly, vitamin A deficiency was also found to
cause changes to key circadian rhythm genes. Taken as a
whole, this evidence suggests that vitamin A is important in
the regulation of both antioxidant capacity and circadian
clocks. Also, since it appears that vitamin A has effects on
lipid peroxidation, at least in the liver and hippocampus of
mice, this could be important in skin health, as lipids are
extremely important in maintaining barrier function in the
epidermis.

One of the most important lipid families involved in
maintaining this barrier function is the ceramides. These
molecules are composed of sphingosine and a fatty acid, and
are produced during keratinization in the stratum corneum
(15). Yoshida et al. developed a reconstructed human epi-
dermal keratinization culture model and demonstrated that
RA treatment, even at low levels, caused a significant increase
in the levels of ceramide (119). If this holds true in vivo, it may
lead to better treatment for dermatological disorders with
impaired barrier function. Retinoids are also being evaluated
for the management of inflammatory skin disorders, such as
psoriasis, as well as for use in cosmetics, such as antiaging
creams. In a recent study by Balato et al., UVB radiation was
found to upregulate interleukin-1 family members ex vivo in
normal skin as well as in psoriatic skin organ cultures, with
strongest response in psoriatic skin (2). RA treatment was
found to result in a suppression of this interleukin-1 en-
hancement. Interestingly, they also found the same response
after treatment with vitamin D. These experiments suggest
that these bioactive molecules as well as others, such as se-
rotonin and melatonin, may work to regulate the delicate
balance between ROS, oxidative stress, and circadian rhythms
in the skin.

Conclusion

In the human body, one of the most important organs for
maintaining homeostasis is the skin. Skin structure is a highly
complex network of cells, lipids, proteins, hormones, and
secondary structures that are intimately involved in protec-
tion of and signaling to almost every physiological system in
the body. Because of its placement, the skin is exposed to a
vast array of potential harmful agents. ROS and other oxi-
dative stressors can be produced in skin cells as a reaction to
localized signaling or may come from the environment in the
form of hazardous chemicals or radiation. Irrespective of the
source of their origin, these harmful events need to be coun-
teracted for cellular health. Interestingly, many of the en-
zymes that the cell uses to modulate the ROS are regulated in
a circadian fashion. This makes sense as much oxidative
damage is done predictably during daylight hours. Thus, the
body has developed ways to boost its protective mechanisms
such as antioxidant potential during times when this increase
is expected. As important as these processes (oxidative stress
and circadian regulation) are to the body, it is not surprising
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that there are many areas of overlap. However, some of the
most intriguing intersections become clear when examining
the importance of light and solar radiation, bioactive hor-
mones, and certain vitamins in the skin. Further research on
dissecting the interplay of these processes may prove benefi-
cial for a wide range of dermal conditions.
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Abbreviations Used

7-DHC = 7-dehydrocholesterol
AANAT = arylalkylamine N-acetyltransferase
ARNTL = aryl hydrocarbon receptor nuclear
translocator-like (also known as
BMALI1)
CAT = catalase
CLOCK = circadian locomotor output cycles
kaput
CRY = cryptochrome
GPx = glutathione peroxidase
GR = glutathione reductase
GSH = glutathione
HIOMT = hydroxyindole-O-methyltransferase
NER =nucleotide excision repair

NPAS2 =neuronal PAS domain-containing protein 2

PER = period
Prx = peroxiredoxin
RA =retinoic acid
RAR =retinoic acid receptor
ROR = retinoic acid-related orphan receptor
RORESs = retinoic acid-related orphan receptor
response elements
ROS =reactive oxygen species
SCN = suprachiasmatic nucleus
SOD = superoxide dismutase
TEWL = transepidermal water loss
TPH1/2 = tryptophan hydroxylases 1 and 2
UV =ultraviolet
UVR = ultraviolet radiation
XPA =xeroderma pigmentosum A




