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Preface

If the skin were parchment and the blows you gave were ink,
Your own handwriting would tell you what I think.

(William Shakespeare, The Comedy of Errors)

It is now understood that the interplay between environmental exposure and cellular
stress response pathways plays a critical role in skin structure and function, and a
refined mechanistic understanding of this phenomenon at the molecular level
promises to open novel avenues for targeted therapeutic strategies that may benefit
skin health of patients in the near future. The comprehensive coverage of cutaneous
cell stress response pathways as presented for the first time in this book is intended
to provide a state-of-the-art perspective that is of interest to both basic researchers
focusing on fundamental skin biology in the context of environmental exposure as
well as translational biomedical health care professionals.

With the completion of this project, I would like to express my gratitude to those
who were instrumental in its creation. First and foremost, I would like to thank my
co-authors from four continents who have graciously contributed their talent and
time to assemble this first in a kind perspective on skin stress response pathways.
Second, I am indebted to my department head Walt Klimecki for allowing me
to pursue this project. Moreover, I am grateful for this outstanding opportunity
and the expert support provided by Melania Ruiz and Ilse Hensen-Kooijman at
Springer Science+Business Media B.V.

Finally, I would like to thank my family, Claudia, Gil, Philip, and Annie, for
letting me divert precious time and energy from them in pursuit of this book project.

Tucson Georg T. Wondrak
June 2016
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Chapter 1
The Skin Lipidome Under Environmental
Stress—Technological Platforms,
Molecular Pathways and Translational
Opportunities

Florian Gruber

Abstract The skin is an organ with a high level of lipid metabolism and is divided
into regions with very differing lipid composition. Skin lipids determine the barrier
function of the skin but are also important signaling mediators. Environmental
stressors can modify lipid composition, reactivity and distribution and thereby
influence skin biology. In the last decade the technology to investigate the lipids
made explosive progress, allowing now for in-depth investigation of the role of
lipids in skin biology. In this chapter the current developments in lipidomic analysis
of environmental skin stress and the translational opportunities of this technology
are discussed.

Keywords Oxidized lipids � Lipidomic � Mass spectrometry � Redox � Stress �
Eicosanoids � Reactive oxygen species � Ultraviolet � Skin � Keratinocyte �
Fibroblast � Phospholipids

1.1 Introduction

Redox biologists, (bio-) chemists, skin researchers, physicians—we are all usually
not trained to deal with the big data from the inflationary—omics approaches that
pour in over us. As soon as we have accepted that such projects are interdisci-
plinary, require adequate statistics, that they often are exploratory and hypothesis
generating—then the benefits of such approaches become accessible. We learn to
use the huge potential of lipidomic/metabolomic—postgenomic—data formats that
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do not adhere to the familiar linear information format provided under the central
dogma of molecular biology (DNA-RNAs-protein).

The ultimate aim of lipidomic analyses of the skin, its cells or the subcellular
structures like membrane subdomains is to identify those compounds, networks,
pathways, physical forces, and interactions that keep the skin functioning in a
hostile, changing milieu. In this chapter I will review, from the viewpoint of a
molecular biologist of the skin, what has been learned by lipidomic approaches
about how environmental stress affect the skin’s lipids in their function as signaling
mediators or structural molecules, and what translational potential such technology
may yield.

1.1.1 Lipids of the Skin—Distribution of Stress Accessible
Lipid Classes

The skin displays an active and diverse lipid metabolism, and lipids are essential for
the barrier—and signaling functions of this organ (Feingold and Elias 2014; van
Smeden et al. 2014b; Kendall et al. 2015). Any disturbance of lipid homeostasis by
environmental stressors thus may result in impairment of these functions, and may
cause disease or accelerated aging. The most common stressor the skin is exposed
to and affects the lipids is sunlight, with very distinct effects on skin biology that are
governed by wavelength and penetration depth. But also physical, chemical or
biological stress can affect the cutaneous biology by changing lipid composition or
structure (Fig. 1.1).

Fig. 1.1 Lipids of the skin
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Environmental stressors affect lipids of the skin from its surface down to the
dermis, which houses fibroblasts, epithelial structures of the hair follicle, nerve
cells, microvasculature, dermal resident cells of the immune system and—de-
pending on stimulation—infiltrating immune cells. The cells but also the dermal
matrix gives evidence on stress related changes to lipids, as reactive carbonyls that
originate from lipid peroxidation are detectable throughout the epidermis and can
crosslink collagen and elastic fibers in the dermis (Larroque-Cardoso et al. 2015;
Williams et al. 2014).

The lipid composition of the cells residing in the dermis (excluding the hair
follicle and sebaceous gland) is very rich (75 %) in phosphatidylcholine (PC) and
phosphatidylethanolamine (PE) phospholipids (PL), with low amounts of triglyc-
erides, cholesterol, free fatty acids (FFA) and the other classes. The basement
membrane separates the dermis from the epidermis, made up mostly of ker-
atinocytes (KC) in various grades of terminal differentiation, and epidermal lipid
preparations will mostly reflect KC lipids.

The lipid composition within the differentiating epidermis changes in a highly
dynamic process, as on the one hand KC in the basal layer take up lipids (most
polyunsaturated fatty acids) from the circulation and the microenvironment. On the
other hand lipids inside vesicles and as part of vesicle membranes are transferred
intracellularly for major metabolic conversion, and finally relocate to the extra-
cellular lipid matrix or to the lipid envelope of terminally differentiated ker-
atinocytes (corneocytes). Lipid content of keratinocytes in the basal layer of the
epidermis (and in cultured cells) is made up mostly of phospholipids (70 %),
cholesterol (13 %), triacylglycerides (11 %) (Ponec et al. 1988). Upon terminal
differentiation there are drastic changes to the lipid composition. In the lamellar
bodies (LB) of the granular layer KC glucosylceramides (GlcCERs), phospholipids
and sphingomyelin are stored. These are substrates for the enzymes that catalyze the
final stratum corneum lipids. The LB content is released by exocytose together with
these enzymes beyond the SG and forms the low permeable and flexible connection
(lipid matrix) between the rigid corneocytes which are themselves surrounded by
the “lipid envelope” of hydroxylated ceramides that are esterified to involucrin by
transglutaminase. The composition of stratum corneum lipids is dominated by FFA
(40 %), cholesterol and ceramides (both 30 %) (Thakoersing et al. 2012). The FFA
are mostly saturated in the SC, and are rather long-chained with C18, C24 and C26
being the dominant ones. The composition was determined first by GC-MS and
could recently be confirmed with novel methodology that also detects other lipid
species at the same time (see below, van Smeden et al. 2014a).

The lipids at the skin’s surface have however a second major source, the
sebaceous glands. The lipids synthesized in these glands consist mainly of
triglycerides (45 %, TAG), wax esters, (25 %, WE), squalene (12 %), and FFA
(10 %). How much sebum contributes to the total surface lipids depends on the
body site, the abundance and activity of the sebaceous glands.

1 The Skin Lipidome Under Environmental Stress 3



1.2 Lipidomic Methods to Analyze One or More Lipid
Classes

Recently, a broad consensus was found by the lipid researchers organized in the
lipid MAPS community, on a common systematic nomenclature of lipids, grouping
them into eight categories (fatty acyls, glycerolipids, glycerophospholipids, sph-
ingolipids, sterol lipids, prenol lipids, saccharolipids, and polyketides) based on
their chemical properties (Fahy et al. 2005). Due to the differences in hydropho-
bicity, polarity, molecule size, quantitative isolation procedures and other aspects, it
is technically difficult, and until recently regarded too complex to analyze in depth
with lipidomics several lipid classes at one time. However, in the last decade the
field made remarkable progress regarding sensitivity, accuracy and in data pro-
cessing. The classical thin layer chromatography analysis is still a useful standard to
identify major changes in lipid classes, but the selectivity of mass spectrometry
(MS), and the possibility to couple it with numerous separation methods makes MS
todays gold standard for identification and quantification of lipids, also in skin
research.

MS analysis requires ionization of the analytes, which is usually achieved by
electrospray ionization (ESI), matrix-assisted laser desorption ionization (MALDI)
or atmospheric pressure chemical ionization (APCI). The sample can be injected
without or with prior separation, and the unseparated direct infusion approach,
usually termed “shotgun lipidomics” usually utilizes a triple quadrupole analyzer to
scan precursor ions and neutral loss. The data generated this way usually base on
lipid class specific fragments (e.g. Phosphocholine) but do not permit interpretation
of the individual FA composition but rather the sum of fatty acyl carbons. However,
quantification of analytes can be more robust as direct infusion is not subject to
quantitative bias brought in by chromatographic separation.

Chromatographic separation prior to MS makes the analysis of some complex
lipid classes possible because it adds retention time as a parameter that boosts the
method’s specificity. After the separation and ionization, several detection modes
are applicable. For fingerprinting the intact molecular adduct ions can be scanned
(single ion monitoring—MS), the advent of triple quadrupole devices then allowed
to use one of the quadrupoles to be used as a collision cell between two mass
resolving quadrupole units. After passing the first quadrupole (Q1), the precursor
ions are collided in the second quadrupole with an inert gas and there noncovalent
bonds dissociate (neutral loss, NL) or at higher collision energy the precursors are
fragmented. The fragmented product ions are then detected with the third quad-
rupole (Q3) as mass analyzer at high frequency, in either of various modes: Product
ion scan, where for a given precursor in Q1 the fragments are scanned in Q3, or the
reverse, precursor ion scan, where for a specific fragment the precursors are
scanned, or in multiple reaction monitoring (MRM) mode, where a number of
preselected m/z pairs (targeted approach) are detected by the quadrupoles.

The sensitivity and mass resolution of MS/MS was multiplied by several tech-
nologies that emerged in the last decade. First, hybrid mass spectrometers that
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combine a quadrupole mass analyzer with a time of flight (TOF) device, which
allow a higher scan rate and mass accuracy. The latest generation detectors are
equipped with orbitrap or linear ion trap devices combined to TOF or Fourier
transform ion cyclotron resonance—MS. These, together with novel separation
techniques like ultra-performance HPLC, and hydrophilic interaction liquid chro-
matography (HILIC), and ion mobility detection, provide the accuracy needed for
the structural identification in some approaches described below. MALDI-TOF,
which cannot be coupled to chromatography, is not nearly as frequently used for
(skin) lipidomics, but combining it with TLC may be very useful. For in-depth
reviews on the technological platforms, application fields, biological settings and
data processing for lipidomic research and identification strategies the reader is
referred to Murphy and Gaskell (2011), Brügger (2014), Cajka and Fiehn (2014),
Köfeler et al. (2012), Lam and Shui (2013), Serhan et al. (2007)—a list without
claim to completeness.

The various variants of liquid chromatography coupled to MS, followed by
direct infusion MS are the overwhelmingly dominant methods for lipidomic anal-
ysis in life sciences over the last years (Cajka and Fiehn 2014), and below I provide
a collection of state of the art technical approaches that have been undertaken in the
skin lipidomic field or at least would be applicable to study stress related changes in
the skin lipidome.

1.2.1 Fatty Acyls (Fatty Acids, Eicosanoids,
Endocannabinoids)

An early lipidomic study of eicosanoids in mouse skin utilized GC/MS of eico-
sanoid derivatives to identify and quantify the major lipoxygenase products of
arachidonic and linoleic acid in mouse epidermis (Lehmann et al. 1992). Also more
recent studies show that with high-temperature gas chromatography coupled to
electron impact or chemical ionization MS large numbers of compounds including
fatty acids, eicosanoids but also other skin surface lipids can be identified in one
analytical run (Michael-Jubeli et al. 2011). Most of the recent analyses of fatty
acyls, including eicosanoids are performed by ESI-MS/MS coupled to high or
ultra-performance HPLC (rev. in Astarita et al. 2015). For the detection of poten-
tially beneficial resolvins and other DHA derived mediators Hong et al. applied
LC–ultraviolet spectrometer–tandem MS; the UV absorption data added informa-
tion about conjugated di-ene arrangement in the species (Hong et al. 2005).
A method to identify positional isomers in FA by Yang et al. used charge switching
derivatization and MS/MS (Yang et al. 2013). A current standard method to analyze
endocannabinoids inserts a lipid fractionation step on silica gel before RP-LC
coupled to ESI-MS (Astarita and Piomelli 2009). Chlorinated fatty acids were
analyzed in detail by TLC combined with ESI-MS (Schroter et al. 2015) and
nitrated and nitro-oxidized fatty acids with a targeted high resolution LC-MS/MS

1 The Skin Lipidome Under Environmental Stress 5



method (Milic et al. 2015). The lipidomic analyses of PUFA derived bioactive
lipids were reviewed by Massey and Nicolaou (2011).

1.2.2 Glycerolipids (Tri- and, Di-Acylglycerols)

Canine skin glycerolipids and ceramides were analyzed with HP-TLC, and partially
bands (could be identified via a TLC-MS interface (Angelbeck-Schulze et al. 2014).
A more comprehensive method to identify and quantify TAG and DAG of murine
skin was recently presented by King et al. (2015) where an ESI-MS/MS—neutral
loss (NL) scan approach was successful in identifying and quantifying most rele-
vant acylglycerol species, and found that dietary restriction and exercise reduces
skin TG species containing 18:1 fatty acid chains.

1.2.3 Glycerophospholipids (PC, PE, PI, PS, PG, PA,
Cardiolipin)

On the lipidomic analysis of the phospholipid species several excellent reviews
have been recently published (Spickett and Pitt 2015; O’Donnell 2011), which
reflect that as broad standard HPLC-ESI-MS/MS is used for identification and
quantification of phospholipid (PL) species, native or oxidized. The high end lab-
oratories introduced high resolution equipment including q-TOF, spin trapping,
orbitrap and FT-IR-MS in combination with high performance columns for PL
analysis (Sala et al. 2015), also very recently for nitrated PL (Melo et al. 2016) and
for glycated and glycoxidized PLs (Simoes et al. 2012). The generated big data are
used for smart scanning approaches that facilitate lipid identification (Simons et al.
2012). Chlorinated phospholipids have been detected by also by MALDI-TOF
approaches (Panasenko et al. 2007) and TLC-ESI-MS (Schroter et al. 2015).
Cardiolipin analysis with HILIC-MC/MS together with phosphatidylglycerol
(PG) and phosphatidic acid (PA) species is described by Scherer et al. (2010), and a
recent review on the topic by Tyurina et al. (2014) is recommended.

1.2.4 Sphingolipids (Sphingomyelin, Sulfatides,
Sphingosine, Ceramides, Gangliosides)

Ceramides (Cer) and sphingomyelin (SM) species have been profiled in mouse
epidermis at various prenatal developmental stages with HPLC-MS/MS using a
triple-quadrupole mass spectrometer operated in positive mode and ultrahigh-
pressure LC coupled with hybrid quadrupole TOF mass spectrometer by
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Wang et al. (2013). For structural identification of non-hydroxyacyl epidermal
ceramides Shin et al. applied chip-based direct infusion nanoelectrospray-ion trap
mass spectrometry, generating characteristic fragmentation patterns of acyl and
sphingoid units that allow identification of numerous compounds (Shin et al. 2014).
A more complex approach by van Smeden et al. that utilized LC/MS/MS with an ion
trap (IT) system, a Fourier transform-ion cyclotron resonance system, and a triple
quadrupole system, which did not only detect all 11 known subclasses of ceramides
but identified the presence of other lipid subclasses using a 3D multi mass chro-
matogram [12]. More than 300 Cer species in 11 known and one unknown class
were detected with a NPLC-ESI-MS/MS method (Masukawa et al. 2009). With
reversed-phase LC coupled to high-resolution quadrupole time-of-flight MS oper-
ated in both positive and negative ESI mode T’Kindt et al. detected that Cer species
display skeletal isomers due to varying length of the sphingoid and FA components
(t’Kindt et al. 2012). The effect of sphingoid bases on the sphingolipidome of
differentiating KC was investigated using HPLC ESI-MS/MS (Sigruener et al.
2013). To specifically investigate phosphorylated ceramides very recently a method
including phosphate tagging and MALDI-MS was introduced for skin and other
tissues (Yamashita et al. 2016). Gangliosides were quantified in skin fibroblasts from
gangliosidosis patients with RP-LC-ESI-MS/MS in MRM mode (Fuller et al. 2014).

1.2.5 Sterol Lipids

Cholesterol hydroperoxides were quantified and identified with TLC coupled to
GC-MS(SIM) in mouse fibroblasts (Nakamura et al. 2013), and cholesterol esters
(CE) from epidermis of fetal, adult and keloid skin were investigated with silica gel
purification followed by chemical ionization and MS (Tachi and Iwamori 2008).

1.2.6 Prenol Lipids

Today’s standard method to quantify squalene in biological samples is GC-MS
(Hall et al. 2016), also applicable for squalene analysis in hair (Wu et al. 2016). The
in vitro non-volatile ozonolysis products of squalene were analyzed by ESI-high
resolution MS (Fooshee et al. 2015).

As there is yet no literature available to the author on the lipidomic study of
saccharolipids and polyketides as metabolites deriving from skin itself, these classes
will not be dealt with in this chapter.
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1.2.7 Methods for Several Lipid Classes

High resolution and mass accuracy detectors allow to cover wide ranges of lipid
classes in single experiments: UPLC-ESI-MS (+ and- mode) analysis of 11 of the
major lipid subclasses [FA, cholesterolsulfates, PA, PE, PS, PC, phosphatidyl
glycerols (PG), Cers, SM, diacylglycerols (DG), triacylglycerols (TG)] was per-
formed. A combination of TOF and triple quadrupole MS following LC was
applied to comprehensively study non-invasively sampled sebaceous lipids
(Camera et al. 2010). Using a non-targeted approach that first creates a data base
with retention time (tR) values, equivalent of carbon numbers (ECN) for each lipid
class, and then a MS/MS fragmentation pattern, Lanzini and colleagues could
perform structure assignments within each analyzed subclass of skin lipids. For that
they utilized LIPID MAPS and METLIN data with high mass accuracy (5 ppm
tolerance), a lipid class specific relation between equivalent number of carbon
(ECN) and retention time, and MS/MS fragmentation patterns. By that they could
identify over 100 lipids of different classes (Lanzini et al. 2015). van Smeden et al.
describe a dual injection method with RPLC–negative ion mode APCI-MS (for
detection of FFA) and NPLC-Positive ion mode APCI-MS (to detect Cer and Chol)
which was also very useful for analysis of a broader range of SC lipids in one step
(van Smeden et al. 2014a).

1.2.8 Lipid Organization

Organization of lipids in the lamellae between the corneocytes (lateral organization)
can be analyzed by Fourier transform infrared spectroscopy (FTIR), electron
diffraction and wide- and small angle X-ray diffraction (WAXD/SAXD). The
localization of ceramides, cholesterol and fatty acids in the lipid matrix was also
studied with neutron diffraction analysis (Mojumdar et al. 2015). Barrier function
impairment can also be caused by changes in the lateral lipid organization (van
Smeden et al. 2014b). A recent review summarizes the methodologies to study lipid
organization in stratum corneum function (Wertz 2013).

1.2.9 Lipid Imaging

Using the specificity of MS together with an imaging technique for tissues or even
cells to determine the distribution of lipids is another technical breakthrough with
potential. The ionization methods applied for that approach include positively
charged fullerenes (C60) with secondary ion MS (SIMS) (Kurczy et al. 2010), and
MALDI which was successfully used to impressively image lipids in total skin
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(Hart et al. 2011) or cholesterol sulphate (Enthaler et al. 2013) and phospholipids
(Patterson et al. 2014) in sections.

1.3 How Stressors Affect the Lipidome

Extracellular stress can affect the cutaneous lipid composition (and—ordering)
directly or indirectly. The most prominent stressor—ultraviolet light—can directly
generate reactive oxygen species (ROS) within the tissue down to the dermal
compartment, which are capable of modifying lipids, as is contact to topical reactive
chemicals. At the same time, stressors may induce rapid intracellular lipid modifying
cascades, as the enzymatic production of lipid mediators from stored precursors, or
de novo synthesis of variant lipid species, or they set free intracellular reactive
oxygen—or nitrogen—species that again act non-enzymatically on lipids. In the
longer run, as reaction to stress, cells of the immune system can be directed to the
skin, and secrete novel lipid mediator classes or oxidize lipids in their microenvi-
ronment by releasing ROS, as in the respiratory burst. And on an even larger time
scale, cells of the skin can photo age or become senescent after chemotherapy, both
resulting in changed cellular redox state, damaged mitochondria and resulting in
changes to intracellular and secreted lipids. Last, when stress leads to cell death, the
dying cell may expose special modified lipid moieties from its membrane that act as
danger signals to the immune system and neighboring cells.

1.3.1 Stress Induced Enzymatic Pathways that Affect
the Lipidome

Most of the research on ultraviolet induced bioactive lipid generation via enzymatic
pathways was done on eicosanoid synthesis by the actions of phospholipases,
cyclooxygenases and lipoxygenases, and a review by Nicolaou and colleagues
systematically deals with synthesis and action of these and other enzymatically
generated mediators (Nicolaou et al. 2011). Below listed are the most prominent
lipid metabolizing enzymes that are UV-regulated.

1.3.1.1 Phospholipase A2 (PLA2) and Other Phospholipases

Phospholipase A2 (PLA2) hydrolyzes fatty acids from the sn-2 position of phos-
pholipids. Phospholipase activity in mammalian epidermis after UV was first
described by Black and Anglin (1971) and later studies detected phospholipase
activation after UVB (DeLeo et al. 1988) and UVA (Hanson and DeLeo 1990)
exposure of keratinocytes. Pentlands group identified that cytosolic PLA2 (cPLA2,
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PLA2G4A) induced by secondary oxidative stress after UVB was responsible for
the immediate increase in E type prostaglandins (Gresham et al. 1996; Chen et al.
1996). In epidermis cPLA2 and the secreted sPLA2 are the main enzymes for
eicosanoid production in homeostasis and to maintain barrier function. These
enzymes are regulated in inflammation but also by UV, reviewed in Dan et al.
(2012), Ilic et al. (2014). Lipidomic analyses upon selective PLA2 inhibition
identified novel substrates and metabolites (Duvernay et al. 2015), which has yet to
be done for epidermal PLAs. In addition to PLA2, also PLC and PLD, both gen-
erating 1,2 diacylglycerols (DAG) out of phospholipids, were activated by UVR
(broadband) in mouse transformed melanocytes and fibroblasts and human ker-
atinocytes and melanocytes, where these lipids may contribute to pigment pro-
duction (Carsberg et al. 1995).

1.3.1.2 Cyclooxygenases and Prostaglandin Synthases

The free fatty acids (e.g. those set free by UV induced PLA2) can be metabolized to
further bioactive products by enzymes of which several are also stress regulated. In
keratinocytes, Cyclooxygenase-2 (COX-2, PTGS2) induction by UV was observed
in first in guinea pig (KC differentiation dependent), where it induced five pros-
taglandin species (Karmali and Safai 1984). COX-2 is also induced by H2O2 and by
PMA in mouse skin (Nakamura et al. 2003). COX-2 catalyzes the oxidation of
PGH2 out of AA, but also utilizes other unsaturated fatty acids as substrates.
Further, COX-2 can oxygenate endocannabinoids like anandamide to prostamides
(PG-EAs). Using PGH2 as substrate, UV induced prostaglandin synthases form
PGD and PGEs which were quantified with lipidomics (Black et al. 2008).
Prostaglandin E synthase is induced in human skin after UV and heat stress
(Weinkauf et al. 2012).

1.3.1.3 Lipoxygenases

Lipoxygenases synthesize oxygenated products from unsaturated fatty acids but also
from complex lipids, and give rise to many important signaling mediators (HETEs
and HODEs) but also structural lipid species of the skin (hydroxyacyl ceramides of
the cornified lipid envelope), reviewed in Krieg and Furstenberger (2014). In HaCaT
keratinocytes a UV mediated switch in the lipoxygenase activities from 12-LOX to
15-LOX. 15-LOX1 metabolizes LA to 13-HODE, whereas 15-Lox2 AA to
15-HETE. 12-LOX was decreased by UVB 100–300 and UVA 10–30. The
UV-induced switch in LOX activity was enhanced by 15-LOX metabolites which
inhibited 12-LOX expression when added to the medium (Yoo et al. 2008). 12-LOX
can produce 12-Hete Glycerol Ester (GE) from the endocannabinoid anandamide
(Kozak et al. 2002).
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1.3.1.4 Peroxiredoxins

Peroxiredoxins (PRDX1) is UV inducible and have documented photo-protective
activity, and PRDX6 has PLA2 and PL-OOH reductase-, and newly described also
lysophosphocholine acyltransferase (LPCAT) (Fisher et al. 2016; Fisher 2011)
activities that affect OxPL levels and is important in skin chemical stress response,
carcinogenesis and wound healing (Rolfs et al. 2013).

1.3.1.5 PAF Acetyltransferase and PAF Hydrolase

PAF and PAF like lipids are inflammatory mediators important in skin inflamma-
tion associated with UV and oxidative stress (Barber et al. 1998; Travers 1999).
Whereas PAF can be generated in keratinocytes nonenzymatically upon UV (see
below), PAF can be formed also by PAF acetyltransferase metabolizing the LysoPC
generated by PLA2. PAF acetylhydrolase, the enzyme degrading PAF translocates
to the cell membrane after UVB irradiation (Marques et al. 2002).

1.3.1.6 Other UV/Chemical Stress Regulated Lipid Metabolizing
Enzymes

Cytochrome oxidases can produce eicosanoids from PUFA and endocannabinoids,
and Cyp1B1 (Villard et al. 2002), CYP4A11 (Villard et al. 2002) are inducible by
UVB. P450 family enzymes can also induce oxysterol generation from cholesterol
(Jusakul et al. 2011). Keratinocyte ATP binding casette transporters important for
epidermal lipid transport were differentially regulated by UVB (Marko et al. 2012).
UV inducible glutathione peroxidases (GPx) detoxify lipid hydroperoxides (Girotti
and Kriska 2004). Leukotriene A4 hydrolase, together with COX-2, mPGES-2,
PGDS, 5-LOX are regulated by sulphur mustard (Black et al. 2010). UVB reduces
ceramidase activity, but also a ceramide mediated pro apoptotic effect was observed
after high doses of UVB (Uchida et al. 2010).

1.3.2 Non-enzymatic Pathways that Affect the Skin
Lipidome

Free radicals (molecules with a single unpaired electron) are produced in normal
cell metabolism. When mitochondria are damaged and the electron transport into
the respiratory chain is impaired, superoxide anion is formed (and not further
processed) by one-electron reduction of oxygen. O2

�− is also physiologically pro-
duced by, e.g. NADPH oxidases to load the phagocytic vacuole.

1 The Skin Lipidome Under Environmental Stress 11



Superoxide anion can promote LDL (and phospholipid-) oxidation in various
cell types including skin fibroblasts (Steinbrecher 1988). Superoxide is rapidly
converted to H2O2 and O2 by abundant superoxide dismutases.

Hydrogen peroxide is not a free radical and quite stable, but rapidly destroyed by
antioxidants like catalase or glutathione peroxidase. It can react with thiols and
reduced transition metals and can influence activity of metal containing enzymes.
Low concentrations of H2O2 activate cyclooxygenases and lipoxygenases (Forman
2010), catalyzing lipid modifications. Catalase reduces H2O2 to O2 and H2O, when
H2O2 levels are high, Glutathione peroxidase (GPx) is more important to detoxify
H2O2 with reduced glutathione, which upon oxidation is reduced back using
NADPH. However, H2O2 can be cleaved hemolytically by UV radiation to give rise
to hydroxyl radicals (�OH), and in the presence of redox metal ions it gives rise to
hydroxyl radicals in the Fenton reaction.

Hydroxyl radical is the most reactive species and reacts almost unselectively
with most compounds. Lipid peroxidation chain reaction starts most effectively
with hydrogen abstraction by hydroxyl radical. Lipid peroxidation generates lipid
peroxy radicals (LOO�) which abstract hydrogen from another lipid molecule
generating LOOH and another carbon centered lipid radical, and this continues
unless chain terminated by e.g. phenolic antioxidants. Recently a role for hydroxyl
radical in sphingolipid modification was demonstrated using lipidomics (Couto
et al. 2015).

Molecular Oxygen O2 is not a free radical but reacts rapidly with radicals. A
non-radical ROS is the long wave UV (UVA) photo-excited singlet oxygen 1O2

which has two paired electrons in the same orbital, leaving an empty orbital for
reactivity. It reacts rapidly with histidine and cysteinyls in proteins, with lipids
(PUFA phospholipids, cholesterol and others) and nucleic acids. Interestingly 1O2 is
also formed during the UVA irradiation of polyunsaturated fatty acids in free and
esterified form (Baier et al. 2008).

NO radical and superoxide anion can form peroxynitrite (ONOO−) and the much
more reactive protonated peroxinitrous acid can oxidize unsaturated fatty acids in
biological membranes to form nitrated fatty acids that have biological activity and
damages DNA (8OHdG, 8 nitroguanine). Also �NO2 can react with unsaturated
lipids yielding e.g. nitrohydroxy derivatives (Rubbo et al. 2009; Trostchansky et al.
2011). ONOOH can be reduced by GPx and PRDX.

Hypochlorous acid (HOCl, bleach) is formed by myeloperoxidase/H2O2

dependent oxidation of Cl− anion. HOCl can form chlorohydrin derivatives of
lipids but obviously also more complex modifications (Schroter et al. 2015).

Chemotherapy using Doxorubicin, cis-platin or bleomycin, quinones and the use
of photosensitizers result in generation of ROS which then may affect skin lipid
oxidation. The more unsaturated the free or esterified fatty acids is, the more prone
to oxidation they are, but also the head groups of e.g. phosphatidylethanolamines
are subject to ROS mediated modification.
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1.4 Stress Generated Lipid Modifications and Bioactive
Lipid Mediators

1.4.1 Fatty Acyls Derived Bioactive Lipids

1.4.1.1 EICOSANOIDS

In a study combining several analytic approaches, theGC-TOF-MS analysis ofmouse
liver lipids revealed significantly increased un-oxidized linoleic and palmitic—but
decreased elaidic acid 6 weeks after UVB irradiation (Park et al. 2014). Black et al.
studied UVB induced changes in prostaglandin levels of mouse keratinocytes with
HPLC of derivatized PGs using a UV detector, and found increased PGE(2) and PGJ
(2) levels, while PGD(2) decreased after 24 h (Black et al. 2008). Usingmicrodialysis
to isolate dermal interstitial fluid Grundmann et al. identified eicosanoids generated in
the first 5 h and 24 h post UVB irradiation with GC-MS (Grundmann et al. 2004) and
found several hydroxyeicosatetraeonic acids (HETEs), 8-isoPGF2a and other pros-
tanoid lipid species increased, several of them non-enzymatically generated lipid
mediators. Rhodes, et al. studied the eicosanoid profiles during the sunburn response
of human skin in detail using LC-ESIMS/MS (Rhodes et al. 2009) and show that early
erythema was accompanied by vasodilatory PGE2, PGF2a, and PGE3, immediate
appearance of 11-, 12-, 8-HETE and a late increase of pro-resolving 15-HETE.
Lipidomic analysis of eicosanoids (HPLC-ESIMS/MS negative mode) in chemically
(DMBA/phorbolester) induced papillomas identified PGE2 and PGF2a as the most
promising candidates and the COX-2 pathway as important factor for tumor pro-
gression (Jiao et al. 2014).

The bioactivity of hydroperoxyoctadecadienoic acids, (HODEs; linoleate oxi-
dation products) was investigated with respect to the mechanism of generation by
Akazawa-Ogawa et al., and they differentiated singlet oxygen derived, peroxidation
products and enzymatic products on their ability to induce Nrf2 (Akazawa-Ogawa
et al. 2015). Interestingly, two 1O2 specific HODE isomers (10-HODE and
12-HODE), that had earlier been identified by lipidomic analysis in UVA exposed
mouse skin using GC/MS/SIM (single ion monitoring) of trimethylsilyl HODE
derivatives(Bando et al. 2004), turned out to be very efficient inducers of Nrf2.
9-HODE which is also formed by radical oxidation and 13-ZE-HODE, a
15-lipoxygenase product, both are peroxisome proliferator activated receptor c
(PPARc) agonists (Itoh et al. 2008). These lipids were no efficient Nrf2 inducers,
nicely showing stereo specificity of HODEs and the importance of how they were
generated (Akazawa-Ogawa et al. 2015). The balance between 12-LOX and
15-LOX activity is disturbed in psoriatic keratinocytes (FADS1 and 15-LOX-2 are
downregulated, increased 12-HETE leads to hyperproliferation). UV-induced
15-LOX metabolites (Yoo et al. 2008) detected by lipidomics ameliorate the
inflammation.
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1.4.1.2 Endocannabinoids

N-acylethanolamines (NAE) are strongly increased in necrosis and in ischemic
stress, but may function as a cyto-protective response that stabilizes membranes,
especially in preventing the mitochondrial permeability transition (Epps et al. 1982)
Among the NAE are however also agonists for the endocannabinoid receptors like
anandamide, therefore Berdyshev et al. studied generation of NAEs and their
precursor N-acyl phosphatidylethanolamines by GC-MS, and found that 18:1
n-9 N-acyl PE and NAE in general were increased after UVB, but levels recovered
over time, especially when serum containing media was supplemented (Berdyshev
et al. 2000).

1.4.2 Glycerolipids (Tri-, Di-Acylglycerols)

Epidermal samples from UVB irradiated volunteers were analyzed for triacyl-
glycerols TAG (and FFA), and decrease of both observed at 48 and 72 h post
irradiation, however no further identification was performed (Kim et al. 2010). In a
study combining several analytic approaches, the LTQ-MS analysis of mouse liver
lipids revealed significantly decreased triglycerides (56:4) 6 weeks after UVB
irradiation (Park et al. 2014).

1.4.3 Glycerophospholipids Derived Bioactive Mediators

1.4.3.1 Phosphatidylethanolamines

In an elegant study Melo et al. identified many UV induced oxidation and gly-
coxidation products of phosphatidylethanolamine PLs (Melo et al. 2013). The
chemical reactivity of glycated PEs was additionally investigated with a spin
trapping approach (Simoes et al. 2012) and immuno-modulating activity on
monocyte derived cells was subsequently identified for selected glycoxidized
compounds (Simoes et al. 2013).

1.4.3.2 Phosphatidylcholines

Our group investigated with HPLC MS/MS in cell culture the generation of oxi-
dation specific lipid species immediately after exposure to physiologic fluences of
UVA-1 in fibroblasts. We could identify roughly two hundred fluence dependent
induced lipid species (Gruber et al. 2012). One product tentatively identified as
epoxy isoprostanoid modification of the arachidonoyl residue by us and others was
a strong Nrf2 activator in dermal FB (Gruber et al. 2007). The method was applied
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to study PL oxidation in autophagy deficient versus wildtype keratinocytes (Zhao
et al. 2013) and melanocytes (Zhang et al. 2015), and we found that autophagy
deficiency seems to result in impaired OxPL degradation. We detected in murine
dendritic cells deficient in 15-lipoxygenase a decrease in PL hydroperoxides (Bluml
et al. 2005), which caused excessive DC maturation. Also in vivo, in the epidermis
of peroxiredoxin reductase 6 (PRDX6) deficient or transgenic mice (Rolfs et al.
2013) changes in oxPL species could be quantified that suggested a role for PRDX6
in the degradation of oxidized lipids. Some of the lipids we detected as
UV-inducible are cytotoxic to melanoma cells (Ramprecht et al. 2015). In a study
combining several analytic approaches, the UPLC-Q-TOF-MS analysis mouse
hepatic lipids revealed significantly decreased PUFA lysophosphocholines 6 weeks
after UVB irradiation (Park et al. 2014). For more advanced, high resolution
methods to detect oxidized PC and PE species a recent review by O’Donnell (2011)
is highly recommended.

1.4.3.3 PAF-Like Lipids

The Travers group found that UVB induces formation of PAF receptor agonists and
PPARc agonists that derive from 1-alkyl-GPC, and the first PPARc ligand they could
identify with HPLC—tandemMSwas 1-hexaydecyl-2-AzPC (Zhang et al. 2005) and
C4 PAF analogs with butanoyl and butenoyl moieties esterified to the sn-2 position
(Marathe et al. 2005), subsequently they characterized with HPLC-ESI-tandem MS
in MRMmode several 1-alkyl but also 1-acyl PAFr agonists (Yao et al. 2012). UVB
generated PAF-agonists mediate systemic immunosuppression in a PAF-R and IL10
dependent way, thereby inhibiting antitumor immunity (Sahu et al. 2012)—an
important finding based on initial lipidomic study of stressed skin cells. Cigarette
smoke exposure is associated with a redox imbalance in keratinocytes, and causes
increased formation of carbonyl adducts but also the regulation of keratinocyte lipid
scavenger receptors (Sticozzi et al. 2012), but also less reactive lipid mediators are
produced, as PAF-like lipids that are immunosuppressive (Sahu et al. 2013). A recent
study has highlighted that chemotherapy could limit its own efficacy by generation of
PAF-agonistic lipids that reduce antitumor immunity, but that could be inhibited by
COX-2 inhibition (Sahu et al. 2014). Similarly, photodynamic therapy, where a
photosensitizer is taken up by (pre) malignant cells and makes them susceptible to
directed photo toxicity can lead to production of immunosuppressive PAF agonists
(Ferracini et al. 2015). Aluminium (for US: aluminum) cytotoxicity in skin fibrob-
lasts caused lipid peroxidation, that was however studied by TBARS only (Anane
and Creppy 2001).
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1.4.4 Sphingolipid Changes

1.4.4.1 Ceramides

Early lipidomic studies found ceramide III and cholesterol sulphate in stratum
corneum lipid models to be inert to oxidative stress (Trommer et al. 2003), however
a major ceramide transport protein CERT is UV regulated, changing the intracel-
lular ceramide distribution and sphingomyelin production after UVB (Charruyer
et al. 2008).

1.4.4.2 Glycosphingolipids

In vitro photo-oxidation of glycosphingolipids was studied with ESI-MS (QTOF)
and LC-MS/MS, which allowed in combination to identify novel hydroperoxyl
derivatives of galactosyl- and lactosyl ceramides (Santinha et al. 2014). These
modifications (if detectable in vivo) likely affect organization and signaling in lipid
rafts and sphingolipid signaling under redox stress, as observed Parkinson’s
disease.

1.4.5 Bioactive Sterol Lipids

Yamazaki found UV to induce oxidation of Cholesterol in human skin (Yamazaki
et al. 1999), and later study with lipidomic methods has identified three significantly
increased ChOOH isomers after 2 h and their ability to induce MMP9 activity was
confirmed (Nakamura et al. 2013). Oxysterols can act as pro-inflammatory sig-
naling mediators and are linked to carcinogenesis also as some types are highly
reactive, other oxysterols can signal via liver-X-receptor (Jusakul et al. 2011).

1.4.6 Bioactive Prenol Lipids

Squalene as a quantitatively prominent skin surface lipid is long known to be UV
oxidized, and also found increased after cigarette smoke exposure but a recently
developed lipidomic method (QTRAP MS/MS) allowed analyzing the positional
isomers of SQ-OOHs on skin after 3 h of sunlight exposure. As Sq-OOH is so
prominent can further oxidize to carbonylic malondialdehyde, it is believed to play
a role in UV induced lipid peroxidation damage in skin (Nakagawa et al. 2007).
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1.5 Translational Applications and Therapeutic
Opportunities of Lipidomics

In the last paragraph I will discuss novel ongoing, developing and feasible appli-
cations of skin lipidomic technology.

1.5.1 Drug Development Opportunities

COX-2 induction and the metabolites are not only implicated in UV induced
inflammation but also in photo carcinogenesis (Elmets et al. 2014) and chemically
induced skin cancer (Jiao et al. 2014), so it is feasible that lipidomic analysis may
identify carcinogenic metabolites as pharmacological targets for prevention. In a
recent review by Lamaziere et al. discuss how lipidomic analysis could be best used
to screen chemical libraries for substances that inhibit lipogenesis and have thus
potential as anticancer drugs (Lamaziere et al. 2014). Restoration of the 12-HETE
to 15-HETE balance in psoriasis may be a treatment option to develop out of
lipidomic analysis of psoriasis and UV therapy, which identified lipid mediators
that are affected by disease and therapy (Yoo et al. 2008). Novel lipid based
approaches to ameliorate diseases with epidermal barrier defects are being initiated
recently and would be impossible without the knowledge gained by- and surveil-
lance performed with lipidomic analysis (Elias 2014).

1.5.2 Mechanistic Insights into Disease from Lipidomics

Melanoma—Lipidomics revealed that melanoma cells take up palmitic acid,
probably from adjacent adipocytes, ant that may promote melanoma cell growth
(Kwan et al. 2014) and autophagy (Jia et al. 2016).

Alopecia—The Foxn1 gene, responsible for the nude phenotype of mice, is
another example where lipidomic analysis complemented and widened the classical
phenotypical investigations. The alopecia and the epidermal changes (irregular
corneocytes, abnormal differentiation, barrier defect) observed in nude mice made
can be explained in part by major changes in lipids classes. Cholesterol sulfate is
synthesized in the stratum granulosum by cholesterol sulfotransferase and hydro-
lyzed to cholesterol in the SC by steroid sulfatase. This process is necessary for
desquamation, and thus changes in CS levels affect proper corneocyte shedding but
also influence expression of differentiation associated proteins, signaling function
via RORa- and CS may affect the Nude phenotype of the Foxn1 deficient mouse
(Lanzini et al. 2015).
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Xeroderma pigmentosum A (XPA)—PAF agonistic lipids identified by lipi-
domics account for the increased photosensitivity observed in XPA (Yao et al.
2012).

Epidermal Barrier and Defects—In a study investigating the effect of tran-
scription factor Ctip2 in developing mouse epidermis, a lipidomic study found less
short chain unsaturated (16:1) ceramides but more short chain saturated sphin-
gomyelin (16:0) and more long chain unsaturated sphingomyelins, identifying this
TF as a target for controlling epidermal lipid metabolism (Wang et al. 2013).
Lipidomic study of defects in epidermal TAG catabolism contributed to charac-
terization of one form of ichthyosis, reviewed in Radner and Fischer (2014).
Recessive X-linked ichthyosis is caused by excessive sulfatation of cholesterol
which is then not available in its free form, and the molecular species of CS were
identified in Sanchez-Guijo et al. (2015).

Psoriasis—In Psoriasis, increased 12-HETE, PGE(2), PGF(2a) have been
detected long ago (Hammarstrom et al. 1975), thus influencing eicosanoid levels
with dietary intervention and performing lipid analyses for surveillance may help in
disease management. Lipidomics identified effects of ALOX12 and ALOX15
polymorphisms on urinary excretion of 12-HETE but not on severity of disease
(Setkowicz et al. 2015).

Atopic Dermatitis—The EOS ceramides, which are esterified by transglutami-
nase to involucrin to form the lipid envelope of the corneocytes, are strongly
reduced in AD (Imokawa et al. 1991). Lipidomic analyses with LC/MSD found an
association between increased very short chain ceramides (C34) in the [NS] class
and permeability barrier function impairment (Ishikawa et al. 2010) in AD, a
finding that was repeated by others who also confirmed that at the same time
reduced FFA chain length and reduced lipid organization (van Smeden et al.
2014c). Not epidermal, but serum lipids of childhood AD patients were investigated
and eicosanoids could be correlated to IgE levels (Huang et al. 2014).

Airway/skin irritants—In vitro ozone mediated oxidation of squalene yielded
peroxyl, hydroxyl and ether modifications, and such compounds may have rele-
vance as skin scale derived indoor dust that may be an irritant by its reactivity
(Fooshee et al. 2015).

Influenza—Protectin D1, a 12/15 lipoxygenase metabolite inhibits influenza
virus replication—epithelial stimulation of protect in synthesis is thus a promising
concept to counteract influenza.

Diabetes—The Domingues group investigated oxidation and glycoxidation of
phosphatidylethanol-amine PLs, identifying potential mediators in diabetes and
redox stress diseases (Melo et al. 2013).

1.5.3 Cosmetic Applications

A major application of all “oxidized lipidomics” of the skin is to test for the ability
of active compounds to prevent stress induced oxidative damage to the skin and
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thus to unsaturated lipids as excellent endogenous oxidation sensors. A method
applicable to study nutriceutical manipulation of ceramide content and thereby skin
moisturization utilized GC-combustion isotope ratio mass spectrometry to identify
carbon labeled ceramide species in skin (Haraguchi et al. 2014), and LC/MS-MS
was used to determine how surfactant alkyl chain length influences their penetration
into a epidermal model system (Yamaguchi et al. 2014). Elaborate models to study
compound-skin interactions could include investigation of lipid organization in
addition to lipid composition (Groen et al. 2014). Oxidation of sebum lipids by UV
or chemical stressors has been implicated to affect premature skin ageing and acne
(Oyewole and Birch-Machin 2015). An example of lipid organization analysis is a
study on the impact of volatile organic compounds on lipid assembly by X-ray
diffraction in an artificial matrix resembling the SC lipid matrix, presenting an
objective alternative to studies in ex vivo human epidermis (Groen et al. 2014).

1.5.4 Lipidomics for Biomarker Discovery

Epidermal and skin surface lipids have the highest potential as biomarkers because
the sample can be acquired in a non- or minimally invasive way. Disorders where
lipid metabolism is affected or correlated to disease manifestation are most
promising, as disease specific metabolites can reach the epidermis via the vascu-
lature but also could affect keratinocyte metabolism or sebum synthesis. Skin
sensitization—With various lipidomic methods Santhina et al. have identified
oxidized PC and PS species isolated from cultured Keratinocytes that might allow
discriminating between irritant and immunogenic topical compounds tested on
these in vitro (Santinha et al. 2013). Alzheimer’s disease—the first promising
results on peripheral (skin) lipid biomarkers for Alzheimer’s disease, which is
obviously correlated with lipid oxidation not only in plaque areas, is discussed in
Khan and Alkon (2015). Leprosy—A MS method that identifies diagnostic lipids
from pathogenic mycobacteria within superficial skin lipids was developed (Lima
et al. 2015). Skin ulcers—Proteomic and lipidomic analysis revealed potential lipid
biomarkers for impaired wound healing in pressure ulcers (Taverna et al. 2011).
Environmental pollution—Oxidization of squalene measured by lipidomics
may yield new biomarkers of environmental pollution (Pham et al. 2015). Forensics
—Forensic use of lipidomics is reported by Girod and Weyermann, who detected
104 lipids from different classes (mostly wax esters) in fingermark residues with
GC-EI-MS (Girod and Weyermann 2014).

1 The Skin Lipidome Under Environmental Stress 19



References

Akazawa-Ogawa Y, Shichiri M, Nishio K, Yoshida Y, Niki E, Hagihara Y (2015)
Singlet-oxygen-derived products from linoleate activate Nrf2 signaling in skin cells. Free
Radic Biol Med 79:164–175

Anane R, Creppy EE (2001) Lipid peroxidation as pathway of aluminium cytotoxicity in human
skin fibroblast cultures: prevention by superoxide dismutase+ catalase and vitamins E and C.
Hum Exp Toxicol 20:477–481

Angelbeck-Schulze M, Mischke R, Rohn K, Hewicker-Trautwein M, Naim HY, Baumer W (2014)
Canine epidermal lipid sampling by skin scrub revealed variations between different body sites
and normal and atopic dogs. BMC Vet Res 10:152

Astarita G, Piomelli D (2009) Lipidomic analysis of endocannabinoid metabolism in biological
samples. J Chromatogr B Anal Technol Biomed Life Sci 877:2755–2767

Astarita G, Kendall AC, Dennis EA, Nicolaou A (2015) Targeted lipidomic strategies for
oxygenated metabolites of polyunsaturated fatty acids. Biochim Biophys Acta 1851:456–468

Baier J, Maisch T, Regensburger J, Pollmann C, Baumler W (2008) Optical detection of singlet
oxygen produced by fatty acids and phospholipids under ultraviolet A irradiation. J Biomed
Opt 13:044029

Bando N, Hayashi H, Wakamatsu S, Inakuma T, Miyoshi M, Nagao A, Yamauchi R, Terao J
(2004) Participation of singlet oxygen in ultraviolet-a-induced lipid peroxidation in mouse skin
and its inhibition by dietary beta-carotene: an ex vivo study. Free Radic Biol Med 37:1854–
1863

Barber LA, Spandau DF, Rathman SC, Murphy RC, Johnson CA, Kelley SW, Hurwitz SA,
Travers JB (1998) Expression of the platelet-activating factor receptor results in enhanced
ultraviolet B radiation-induced apoptosis in a human epidermal cell line. J Biol Chem
273:18891–18897

Berdyshev EV, Schmid PC, Dong Z, Schmid HH (2000) Stress-induced generation of
N-acylethanolamines in mouse epidermal JB6 P+ cells. Biochem J 346(2):369–374

Black O Jr, Anglin JH Jr (1971) Release of a guinea pig epidermal cellular component by
ultraviolet light. J Invest Dermatol 57:87–93

Black AT, Gray JP, Shakarjian MP, Mishin V, Laskin DL, Heck DE, Laskin JD (2008) UVB light
upregulates prostaglandin synthases and prostaglandin receptors in mouse keratinocytes.
Toxicol Appl Pharmacol 232:14–24

Black AT, Joseph LB, Casillas RP, Heck DE, Gerecke DR, Sinko PJ, Laskin DL, Laskin JD
(2010) Role of MAP kinases in regulating expression of antioxidants and inflammatory
mediators in mouse keratinocytes following exposure to the half mustard, 2-chloroethyl ethyl
sulfide. Toxicol Appl Pharmacol 245:352–360

Bluml S, Kirchberger S, Bochkov VN, Kronke G, Stuhlmeier K, Majdic O, Zlabinger GJ,
Knapp W, Binder BR, Stockl J, Leitinger N (2005) Oxidized phospholipids negatively regulate
dendritic cell maturation induced by TLRs and CD40. J Immunol 175:501–508

Brugger B (2014) Lipidomics: analysis of the lipid composition of cells and subcellular organelles
by electrospray ionization mass spectrometry. Annu Rev Biochem 83:79–98

Cajka T, Fiehn O (2014) Comprehensive analysis of lipids in biological systems by liquid
chromatography-mass spectrometry. Trends Anal Chem 61:192–206

Camera E, Ludovici M, Galante M, Sinagra JL, Picardo M (2010) Comprehensive analysis of the
major lipid classes in sebum by rapid resolution high-performance liquid chromatography and
electrospray mass spectrometry. J Lipid Res 51:3377–3388

Carsberg CJ, Ohanian J, Friedmann PS (1995) Ultraviolet radiation stimulates a biphasic pattern of
1,2-diacylglycerol formation in cultured human melanocytes and keratinocytes by activation of
phospholipases C and D. Biochem J 305(2):471–477

Charruyer A, Bell SM, Kawano M, Douangpanya S, Yen TY, Macher BA, Kumagai K, Hanada K,
Holleran WM, Uchida Y (2008) Decreased ceramide transport protein (CERT) function alters
sphingomyelin production following UVB irradiation. J Biol Chem 283:16682–16692

20 F. Gruber



Chen X, Gresham A, Morrison A, Pentland AP (1996) Oxidative stress mediates synthesis of
cytosolic phospholipase A2 after UVB injury. Biochim Biophys Acta 1299:23–33

Couto D, Santinha D, Melo T, Ferreira-Fernandes E, Videira RA, Campos A, Fardilha M,
Domingues P, Domingues MR (2015) Glycosphingolipids and oxidative stress: evaluation of
hydroxyl radical oxidation of galactosyl and lactosylceramides using mass spectrometry. Chem
Phys Lipids 191:106–114

Dan P, Rosenblat G, Yedgar S (2012) Phospholipase A(2) activities in skin physiology and
pathology. Eur J Pharmacol 691:1–8

DeLeo V, Scheide S, Meshulam J, Hanson D, Cardullo A (1988) Ultraviolet radiation alters
choline phospholipid metabolism in human keratinocytes. J Invest Dermatol 91:303–308

Duvernay MT, Matafonov A, Lindsley CW, Hamm HE (2015) Platelet lipidomic profiling: novel
insight into cytosolic phospholipase A2a activity and its role in human platelet activation.
Biochemistry 54:5578–5588

Elias PM (2014) Lipid abnormalities and lipid-based repair strategies in atopic dermatitis. Biochim
Biophys Acta 1841:323–330

Elmets CA, Ledet JJ, Athar M (2014) Cyclooxygenases: mediators of UV-induced skin cancer and
potential targets for prevention. J Invest Dermatol 134:2497–2502

Enthaler B, Trusch M, Fischer M, Rapp C, Pruns JK, Vietzke JP (2013) MALDI imaging in
human skin tissue sections: focus on various matrices and enzymes. Anal Bioanal Chem
405:1159–1170

Epps DE, Palmer JW, Schmid HH, Pfeiffer DR (1982) Inhibition of permeability-dependent Ca2+

release from mitochondria by N-acylethanolamines, a class of lipids synthesized in ischemic
heart tissue. J Biol Chem 257:1383–1391

Fahy E, Subramaniam S, Brown HA, Glass CK, Merrill AH Jr, Murphy RC, Raetz CR,
Russell DW, Seyama Y, Shaw W, Shimizu T, Spener F, van Meer G, VanNieuwenhze MS,
White SH, Witztum JL, Dennis EA (2005) A comprehensive classification system for lipids.
J Lipid Res 46:839–861

Feingold KR, Elias PM (2014) Role of lipids in the formation and maintenance of the cutaneous
permeability barrier. Biochim Biophys Acta 1841:280–294

Ferracini M, Sahu RP, Harrison KA, Waeiss RA, Murphy RC, Jancar S, Konger RL, Travers JB
(2015) Topical photodynamic therapy induces systemic immunosuppression via generation of
platelet-activating factor receptor ligands. J Invest Dermatol 135:321–323

Fisher AB (2011) Peroxiredoxin 6: a bifunctional enzyme with glutathione peroxidase and
phospholipase A(2) activities. Antioxid Redox Signal 15:831–844

Fisher AB, Dodia C, Sorokina EM, Li H, Zhou S, Raabe T, Feinstein SI (2016) A novel
lysophosphatidylcholine acyl transferase activity is expressed by peroxiredoxin 6. J Lipid Res
57:587–596

Fooshee DR, Aiona PK, Laskin A, Laskin J, Nizkorodov SA, Baldi PF (2015) Atmospheric
oxidation of squalene: molecular study using COBRA modeling and high-resolution mass
spectrometry. Environ Sci Technol 49:13304–13313

Forman HJ (2010) Reactive oxygen species and alpha, beta-unsaturated aldehydes as second
messengers in signal transduction. Ann NY Acad Sci 1203:35–44

Fuller M, Duplock S, Hein LK, Rigat BA, Mahuran DJ (2014) Liquid chromatography/
electrospray ionisation-tandem mass spectrometry quantification of GM2 gangliosides in
human peripheral cells and plasma. Anal Biochem 458:20–26

Girod A, Weyermann C (2014) Lipid composition of fingermark residue and donor classification
using GC/MS. Forensic Sci Int 238:68–82

Girotti AW, Kriska T (2004) Role of lipid hydroperoxides in photo-oxidative stress signaling.
Antioxid Redox Signal 6:301–310

Gresham A, Masferrer J, Chen X, Leal-Khouri S, Pentland AP (1996) Increased synthesis of
high-molecular-weight cPLA2 mediates early UV-induced PGE2 in human skin. Am J Physiol
270:C1037–C1050

1 The Skin Lipidome Under Environmental Stress 21



Groen D, Berthaud F, Bouwstra JA, Chapuis C, Gooris GS, Boncheva M (2014) In vitro model
systems for studying the impact of organic chemicals on the skin barrier lipids. Biochim
Biophys Acta 1838:310–318

Gruber F, Oskolkova O, Leitner A, Mildner M, Mlitz V, Lengauer B, Kadl A, Mrass P, Kronke G,
Binder BR, Bochkov VN, Leitinger N, Tschachler E (2007) Photooxidation generates
biologically active phospholipids that induce heme oxygenase-1 in skin cells. J Biol Chem
282:16934–16941

Gruber F, Bicker W, Oskolkova OV, Tschachler E, Bochkov VN (2012) A simplified procedure
for semi-targeted lipidomic analysis of oxidized phosphatidylcholines induced by UVA
irradiation. J Lipid Res 53:1232–1242

Grundmann JU, Wiswedel I, Hirsch D, Gollnick HP (2004) Detection of monohydroxyeicosate-
traenoic acids and F2-isoprostanes in microdialysis samples of human UV-irradiated skin by
gas chromatography-mass spectrometry. Skin Pharmacol Physiol 17:37–41

Hall DW, Marshall SN, Gordon KC, Killeen DP (2016) Rapid quantitative determination of
squalene in shark liver oils by Raman and IR spectroscopy. Lipids 51:139–147

Hammarstrom S, Hamberg M, Samuelsson B, Duell EA, Stawiski M, Voorhees JJ (1975)
Increased concentrations of nonesterified arachidonic acid, 12L-hydroxy-5,8,10,14-eicosate-
traenoic acid, prostaglandin E2, and prostaglandin F2alpha in epidermis of psoriasis. Proc Natl
Acad Sci USA 72:5130–5134

Hanson D, DeLeo V (1990) Long-wave ultraviolet light induces phospholipase activation in
cultured human epidermal keratinocytes. J Invest Dermatol 95:158–163

Haraguchi H, Yamada K, Miyashita R, Aida K, Ohnishi M, Gilbert A, Yoshida N (2014)
Determination of carbon isotopic measurement conditions for ceramide in skin using gas
chromatography-combustion-isotope ratio mass spectrometry. J Oleo Sci 63:1283–1291

Hart PJ, Francese S, Claude E, Woodroofe MN, Clench MR (2011) MALDI-MS imaging of lipids
in ex vivo human skin. Anal Bioanal Chem 401:115–125

Hong S, Tjonahen E, Morgan EL, Lu Y, Serhan CN, Rowley AF (2005) Rainbow trout
(Oncorhynchus mykiss) brain cells biosynthesize novel docosahexaenoic acid-derived
resolvins and protectins-mediator lipidomic analysis. Prostaglandins Other Lipid Mediat
78:107–116

Huang Y, Chen G, Liu X, Shao Y, Gao P, Xin C, Cui Z, Zhao X, Xu G (2014) Serum
metabolomics study and eicosanoid analysis of childhood atopic dermatitis based on liquid
chromatography-mass spectrometry. J Proteome Res 13:5715–5723

Ilic D, Bollinger JM, Gelb M, Mauro TM (2014) sPLA2 and the epidermal barrier. Biochim
Biophys Acta 1841:416–421

Imokawa G, Abe A, Jin K, Higaki Y, Kawashima M, Hidano A (1991) Decreased level of
ceramides in stratum corneum of atopic dermatitis: an etiologic factor in atopic dry skin? J
Invest Dermatol 96:523–526

Ishikawa J, Narita H, Kondo N, Hotta M, Takagi Y, Masukawa Y, Kitahara T, Takema Y,
Koyano S, Yamazaki S, Hatamochi A (2010) Changes in the ceramide profile of atopic
dermatitis patients. J Invest Dermatol 130:2511–2514

Itoh T, Fairall L, Amin K, Inaba Y, Szanto A, Balint BL, Nagy L, Yamamoto K, Schwabe JW
(2008) Structural basis for the activation of PPARc by oxidized fatty acids. Nat Struct Mol Biol
15:924–931

Jia SN, Lin C, Chen DF, Li AQ, Dai L, Zhang L, Zhao LL, Yang JS, Yang F, Yang WJ (2016) The
transcription factor p 8 regulates autophagy in response to palmitic acid stress via a mammalian
target of rapamycin (mTOR)-independent signaling pathway. J Biol Chem 291:4462–4472

Jiao J, Ishikawa TO, Dumlao DS, Norris PC, Magyar CE, Mikulec C, Catapang A, Dennis EA,
Fischer SM, Herschman HR (2014) Targeted deletion and lipidomic analysis identify epithelial
cell COX-2 as a major driver of chemically induced skin cancer. Mol Cancer Res 12:
1677–1688

Jusakul A, Yongvanit P, Loilome W, Namwat N, Kuver R (2011) Mechanisms of
oxysterol-induced carcinogenesis. Lipids Health Dis 10:44

22 F. Gruber



Karmali RA, Safai B (1984) Ultraviolet-evoked prostaglandin biosynthesis in varying stages of
keratinocyte differentiation in guinea pig skin. Prostaglandins Leukot Med 15:277–286

Kendall AC, Pilkington SM, Massey KA, Sassano G, Rhodes LE, Nicolaou A (2015) Distribution
of bioactive lipid mediators in human skin. J Invest Dermatol 135:1510–1520

Khan TK, Alkon DL (2015) Peripheral biomarkers of Alzheimer’s disease. J Alzheimers Dis
44:729–744

Kim EJ, Jin XJ, Kim YK, Oh IK, Kim JE, Park CH, Chung JH (2010) UV decreases the synthesis
of free fatty acids and triglycerides in the epidermis of human skin in vivo, contributing to
development of skin photoaging. J Dermatol Sci 57:19–26

King BS, Lu L, Yu M, Jiang Y, Standard J, Su X, Zhao Z, Wang W (2015) Lipidomic profiling of
di- and tri-acylglycerol species in weight-controlled mice. PLoS ONE 10:e0116398

Kofeler HC, Fauland A, Rechberger GN, Trotzmuller M (2012) Mass spectrometry based
lipidomics: an overview of technological platforms. Metabolites 2:19–38

Kozak KR, Crews BC, Morrow JD, Wang LH, Ma YH, Weinander R, Jakobsson PJ, Marnett LJ
(2002) Metabolism of the endocannabinoids, 2-arachidonylglycerol and anandamide, into
prostaglandin, thromboxane, and prostacyclin glycerol esters and ethanolamides. J Biol Chem
277:44877–44885

Krieg P, Furstenberger G (2014) The role of lipoxygenases in epidermis. Biochim Biophys Acta
1841:390–400

Kurczy ME, Piehowsky PD, Willingham D, Molyneaux KA, Heien ML, Winograd N, Ewing AG
(2010) Nanotome cluster bombardment to recover spatial chemistry after preparation of
biological samples for SIMS imaging. J Am Soc Mass Spectrom 21:833–836

Kwan HY, Fu X, Liu B, Chao X, Chan CL, Cao H, Su T, Tse AK, Fong WF, Yu ZL (2014)
Subcutaneous adipocytes promote melanoma cell growth by activating the Akt signaling
pathway: role of palmitic acid. J Biol Chem 289:30525–30537

Lam SM, Shui G (2013) Lipidomics as a principal tool for advancing biomedical research. J Genet
Genomics 40:375–390

Lamaziere A, Wolf C, Quinn PJ (2014) How lipidomics provides new insight into drug discovery.
Expert Opin Drug Discov 9:819–836

Lanzini J, Dargere D, Regazzetti A, Tebani A, Laprevote O, Auzeil N (2015) Changing in lipid
profile induced by the mutation of Foxn1 gene: a lipidomic analysis of Nude mice skin.
Biochimie 118:234–243

Larroque-Cardoso P, Camare C, Nadal-Wollbold F, Grazide MH, Pucelle M, Garoby-Salom S,
Bogdanowicz P, Josse G, Schmitt AM, Uchida K, Zarkovic K, Salvayre R, Negre-Salvayre A
(2015) Elastin modification by 4-hydroxynonenal in hairless mice exposed to UV-A. role in
photoaging and actinic elastosis. J Invest Dermatol 135:1873–1881

Lehmann WD, Stephan M, Furstenberger G (1992) Profiling assay for lipoxygenase products of
linoleic and arachidonic acid by gas chromatography-mass spectrometry. Anal Biochem
204:158–170

Lima EO, de Macedo CS, Esteves CZ, de Oliveira DN, Pessolani MC, Nery JA, Sarno EN,
Catharino RR (2015) Skin imprinting in silica plates: a potential diagnostic methodology for
leprosy using high-resolution mass spectrometry. Anal Chem 87:3585–3592

Marathe GK, Johnson C, Billings SD, Southall MD, Pei Y, Spandau D, Murphy RC,
Zimmerman GA, McIntyre TM, Travers JB (2005) Ultraviolet B radiation generates
platelet-activating factor-like phospholipids underlying cutaneous damage. J Biol Chem
280:35448–35457

Marko L, Paragh G, Ugocsai P, Boettcher A, Vogt T, Schling P, Balogh A, Tarabin V, Orso E,
Wikonkal N, Mandl J, Remenyik E, Schmitz G (2012) Keratinocyte ATP binding cassette
transporter expression is regulated by ultraviolet light. J Photochem Photobiol, B 116:79–88

Marques SA, Dy LC, Southall MD, Yi Q, Smietana E, Kapur R, Marques M, Travers JB,
Spandau DF (2002) The platelet-activating factor receptor activates the extracellular
signal-regulated kinase mitogen-activated protein kinase and induces proliferation of epidermal
cells through an epidermal growth factor-receptor-dependent pathway. J Pharmacol Exp Ther
300:1026–1035

1 The Skin Lipidome Under Environmental Stress 23



Massey KA, Nicolaou A (2011) Lipidomics of polyunsaturated-fatty-acid-derived oxygenated
metabolites. Biochem Soc Trans 39:1240–1246

Masukawa Y, Narita H, Sato H, Naoe A, Kondo N, Sugai Y, Oba T, Homma R, Ishikawa J,
Takagi Y, Kitahara T (2009) Comprehensive quantification of ceramide species in human
stratum corneum. J Lipid Res 50:1708–1719

Melo T, Silva EM, Simoes C, Domingues P, Domingues MR (2013) Photooxidation of glycated
and non-glycated phosphatidylethanolamines monitored by mass spectrometry. J Mass
Spectrom 48:68–78

Melo T, Domingues P, Ferreira R, Milic I, Fedorova M, Santos SM, Segundo MA,
Domingues MR (2016) Recent advances on mass spectrometry analysis of nitrated
phospholipids. Anal Chem 88:2622–2629

Michael-Jubeli R, Bleton J, Baillet-Guffroy A (2011) High-temperature gas chromatography-mass
spectrometry for skin surface lipids profiling. J Lipid Res 52:143–151

Milic I, Griesser E, Vemula V, Ieda N, Nakagawa H, Miyata N, Galano JM, Oger C, Durand T,
Fedorova M (2015) Profiling and relative quantification of multiply nitrated and oxidized fatty
acids. Anal Bioanal Chem 407:5587–5602

Mojumdar EH, Gooris GS, Barlow DJ, Lawrence MJ, Deme B, Bouwstra JA (2015) Skin lipids:
localization of ceramide and fatty acid in the unit cell of the long periodicity phase. Biophys J
108:2670–2679

Murphy RC, Gaskell SJ (2011) New applications of mass spectrometry in lipid analysis. J Biol
Chem 286:25427–25433

Nakagawa K, Ibusuki D, Suzuki Y, Yamashita S, Higuchi O, Oikawa S, Miyazawa T (2007)
Ion-trap tandem mass spectrometric analysis of squalene monohydroperoxide isomers in
sunlight-exposed human skin. J Lipid Res 48:2779–2787

Nakamura Y, Kozuka M, Naniwa K, Takabayashi S, Torikai K, Hayashi R, Sato T, Ohigashi H,
Osawa T (2003) Arachidonic acid cascade inhibitors modulate phorbol ester-induced oxidative
stress in female ICR mouse skin: differential roles of 5-lipoxygenase and cyclooxygenase-2 in
leukocyte infiltration and activation. Free Radic Biol Med 35:997–1007

Nakamura T, Noma A, Shimada S, Ishii N, Bando N, Kawai Y, Terao J (2013) Non-selective
distribution of isomeric cholesterol hydroperoxides to microdomains in cell membranes and
activation of matrix metalloproteinase activity in a model of dermal cells. Chem Phys Lipids
174:17–23

Nicolaou A, Pilkington SM, Rhodes LE (2011) Ultraviolet-radiation induced skin inflammation:
dissecting the role of bioactive lipids. Chem Phys Lipids 164:535–543

O’Donnell VB (2011) Mass spectrometry analysis of oxidized phosphatidylcholine and
phosphatidylethanolamine. Biochim Biophys Acta 1811:818–826

Oyewole AO, Birch-Machin MA (2015) Sebum, inflammasomes and the skin: current concepts
and future perspective. Exp Dermatol 24:651–654

Panasenko OM, Vakhrusheva T, Tretyakov V, Spalteholz H, Arnhold J (2007) Influence of
chloride on modification of unsaturated phosphatidylcholines by the
myeloperoxidase/hydrogen peroxide/bromide system. Chem Phys Lipids 149:40–51

Park HM, Shon JC, Lee MY, Liu KH, Kim JK, Lee SJ, Lee CH (2014) Mass spectrometry-based
metabolite profiling in the mouse liver following exposure to ultraviolet B radiation.
PLoS ONE 9:e109479

Patterson NH, Thomas A, Chaurand P (2014) Monitoring time-dependent degradation of
phospholipids in sectioned tissues by MALDI imaging mass spectrometry. J Mass Spectrom
49:622–627

Pham DM, Boussouira B, Moyal D, Nguyen QL (2015) Oxidization of squalene, a human skin
lipid: a new and reliable marker of environmental pollution studies. Int J Cosmet Sci 37:
357–365

Ponec M, Weerheim A, Kempenaar J, Mommaas AM, Nugteren DH (1988) Lipid composition of
cultured human keratinocytes in relation to their differentiation. J Lipid Res 29:949–961

Radner FP, Fischer J (2014) The important role of epidermal triacylglycerol metabolism for
maintenance of the skin permeability barrier function. Biochim Biophys Acta 1841:409–415

24 F. Gruber



Ramprecht C, Jaritz H, Streith I, Zenzmaier E, Kofeler H, Hofmann-Wellenhof R, Schaider H,
Hermetter A (2015) Toxicity of oxidized phosphatidylcholines in cultured human melanoma
cells. Chem Phys Lipids 189:39–47

Rhodes LE, Gledhill K, Masoodi M, Haylett AK, Brownrigg M, Thody AJ, Tobin DJ, Nicolaou A
(2009) The sunburn response in human skin is characterized by sequential eicosanoid profiles
that may mediate its early and late phases. FASEB J 23:3947–3956

Rolfs F, Huber M, Gruber F, Bohm F, Pfister HJ, Bochkov VN, Tschachler E, Dummer R, Hohl D,
Schafer M, Werner S (2013) Dual role of the antioxidant enzyme peroxiredoxin 6 in skin
carcinogenesis. Cancer Res 73:3460–3469

Rubbo H, Trostchansky A, O’Donnell VB (2009) Peroxynitrite-mediated lipid oxidation and
nitration: mechanisms and consequences. Arch Biochem Biophys 484:167–172

Sahu RP, Turner MJ, Dasilva SC, Rashid BM, Ocana JA, Perkins SM, Konger RL,
Touloukian CE, Kaplan MH, Travers JB (2012) The environmental stressor ultraviolet B
radiation inhibits murine antitumor immunity through its ability to generate platelet-activating
factor agonists. Carcinogenesis

Sahu RP, Petrache I, Van Demark MJ, Rashid BM, Ocana JA, Tang Y, Yi Q, Turner MJ,
Konger RL, Travers JB (2013) Cigarette smoke exposure inhibits contact hypersensitivity via
the generation of platelet-activating factor agonists. J Immunol 190:2447–2454

Sahu RP, Ocana JA, Harrison KA, Ferracini M, Touloukian CE, Al-Hassani M, Sun L, Loesch M,
Murphy RC, Althouse SK, Perkins SM, Speicher PJ, Tyler DS, Konger RL, Travers JB (2014)
Chemotherapeutic agents subvert tumor immunity by generating agonists of platelet-activating
factor. Cancer Res 74:7069–7078

Sala P, Potz S, Brunner M, Trotzmuller M, Fauland A, Triebl A, Hartler J, Lankmayr E,
Kofeler HC (2015) Determination of oxidized phosphatidylcholines by hydrophilic interaction
liquid chromatography coupled to Fourier transform mass spectrometry. Int J Mol Sci
16:8351–8363

Sanchez-Guijo A, Oji V, Hartmann MF, Schuppe HC, Traupe H, Wudy SA (2015) High levels of
oxysterol sulfates in serum of patients with steroid sulfatase deficiency. J Lipid Res 56:
403–412

Santinha DR, Doria ML, Neves BM, Maciel EA, Martins J, Helguero L, Domingues P, Cruz MT,
Domingues MR (2013) Prospective phospholipid markers for skin sensitization prediction in
keratinocytes: a phospholipidomic approach. Arch Biochem Biophys 533:33–41

Santinha D, Ferreira-Fernandes E, Melo T, Silva EM, Maciel E, Fardilha M, Domingues P,
Domingues MR (2014) Evaluation of the photooxidation of galactosyl- and lactosylceramide
by electrospray ionization mass spectrometry. Rapid Commun Mass Spectrom 28:2275–2284

Scherer M, Schmitz G, Liebisch G (2010) Simultaneous quantification of cardiolipin, bis
(monoacylglycero) phosphate and their precursors by hydrophilic interaction LC-MS/MS
including correction of isotopic overlap. Anal Chem 82:8794–8799

Schroter J, Griesinger H, Reuss E, Schulz M, Riemer T, Suss R, Schiller J, Fuchs B (2015)
Unexpected products of the hypochlorous acid-induced oxidation of oleic acid: a study using
high performance thin-layer chromatography-electrospray ionization mass spectrometry.
J Chromatogr A 1439:89–96

Serhan CN, Lu Y, Hong S, Yang R (2007) Mediator lipidomics: search algorithms for eicosanoids,
resolvins, and protectins. Methods Enzymol 432:275–317

Setkowicz M, Mastalerz L, Gielicz A, Wojas-Pelc A, Sanak M (2015) Lack of association of
ALOX12 and ALOX15B polymorphisms with psoriasis despite altered urinary excretion of 12
(S)-hydroxyeicosatetraenoic acid. Br J Dermatol 172:337–344

Shin JH, Shon JC, Lee K, Kim S, Park CS, Choi EH, Lee CH, Lee HS, Liu KH (2014) A lipidomic
platform establishment for structural identification of skin ceramides with non-hydroxyacyl
chains. Anal Bioanal Chem 406:1917–1932

Sigruener A, Tarabin V, Paragh G, Liebisch G, Koehler T, Farwick M, Schmitz G (2013) Effects
of sphingoid bases on the sphingolipidome in early keratinocyte differentiation. Exp Dermatol
22:677–679

1 The Skin Lipidome Under Environmental Stress 25



Simoes C, Domingues P, Domingues MR (2012) Identification of free radicals in oxidized and
glycoxidized phosphatidylethanolamines by spin trapping combined with tandem mass
spectrometry. Rapid Commun Mass Spectrom 26:931–939

Simoes C, Silva AC, Domingues P, Laranjeira P, Paiva A, Domingues MR (2013)
Phosphatidylethanolamines glycation, oxidation, and glycoxidation: effects on monocyte and
dendritic cell stimulation. Cell Biochem Biophys 66:477–487

Simons B, Kauhanen D, Sylvanne T, Tarasov K, Duchoslav E, Ekroos K (2012) Shotgun
lipidomics by sequential precursor ion fragmentation on a hybrid quadrupole time-of-flight
mass spectrometer. Metabolites 2:195–213

Spickett CM, Pitt AR (2015) Oxidiative lipidomics coming of age: advances in analysis of
oxidized phospholipids in physiology and pathology. Antioxid Redox Signal 22:1646–1666

Steinbrecher UP (1988) Role of superoxide in endothelial-cell modification of low-density
lipoproteins. Biochim Biophys Acta 959:20–30

Sticozzi C, Belmonte G, Pecorelli A, Arezzini B, Gardi C, Maioli E, Miracco C, Toscano M,
Forman HJ, Valacchi G (2012) Cigarette smoke affects keratinocytes SRB1 expression and
localization via H2O2 production and HNE protein adducts formation. PLoS ONE 7:e33592

Tachi M, Iwamori M (2008) Mass spectrometric characterization of cholesterol esters and wax
esters in epidermis of fetal, adult and keloidal human skin. Exp Dermatol 17:318–323

Taverna D, Nanney LB, Pollins AC, Sindona G, Caprioli R (2011) Multiplexed molecular
descriptors of pressure ulcers defined by imaging mass spectrometry. Wound Repair Regen
19:734–744

Thakoersing VS, Gooris GS, Mulder A, Rietveld M, El GA, Bouwstra JA (2012) Unraveling
barrier properties of three different in-house human skin equivalents. Tissue Eng Part C
Methods 18:1–11

t’Kindt R, Jorge L, Dumont E, Couturon P, David F, Sandra P, Sandra K (2012) Profiling and
characterizing skin ceramides using reversed-phase liquid chromatography-quadrupole
time-of-flight mass spectrometry. Anal Chem 84:403–411

Travers JB (1999) Oxidative stress can activate the epidermal platelet-activating factor receptor.
J Invest Dermatol 112:279–283

Trommer H, Platzer M, Wolf R, Neubert RH (2003) Mass spectrometric examinations of stratum
corneum lipid models exposed to ultraviolet irradiation. Skin Pharmacol Appl Skin Physiol
16:291–304

Trostchansky A, Bonilla L, Thomas CP, O’Donnell VB, Marnett LJ, Radi R, Rubbo H (2011)
Nitroarachidonic acid, a novel peroxidase inhibitor of prostaglandin endoperoxide H synthases
1 and 2. J Biol Chem 286:12891–12900

Tyurina YY, Domingues RM, Tyurin VA, Maciel E, Domingues P, Amoscato AA, Bayir H,
Kagan VE (2014) Characterization of cardiolipins and their oxidation products by LC-MS
analysis. Chem Phys Lipids 179:3–10

Uchida Y, Houben E, Park K, Douangpanya S, Lee YM, Wu BX, Hannun YA, Radin NS,
Elias PM, Holleran WM (2010) Hydrolytic pathway protects against ceramide-induced
apoptosis in keratinocytes exposed to UVB. J Invest Dermatol 130:2472–2480

van Smeden J, Boiten WA, Hankemeier T, Rissmann R, Bouwstra JA, Vreeken RJ (2014a)
Combined LC/MS-platform for analysis of all major stratum corneum lipids, and the profiling
of skin substitutes. Biochim Biophys Acta 1841:70–79

van Smeden J, Janssens M, Gooris GS, Bouwstra JA (2014b) The important role of stratum
corneum lipids for the cutaneous barrier function. Biochim Biophys Acta 1841:295–313

van Smeden J, Janssens M, Kaye EC, Caspers PJ, Lavrijsen AP, Vreeken RJ, Bouwstra JA (2014c)
The importance of free fatty acid chain length for the skin barrier function in atopic eczema
patients. Exp Dermatol 23:45–52

Villard PH, Sampol E, Elkaim JL, Puyoou F, Casanova D, Seree E, Durand A, Lacarelle B (2002)
Increase of CYP1B1 transcription in human keratinocytes and HaCaT cells after UV-B
exposure. Toxicol Appl Pharmacol 178:137–143

Wang Z, Kirkwood JS, Taylor AW, Stevens JF, Leid M, Ganguli-Indra G, Indra AK (2013)
Transcription factor Ctip2 controls epidermal lipid metabolism and regulates expression of

26 F. Gruber



genes involved in sphingolipid biosynthesis during skin development. J Invest Dermatol
133:668–676

Weinkauf B, Rukwied R, Quiding H, Dahllund L, Johansson P, Schmelz M (2012) Local gene
expression changes after UV-irradiation of human skin. PLoS ONE 7:e39411

Wertz PW (2013) Current understanding of skin biology pertinent to skin penetration: skin
biochemistry. Skin Pharmacol Physiol 26:217–226

Williams JD, Bermudez Y, Park SL, Stratton SP, Uchida K, Hurst CA, Wondrak GT (2014)
Malondialdehyde-derived epitopes in human skin result from acute exposure to solar UV and
occur in nonmelanoma skin cancer tissue. J Photochem Photobiol, B 132:56–65

Wu Y, Chen G, Ji C, Hoptroff M, Jones A, Collins LZ, Janssen HG (2016) Gas
chromatography-mass spectrometry and Raman imaging measurement of squalene content
and distribution in human hair. Anal Bioanal Chem 408:2357–2362

Yamaguchi F, Watanabe S, Harada F, Miyake M, Yoshida M, Okano T (2014) In vitro analysis of
the effect of alkyl-chain length of anionic surfactants on the skin by using a reconstructed
human epidermal model. J Oleo Sci 63:995–1004

Yamashita R, Tabata Y, Iga E, Nakao M, Sano S, Kogure K, Tokumura A, Tanaka T (2016)
Analysis of molecular species profiles of ceramide-1-phosphate and sphingomyelin using
MALDI-TOF mass spectrometry. Lipids 51:263–270

Yamazaki S, Ozawa N, Hiratsuka A, Watabe T (1999) Increases in cholesterol 7-hydroperoxides
in lipids of human skin by sunlight exposure. Free Radic Biol Med 26:1126–1133

Yang K, Dilthey BG, Gross RW (2013) Identification and quantitation of fatty acid double bond
positional isomers: a shotgun lipidomics approach using charge-switch derivatization. Anal
Chem 85:9742–9750

Yao Y, Harrison KA, Al-Hassani M, Murphy RC, Rezania S, Konger RL, Travers JB (2012)
Platelet-activating factor receptor agonists mediate xeroderma pigmentosum A photosensitiv-
ity. J Biol Chem 287:9311–9321

Yoo H, Jeon B, Jeon MS, Lee H, Kim TY (2008) Reciprocal regulation of 12- and
15-lipoxygenases by UV-irradiation in human keratinocytes. FEBS Lett 582:3249–3253

Zhang Q, Southall MD, Mezsick SM, Johnson C, Murphy RC, Konger RL, Travers JB (2005)
Epidermal peroxisome proliferator-activated receptor gamma as a target for ultraviolet B
radiation. J Biol Chem 280:73–79

Zhang CF, Gruber F, Ni C, Mildner M, Koenig U, Karner S, Barresi C, Rossiter H, Narzt MS,
Nagelreiter IM, Larue L, Tobin DJ, Eckhart L, Tschachler E (2015) Suppression of autophagy
dysregulates the antioxidant response and causes premature senescence of melanocytes.
J Invest Dermatol 135:1348–1357

Zhao Y, Zhang CF, Rossiter H, Eckhart L, Konig U, Karner S, Mildner M, Bochkov VN,
Tschachler E, Gruber F (2013) Autophagy is induced by UVA and promotes removal of
oxidized phospholipids and protein aggregates in epidermal keratinocytes. J Invest Dermatol
133:1629–1637

1 The Skin Lipidome Under Environmental Stress 27



Chapter 2
Squalene and Skin Barrier Function:
From Molecular Target to Biomarker
of Environmental Exposure

Boudiaf Boussouira and Dang Man Pham

Abstract The human skin naturally faces an aerial oxidative environment. The
environment presents however a variable oxidative potential since enhanced by
solar rays (UV, Visible) possibly combined to aerial-borne pollutants that most
often act as catalysts in the different oxidative pathways. The poly-unsaturated
human sebum highly present on the upper parts of the body (face, torso) is therefore
a natural “receptor” of these oxidative actions. Comprised at 10–20 % within
sebum, Squalene (C30H50) is not only specific to human sebum but its 6 double
bonds make it a highly sensitive molecule towards various forms of Reactive
Oxygen Species, singlet oxygen included, leading to different per-oxidized
by-products. The latter thus appear as natural bio-markers of most oxidative
actions upon the cutaneous tissue. Some mechanisms can easily be modelled
in vitro, thereby demonstrating the influences of UVA rays, cigarette smoke, par-
ticulate matters or some porphyrins that are synthesized by the resident skin flora.
These models allow the structures of various forms of squalene peroxides to being
determined and to quantify the quenching properties of some known anti-oxidants
(Carotenoids, Vitamin E). These chains of events were logically traced in vivo, by
comparing the contents of Squalene and Vitamin E in the sebum of subjects living
in differently polluted but close geographical locations. The oxidized state of
Squalene then represents a reliable biomarker of most oxidative events induced by
various environmental factors. Their possible biological impacts upon the skin
physiology, which greatly remain to being documented, are discussed.
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2.1 Introduction: The Human Skin, a Constantly
Adaptive Organ

The adaptation of skin to environmental changes is as old as humanity.
Ethnological findings (Tishkoff and Verelli 2003; Jablonski 2004; Lucock et al.
2014) indicate that some of our far ancestors migrated from Eastern Africa 60,000
to 30,000 years ago towards Northern regions. Such moves necessarily implied
drastic environmental changes to which successive genetic and phenotypic adap-
tations responded to various Darwinian imperata. Long periods of time, different
sun irradiance, food/vitamins supply led numerous genetic mutations to be selected,
among which those concerning skin pigmentation-related genes are rather well
documented (Jablonski 2011; Basu Mallick et al. 2013; Jablonski and Chaplin
2013; Wilde et al. 2014).

With a 1.5–2 m2 developed surface (in adults), the human skin offers a rather
large exchange capacity with its close environment (Hadgraft 2001), being
exogenous (sun, wind, cold, heat) or man-made (soap, water, cosmetic products,
frictions). With regard to skin, the term “environment” can hardly be restricted to
the sole physico-chemical conditions of the surrounding world. It includes many
other factors to which skin (and body) may be exposed, all being now covered by
the generic term “exposome” (Patel and Manrai 2015). This generic term comprises
all factors that, over time, possibly influence the skin physiology such as food,
psychological stress, medications, fatigue, smoking, alcohol consumption, etc. The
notion of exposome, with regard to skin, may be even extended to the assembly (the
so-called microbiome) of a resident and transient microflora (the so-called micro-
biome) that is permanently found on the skin surface and within the depth of the
hair follicle canal (Grice and Segre 2011).

Hence, the effects of this microbiome upon the skin and, vice versa, those from
the host tissue towards these micro-organisms represent constant mutual
relationships.

2.1.1 Age-Related Changes

In utero, during the first two months needed for its full constitution, the human skin
exposes to an aquatic and sterile medium, free from any stress. It then sets up a
natural barrier to this environment, produced by already active sebaceous glands
(stimulated by maternal hormones), thus delivering an important lipid-rich
hydrophobic “film” (5–15 g all along the whole infant’s body), called the Vernix
Caseosa (Mikova et al. 2014; Visscher et al. 2015). The latter is in fact a very early
sebum that nurses wipe off at the very first minutes post delivery, using sterile
cotton pads.

At birth, all conditions drastically change. The skin now faces a totally different
environment: dry, of a high oxygen tension (≈20 %) and non-sterile. Skin is almost
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immediately colonized by a resident microflora that will permanently thrive on the
skin surface all along life span (Marples et al. 1974; Baviera et al. 2014). Later, skin
will be progressively exposed to sunlight (UV, Visible and Infra-red ranges). These
four major elements represent its early exposome.

Progressively, age-related physiological changes make skin more prone to
adapted responses to various assaults. Melanocytes have become fully operational
by inducing a protecting pigmentation in the fairer skin tones (Phototypes II–III)
(Fitzpatrick 1988; Chardon et al. 1991). The epidermal physiology has then set up
an efficiently regulated anti-oxidant network including various enzymes (Super
Oxide Dismutase, Glutathione Peroxidase) and molecules (Vitamin E, Selenium,
Vitamin C) (Thiele et al. 2001). Possible contacts with exogenous allergens are
normally fought by an efficient immune response, most ensured initially by the
epidermal Langerhans cells (Haniffa et al. 2015).

2.1.2 Environment Exposure Changes

Since the 19th century, our aerial environment has been strongly modified with
regard to growing industrialization, transporting systems, agricultural changes etc.
Nowadays, pollutants of various natures and origins are, in additional to natural
sources (soil erosion, volcanic eruptions, forest fires), clearly linked to human
activities. These cover the increases in emitted volatiles such as CO2, CO, NO,
NO2, O3 (ozone), Polycyclic Aromatic Hydrocarbons (PAH’s) and Particulate
Matters (PM) covering a wide range in size (0.1–100 μm) and nature (Ning et al.
2006; Ding et al. 2006; Zheng et al. 2002). Combined with solar rays (UV’s,
Visible, Infra-Red), most of these human-related pollutants are now shown as
efficient catalytic agents in many oxidizing processes (Colin et al. 1994; Tai-Long
et al. 2015a, b).

2.2 Specificities of the Stratum Corneum

The present chapter mostly focuses on the various effects of an oxidative envi-
ronment upon the facial skin surface. The latter is indeed a privileged skin site for
assessing the impacts of some environmental assaults for the following reasons:

– It is usually (in common with hands) the most constantly exposed skin region to
the external environment.

– It is a skin site that gathers highly functional appendages (apocrine and eccrine
Sweat glands, Sebaceous glands). Hence, many epidermal by-products (horny
cells, sebum, epidermal lipids, peptides and amino acids, salts, organic acids,
urea, water, etc.) are daily found at its surface, exposed to environment.
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2.2.1 A Cornified Protecting Barrier Covered by Sebum

The Stratum Corneum (SC) comprises stacked flat dead cells (corneocytes) of
usually 15–20 μm in thickness, embedded in a lipid-rich medium within intercel-
lular spaces (the so-called brick and mortar organization), as shown by Fig. 2.1.

The SC is a powerful and vital barrier that ensures a wide array of defensive
functions (Elias 2005). It is constantly produced by the epidermal cells (ker-
atinocytes) renewal and their progressive keratinization process that ends up with
natural desquamation, as single cells. A normal epidermis shows in fact a rather low
mitotic index (about 10 %), i.e. the ratio of dividing cells at a given moment. In other
words, epidermis possesses a high potential in speeding up the renewal of ker-
atinocytes. The latter then allows the SC thickness (number of cell layers) to being
adapted by an increase in cell layers according to needs (cut, wound, burn, frictions).

The Stratum Corneum, through both multilayer corneocytes and inter-cellular
lipid medium, ensures a dual barrier function. Internally, it controls the Trans
Epidermal Water Loss (TEWL, 5–10 g m−2 h−1). The latter parameter is a precious
marker of SC cohesion and thickness, since rapidly elevated in the case of a loose,
damaged or thinned SC (Rawlings and Matts 2005; Rawlings and Leyden 2009).
Externally, SC controls the flux of exogenous substances, acts as a
thermo-insulating tissue and is an efficient shield against UV rays.

As a mantle exposed to various environments, the SC surface is daily covered by
sebum (and traces of sweat according to the thermo-regulation function).
Depending on the skin sites, the density of sebaceous glands (and eccrine glands)
and consequently the amount of sebum (and sweat) presents some local variations.

Fig. 2.1 Transversal section of the Stratum Corneum showing its organization in multi layered
corneocytes, separated by an inter-cellular lipid medium (zoomed section). The corneodesmo-
somes (in black) ensure the attachments between corneocytes. The progressive degradation of
corneodesmosomes drives the desquamation process that further delivers corneocytes as single
cells in normal conditions (Courtesy of A. Potter, A.M. Minondo, F. Fiat. Life Sciences, L’Oréal
Research and Innovation)
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2.2.2 The Human Sebum

2.2.2.1 Quantitative Aspects

This complex lipid mixture is constantly produced by the Sebaceous Glands
(Bernard and Saint-Léger 2000) and delivered within the follicular canal under the
disintegration (holocrine process) of their cells (sebocytes). Excreted to the skin
surface from the follicular ostia (about 250 per cm2), at a rate ranging 0.4–
2.5 μg cm−2 min−1 according to gender, age, ethnics, circadian rhythms. Sebum
further spreads over the skin surface to reach an equilibrium level (the so-called
casual level) of some 50–300 μg cm−2 which could be reached within a few hours
post cleaning (Saint-Leger et al. 1982). The human face (surface ≈ 500 cm2)
appears then daily covered by 25–150 mg of sebum, in addition to admixed lipids
of epidermal origin (Cholesterol, Ceramides, Triglycerides). On face, the ratio of
Sebum to Epidermal lipids is about 97/3 (Wilkinson 1969). Such a lipid mantle then
represents a “film” of a theoretical thickness of 3–10 μm, hence greatly facilitating
exchanges with the environment.

2.2.2.2 Qualitative Aspects

The human sebum is an oil, unlike that, waxy, of most animals. This fluid behavior
mostly results from a high proportion of mono and poly unsaturated lipid chains
that, by nature, are highly sensitive to oxidization process. At a native state (within
the sebaceous glands), sebum initially comprises a mixture of 3 lipid classes:
Triglycerides (TG) 60 %, Wax esters 25 % and Squalene 15 %. Later, excreted
sebum will transform. TG’s are hydrolyzed by lipases emitted by the resident and

Table 2.1 Description of the major classes (approximate figures) and properties of lipids within
sebum daily present on face

Lipid class Number
of C
atoms

Unsaturated
chains (iso and
ante-iso methyl
branched)

Relative
concentrations
present at the
skin surface

Linked to

Triglycerides
(TG)

30–60 66 % (2/3) 0–60 % Sebaceous glands

Free fatty
acids (FFA)

10–20 66 % (2/3) 60–0 % Lipases/microflora,
S.C hydrolases

Wax esters
(WE)

20–60 50 % (1/2) 25 %, stable,
untransformed

Sebaceous glands

Squalene
(SQ)

30 100 % 10–20 % Sebaceous glands
and oxidization
processes

The ratio TG/FFA is a precious reflection of the metabolic activity of the skin microflora and may
greatly vary between individuals and regimen (e.g. intake)
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lipophilic microflora, yielding Free Fatty Acids of 10–20 carbon chain lengths at
the skin surface (Nicolaides 1974). Table 2.1 summarizes the major events of the
sebum transformation steps and their major effectors or origins.

2.3 Squalene (SQ), a Key Element

2.3.1 A Biological Human Curiosity

Squalene is a specific marker of human sebum since absent in the sebum of almost
all mammalian species (Lindholm and Downing 1980). As a readily precursor of
Cholesterol and since rapidly transformed, it is present in almost all cells at minute
amount. The major exception remains the case of the liver of the Squalidea family
(its derived name) where large amount of SQ are found. The human sebaceous
glands do not achieve a complete synthesis of Cholesterol and thus liberate pure
squalene. The human sebaceous glands therefore clearly diverge from those of all
animals where sebum is almost uniquely Cholesterol or Sterol-based, (e.g. Lanolin
in sheep).

2.3.2 Structure/Properties of SQ

Squalene is a triterpene of the general formula C30H50 (see Fig. 2.2) that comprises
6 non-conjugated double bonds, making this compound one of the most unsaturated
lipids.

It is a transparent oil, of a specific gravity of 0.855, fluid under normal condi-
tions (Fusion T° = −20 °C). As most lipids, it is readily soluble in organic solvents
and totally insoluble in water.

Fig. 2.2 Simplified chemical
structure of squalene. Such
representation illustrates how,
when cyclized, squalene
generates the future sterol ring
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2.3.3 Squalene, a Strong Acceptor of All Forms of Oxygen

Such a richly unsaturated level naturally makes squalene highly prone to oxidiza-
tion processes. The latter phenomenon was early described (Chapman 1923)
showing that, when completely oxidized, squalene can absorb oxygen up to ¼ of its
weight. However, squalene is highly sensitive to singlet oxygen (1O2), a very
reactive oxidative species, that could be generated by various ionizing sources. This
Singlet Oxygen rapidly reacts with the double bonds of squalene (Leong et al.
1976; Miquel et al. 1989; Petrick and Dubowski 2009). Yielding families of
squalene peroxydes (SQOOH) and, to a lesser extent, squalene hydroxides (SQOH)
(Ekanayake Mudiyanselage 2003). A slower but progressive oxidization can
however be obtained by simply exposing a thin film of pure squalene to an ambient
air free from singlet oxygen. In days, regular increases of its oxidized forms con-
comitant to decreased values of pure squalene are observed. Chemically speaking,
all these chain-reaction processes lead to the addition of “ene” types of mechanisms
into which the 6 electron-rich carbon double bonds (C=C) play a central role. Such
finding was later confirmed (Saint-Leger et al. 1986; Tochio et al. 2009).

Sebum extracted from forehead, analyzed by liquid chromatography with UV
and Light Diffracted Detector shows the presence of squalene and also squalene
peroxides (SQOOH) and squalene hydroxides (SQOH). Further works using
LC/MS (Thiele et al. 2003) confirmed that levels of squalene monohydroperoxides
were strongly increased under low doses of UV exposures.

An alternative analytical method to quantify SQ and SQOOH was early
developed in our laboratories and currently used, allowing low amount of SQOOH
forms to being detected. Post solvent extraction and filtration, squalene peroxides
are quantified by ultra-performance liquid chromatography (UPLC), on reversed
phase, coupled with atmospheric pressure chemical ionization (APCI) tandem mass
spectrometry (MS/MS) on positive mode (UPLC-APCI-MS/MS). Residual squa-
lene (i.e. non-oxidized) is quantified on the same run with PDA detection at
205 nm, using pure squalene as standard. Under such conditions, the Limit Of
Detection (LOD) and Limit Of Quantification (LOQ) of squalene monohydroper-
oxides are 10 and 50 ng ml−1, respectively, together with an acceptable repro-
ducibility (coefficient of variation <10 %). LOD and LOQ for residual squalene are
0.1 µg and 1 µg ml−1, respectively. These limits allow very low amount of
SQOOH and squalene to be determined on a freshly collected sebum (basal values)
since slightly (per)oxidized before its excretion over the skin surface.

2.3.4 Squalene and the Resident Oxidative Skin Microflora

Within the depth of the follicular canal, porphyrins are synthesized and excreted by
Propionibacteria spp. (Cornelius and Ludwig 1967; Fuhrhop et al. 1980). These
compounds strongly absorb in the 360–450 nm range (UVA and Visible),

2 Squalene and Skin Barrier Function 35



according to their structures, and generate Singlet Oxygen (1O2) from oxygen
(Ekanayake Mudiyanselage 2003). This explains why squalene (per)oxides are
naturally found within the sebum of most subjects.

This presence of porphyrins could also explain the reason why a high level of
SQOOH is found within the comedones of acneic subjects (Motoyoshi 1983;
Saint-Leger et al. 1986).

In brief, squalene, before facing additional external oxidative environments, is
already- and partly-oxidized. The simplified scheme in Fig. 2.3 illustrates such
chain of events.

This scheme allows a better understanding of the possible impact of Vitamin E
(α tocopherol) since, supplied by food, it is eliminated through the sebaceous gland
metabolism and further excreted within sebum (Thiele et al. 1999). A follicular
canal enriched with Vitamin E is therefore likely more prone to inhibit such chain
reactions, that can be quenched by well-known singlet oxygen scavengers such as
Carotenoids, Vitamin E, Butyl Hydroxy Toluene (BHT) etc. as exposed later in this
chapter.

The scheme also indicates how UVA sunscreens may efficiently slow down
these oxidative pathways through controlling the penetration of UVA rays within
the depth of the follicular canal, in agreement with previous findings (Fourtanier
et al. 2006; Battie et al. 2014).

2.3.5 Squalene Facing Singlet Oxygen Released by
Porphyrins

As previously mentioned, porphyrins are prone to generate singlet oxygen under
UVA exposure. This can be easily demonstrated by simple preliminary assays.
First, under UVA exposure, a methanolic solution of pure squalene (Sigma Aldrich,
ref S3626) leads to a rather low SQOOH/SQ ratio whereas the methanolic extract of

Fig. 2.3 Simplified scheme
of the chain of reactions
induced by photo-catalytic
porphyrins, yielding singlet
oxygen (1O2) that further
reacts with squalene (SQ) to
generate SQOOH forms
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a sebum collected from a human forehead (that contains traces of porphyrins) leads,
in same conditions of UVA exposure, to a much higher SQOOH/SQ ratio, as shown
by Fig. 2.4a, b.

Second, adding increased concentrations of a porphyrin, Protoporphyrin IX
(Sigma Aldrich, ref P8293) to a methanolic solution of pure squalene shows a dose
dependent increase in the generation of SQOOH forms under UVA exposure, as
illustrated by Fig. 2.5a, b, at least within the studied concentrations of porphyrin
IX.

Figure 2.5a, b illustrate the linear dependence of generated SQOOH with
increasing amount of squalene and a fixed amount of Protoporphyrin IX or, at a
constant concentration of squalene, with increasing amount of Protoporphyrin IX.

The latter assays indicate that the follow up of SQOOH forms is a precious
indicator of an oxidative stress driven by singlet oxygen and obviously paves the
road to in vitro testing of known or candidate molecular scavengers of this reactive
form of oxygen (see next paragraph).

2.3.5.1 Effect of Some Anti-oxidants

With regard to the high sensitivity of the analytical technique, the in vitro tests
exposed above can be applied for determine the amount of the decreased SQOOH
forms induced by five common anti-oxidant molecules. Figure 2.6a, b illustrate the
various amplitudes of their effects, outlining (and confirming) the very high potency

Fig. 2.4 a Examples of experimental protocols using either pure squalene and Protoporphyrin IX
or squalene from sebum without addition of Protoporphyrin IX. All samples were exposed to
15 J/cm2 UVA. b Ratios of SQOOH/SQ obtained under the two protocols exposed in (a)
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of β Carotene to inhibit the peroxidization of squalene, as a potent scavenger of
singlet oxygen, a property shared by most Carotenoids (Hosaka et al. 2005).

2.3.5.2 SQOOH Properties

The easiness in preparing, in vitro, oxidized forms of squalene, under the above
methodologies given as examples, allows their major characteristics to be precised.
It has to be kept in mind that other oxidizing methods can be used, such as exposing

Fig. 2.5 a Global protocols used to precise the dose dependence of SQOOH forms with squalene
and Protoporphyrin IX. b Dose responses of generated SQOOH forms with different amount of
squalene and/or Protoporphyrin IX

38 B. Boussouira and D.M. Pham



squalene to Ozone (O3), a marker of aerial pollution, according to a previously
quoted work (Petrick and Dubowski 2009). Little is known, however, whether such
a procedure leads to a similar chemical family of SQOOH forms.

Fig. 2.6 a General protocol used for determining the efficacy of some common anti-oxidant
molecules. b Effects of some anti-oxidant molecules upon the genesis of SQOOH from squalene in
the presence of porphyrin and exposure to UVA. β-Carotene shows a high anti-oxidant activity
whereas the acetate form of vitamin E brings the lower activity
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– In our experimental conditions, the production of SQOOH’s is UVA
dose-dependent.

– The minimum UVA dose at which such SQOOH production starts being
detected corresponds to a reasonable (not extreme) sun exposure of the skin at
zenith time during a European summer climatic condition.

– Chemical instability is the hallmark of most peroxides. Despite, SQOOH forms
appear relatively stable under the experimental conditions exposed above and
can be kept at −20 °C under Nitrogen without significant losses. However, high
UVA doses lead to their transformation/disappearance.

– Oxidizing different amounts of squalene by a same dose of UVA leads to similar
SQOOH/SQ ratios.

These reasons are then crucial in the establishment of in vitro testing, in the need
of adopting adequate and realistic conditions such as UV doses, initial SQ amount,
respective ratio with a photocatalytic agent etc.

2.4 Squalene as a Reliable Bio-marker of an Oxidative
Environment

Squalene then appears as a privileged molecule in studies dealing with
oxidization-related processes for the following reasons:

– Easily oxidizable under mild conditions.
– Its oxidized by-products (SQOOH, SQOH) can be detected at very low amount.
– Apart from using pure squalene, human sebum as a source of squalene is an easy

alternative model that better integrates or mimics the actual in vivo situation.

Indeed (i) it is of an easy collection (forehead), (ii) it is constantly renewed by
the skin, and (iii) it comprises physiological components (porphyrins, unsaturated
fatty acids).

A recent paper from our group (Pham et al. 2015) explored and illustrated some
possible technical approaches for assessing the rate, amplitude and specificity of
some factors (UVA, aerial pollutants) at enhancing the (per)oxidization of squalene,
either in a pure form or present within human sebum. Their results, summarized
below, suggest that the latter could be a reliable bio-marker of the impacts of aerial
pollution upon human skin, of an easy collection, i.e. adapted to various protocols
of in vivo studies.

2.4.1 In Real Life (In Vivo) Conditions

Two comparable in vivo studies were carried out by our group of research in 2000
and 2008 in Mexico city/Mexico and Shanghai/P.R. China regions, respectively
(Nguyen et al. 2015a, b). In both cases, half of subjects under study (a total of 348
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women and men of comparable ages) were recruited as residing in city center
whereas the other half were living in a close surrounding (<100 km, Cuernavaca in
Mexico, Chongming in China) that is much less daily exposed to aerial pollution.
The records of Air Pollution Indexes issued by local official bureaus confirm higher
contents of pollution markers (NO, NOx, SO2, PM, O3) in the atmosphere of both
city centers (Table 2.2).

Table 2.3 summarizes the composition of the four cohorts of studied subjects.
Non-invasive samplings, using cotton pads imbibed with an ethanol water

solution 70/30 v/v solution or adhesive D’Squame® stripping were performed on
various sites of the faces of all subjects. Prior to samplings, some instrumental
measurements were performed on the same facial locations (skin pH, Sebum
Excretion Rate, Skin colour, Skin hydration) using standardized techniques. From
cotton pads, following extraction by methanol, analytical assays of total lipids,
squalene, Vitamin E, Cholesterol, lactic acid were carried out whereas the adhesive
D’Squame® disks allowed collected proteins, ATP and interleukin (IL1α) residual
content to be analyzed. All technical details can be found in the two previously
quoted publications from Nguyen et al. For practical reasons (un-availability of
equipment, methods still in development at these periods), the SQOOH forms could
not unfortunately be analyzed.

Overall, most results of these two studies converge and showed significant
differences in many parameters between a polluted environment and a less polluted
one, in both countries and independent of gender. With regard to squalene and
lipids, two major and significant (p < 0.01) findings were as follows:

– Squalene content (versus total lipids) much decreased (by approximately 50 %)
in a polluted environment, suggesting that its (per)oxidized forms increased by a
comparable extent.

Table 2.2 Record of some pollution markers

Average of 8 h O3

(µg m−3 h−1)
NOx
(µg m−3 h−1)

SO2

(µg m−3 h−1)
PM10

(µg m−3)

Mexico city (2000) 170 ± 46 109 ± 26 N.A N.A

Shanghai center
(2007)

N.A 75 ± 25 100 ± 35 86 ± 30

N.A Not addressed

Table 2.3 Distribution of subjects under study in the 4 different Mexican and Chinese locations

Regions Number of subjects Women (average age) Men (average age)

Mexico city 96 56 (32y ± 15) 40 (30y ± 12)

Cuernavaca 93 57 (34y ± 13) 36 (31y ± 15)

Shanghai/center 79 40 (33y ± 12) 39 (36y ± 10)

Chongming 80 40 (35y ± 10) 40 (35y ± 10)
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– The ratio Vitamin E/Squalene strongly decreased in a polluted environment (by
almost 90 %). In other words, a possible protective action towards (per)oxi-
dization of squalene becomes abolished by an environmental pollution. Such
decrease in Vitamin E (likely unrelated to differences in Vitamin E intakes by
such close subjects) is in agreement with a previous work (Thiele et al. 1997)
showing how ozone may deplete Vitamin E.

These results confirm an oxidative boosting impact of polluted environments.

2.4.2 Possible Influences of Other Factors from a Polluted
Aerial Environment

On a practical basis, sampling skin surface lipids on the face is easily performed
non-invasively and the regular sebum excretion affords a constant supply of a
“fresh” sebum/squalene, as control of ulterior oxidative events. The latter may be
driven by various factors present in an aerial polluted environment, susceptible (or
not) to generate singlet oxygen from O2 through UV irradiance. Some of these are
listed in Table 2.4, showing that their implication of some airborne pollutants in the
Squalene oxidization process largely remains to being explored.

In real life conditions, assessing the actual impact(s) of UVA and Visible rays,
shown as important (direct or indirect via Porphyrins) inducers of oxidizing agents,
is a rather difficult task since airborne particles, fumes of all kinds in a heavily
polluted environment, shield (filter out) almost all sun rays. This paradoxical sit-
uation creates ambiguities when aiming at evaluating the relative contributions of
solar rays and airborne pollutants in the oxidization processes of squalene.
Whatsoever, from a protective aspect, applications of UVB-UVA sunscreens,
intakes of natural anti-oxidants (Vitamin E in vegetable oils, Vitamin C in fruits)
seem being logical measures. With regard to environment, it has to be kept in mind
that indoor conditions more concentrate some volatile oxidizing compounds than an
outdoor environment. This is particularly relevant to PAHs that are generated by
cigarette smoke as previously mentioned, confirmed by our in vitro approach

Table 2.4 Summary of some major factors susceptible to enhance the (per)oxidization of
squalene

Airborne compounds/aerial pollution Pro-oxidant action/SQ

Ozone (O3) Yes. Depletes vitamin E and reacts with
vitamin C to generate singlet oxygen

Particulate matters (PM) Probable but still unexplored
Influence of size and content (heavy
metals)?

Volatile organic and non organic compounds
(NO, SO2, NO2, CO, PAH’s, aldehydes)

Probable but still unexplored, PAH’s
excepted

Metallic atoms (Ni, Cd, Pb, Fe) Probable but still unexplored
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exposed above. Apart from volatile elements, the biological consequences of
possible contacts between skin and particulate matters still remain largely unknown.
A recent work (Tai Long 2015a, b), using pig skin in vivo, indicates that such
contacts induce changes in both structural elements and functions of the SC,
thereby modifying the skin absorption of drugs.

2.4.3 Mimicking, In Vitro and/or Ex Vivo, the Impact
of Some Environmental Factors upon Squalene
Oxidization

There are many variants and applied purposes (effect of anti-oxidants) that appear
versatile and sensitive enough for assessing the impact of UV exposure, aerial or
solid compounds upon the oxidization of the oxygen-sensitive (and naturally pre-
sent) squalene molecule.

Squalene samples:

Two complementary approaches can be used, as previously described (Pham
et al. 2015).

(a) Using a squalene standard solution as a model for studying the effect of
oxidative processes. This option obviously allows a full control of various
in vitro testing, by adding possible effector molecules of a known structure.

(b) Sebum could be collected from skin (face or forehead are the most easily
accessible skin sites) using non-invasive procedures (contacts of the skin sur-
face with polytetrafluoroethylene (PTFE) disks or cotton pad wipes, for
instance). Sebum collected could be used directly as a thin film (adsorbed in the
PTFE disks) or as solution extracted from cotton pad. In this case, squalene is
surrounded with other compounds present in sebum (unsaturated fatty acids,
porphyrins). In all cases, the determination of basal SQOOH within the col-
lected sebum is paramount since, as mentioned above, excreted sebum is
already partially and weakly (per)oxidized. This point is fundamental when
collecting, in vivo, a sebum that has been exposed to various conditions (UV,
Pollutants).

Stress exposures and further analysis:

In a thin support like PTFE disks, samples of collected human sebum were
placed into chamber with a quartz window to allow UVA exposures. To simulate
different forms of aerial stress, cigarette smoke (2 puffs as example) or an aerosol
mixture (gases or PM) can fill the volume of the quartz chambers.

Solvent extraction of sebum or pure squalene from the Teflon Disks is further
carried out, using methanol as solvent. Following filtration, the extract is analyzed
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through the method exposed earlier. In brief, these technical approaches can offer
in vitro, or ex vivo methods to evaluate oxidative effects upon skin lipids from
various aerial environments.

2.5 Biological Consequences of Squalene (Per)oxides
on the Skin

Many findings from previous works converge. As previously mentioned, the link
between Sun exposure and comedogenesis (onset of acneic lesions) was early
suggested and the pivotal role of squalene in such a process was further specified
(Chiba et al. 2000; Ottaviani et al. 2006). Squalene (per)oxides were shown active
mediators in the development of inflammatory acne (Picardo et al. 1991; Ottaviani
et al. 2010). At the cellular level, squalene monohydroperoxide was shown depleting
glutathione, an important compound within the natural anti-oxidant cellular system
(Chiba et al. 2001). Topical applications of squalene monohydroperoxide onto the
skin of hairless mice enhanced the skin roughness and induced a wrinkling process
(Chiba et al. 1999, 2003). Little is known, however, whether same effects can occur
on the human skin as a response. When applied onto the skin of guinea pigs,
squalene peroxides led to a hyperpigmentation via the release of prostaglandin E2 by
keratinocytes (Ryu et al. 2009). In humans, oxidized surface lipids are viewed as
potent inflammatory mediators in many skin afflictions such as pityriasis versicolor
or seborrheic dermatitis (De Luca and Valacchi 2010). A very recent paper
(Oyewole and Birch-Machin 2015) examines the mediating role of UVR-oxidized
lipids as activators of NALP3 inflammasome (Nod Like Receptor Proteins).

2.6 Perspectives/Conclusion

The in vitro and in vivo data presented here indicate that squalene may be con-
sidered as a reliable biomarker of the impact of some pollution-related oxidative
processes upon the human skin. Although other skin lipids (unsaturated fatty acids,
cholesterol) might be used as markers of oxidative events, their oxidized forms may
pose technical limits in detection, stability or specificity. The analytical determi-
nation of oxidized forms of squalene affords a reliable detection of very low signals
of an oxidative environment, i.e. prone to record subtle impacts of oxygen-driven
assaults upon the skin.

An external environment implies the combination of many different elements,
gaseous and/or solid, at variable concentrations according to external, changing and
often uncontrollable conditions (weather, air-ventilation, time of the day, geo-
graphical location). This aspect makes it hardly possible, in real life condition, to
assess the precise contribution of each given element in the formation of (per)
oxidized forms of squalene.
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However, although squalene is particularly sensitive to singlet oxygen, it appears
clear that the SQOOH/SQ index shall be viewed as a global signal since induced by
various oxidative mechanisms (and agents).

On the one hand, as sebum is constantly renewed by the skin and easily collected
from the skin surface, squalene and its oxidized forms could be used to record a
short term and low external oxidative stress such as the one induced by low doses of
UVA (2.5 J/cm2). On the other hand, with regard to peroxides instability, our own
experience on repeated exposures to oxidative environment, such as UV, has
revealed that these do not lead to a progressive accumulation of SQOOH forms onto
the skin surface. Longer exposures probably need to record other—and possibly
secondary—oxidative radical side events (induced or not by SQOOH) such as
carbonyl adducts on SC proteins, as example.

Such considerations call for the complementary and practical in routine uses of
in vitro models where an aerial environment can be more easily controlled, by
introducing a given gaseous element (Ozone, NO, SO2) at realistic dosages. To
such perspective, the use of reconstructed skin techniques (Marionnet et al. 2010,
2014; Duval et al. 2012) is possibly a valuable approach since also allowing
contacts with PM or lipids, squalene included. These reconstructed tissues, that can
be used for safety or efficacy purposes, offer structures and functions of much
similarities with those of real skin, even allowing genes activated or shut-down by a
given compound or electro-magnetic waves to being detected (Marionnet et al.
2012; Cottrez et al. 2015). These precious investigative tools have been proven
reproducible and some are now introduced within the legal frame of U.E., as
alternative testing methods to animals. In addition, they offer a wide pattern of
applications since possibly composed by different cell types, i.e. extended to other
tissues than skin alone. For instance, the impact of a given pollutant upon a
reconstructed cornea (Skinethic, France) may help to decipher the mechanisms
involved in ocular irritation, a frequent symptom that occurs during a period of
heavy aerial pollution (Wieslander and Norbäck 2010; Novaes et al. 2010). The
availability of in vitro techniques of hair growth (Thibaut et al. 2003; Collin et al.
2006) may well contribute to explore the possible and specific impacts of some
pollutants upon the hair follicle physiology.

These available in vitro models seem much complementary to in vivo experi-
ments such as those exposed above, by describing skin parameters that specifically
reflect the impact of a given air pollutant. In addition, future in vivo experimental
protocols should include, in the next future, non-invasive measurements offered by
(bio)physical technics. Their possible contributions (e.g. Skin Imaging under UVA
or IR rays, Photo-acoustics, Skin Fluorescence recorded by using Confocal laser
Microscopy or Multi-photon microscopy etc.) should obviously be initially
explored on the skin of subjects who are daily exposed to differently polluted
indoor or outdoor environments. The combination of all possible non-invasive
techniques is likely a pre-requisite for better evaluating the actual cumulative
impacts of this complex aerosol upon the human skin and their related possible side
effects. Meanwhile, from a skincare viewpoint, the use of UVB-UVA sunscreens,
anti-oxidant enriched formulations, together with efficient and well-tolerated
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cleansing products offer practical preventive and corrective actions against unde-
sired—and possibly deleterious—oxidative events that daily assault and challenge
the cutaneous tissue.
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Chapter 3
Sunlight-Induced DNA Damage:
Molecular Mechanisms
and Photoprotection Strategies

Thierry Douki

Abstract Epidemiological and biological studies point DNA damage as a major
event in the induction of skin cancers. It is thus important to determine the nature of
these DNA lesions and their main biological features like repair and mutagenicity.
Available data allowed to identify pyrimidine dimers as the main carcinogenic class
of DNA damage, with oxidative stress also playing a role to a lesser extent. Such
information is important in order to design and evaluate appropriate photoprotective
strategies. The present chapter summarizes the main data available on the formation
of DNA damage caused by solar UV radiation. The repair and mutagenic properties
of the different lesions are then compared in order to determine the most carcino-
genic photo-induced mechanisms. Based on these data, a critical review of the main
photoprotection approaches is proposed.

Keywords Skin cancer � DNA damage � DNA repair � Mutations � Pyrimidine
dimers � Oxidative stress � Photoprotection � Sunscreen � Antioxidants

3.1 Introduction

Skin cancer is one of the most deleterious effects of overexposure to solar UV
radiation (Melnikova and Ananthaswamy 2005). Evidence is growing that artificial
UV sources such as tanning equipment constitute another risk factor for skin cancer
(El Ghissassi et al. 2009). Depending on the age and the pattern of exposure, three
main types of skin cancers can be induced in photo-exposed sites of the body. The
two most frequent types of skin tumors arise from epidermal keratinocytes and
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include basal cell (BCCs) and squamous cell carcinomas (SCCs). Melanocytes give
rise to the less frequent but more severe melanomas. The carcinogenic potency of
UV radiation is mainly explained by its ability to cause DNA damage. However,
UV is considered as a complete carcinogen since it also triggers promotion and
progression in tumorogenesis. Identifying the different DNA photoproducts and
determining their specific contribution to mutagenesis is thus important in order to
understand the initiation step of skin cancer and to find relevant prevention
strategies. In this context, an important issue is the respective contribution of the
different ranges of radiation, namely UVB (280–320 nm), UVA (320–400 nm) and
visible (400–700 nm). In addition to the photochemical events leading to DNA
damage and their consequences in terms of mutations, solar radiation induces
numerous other cellular responses also associated with the tumorigenesis process in
skin. Apoptosis is one of these important protective pathways since it prevents cells
with heavily damaged DNA from undergoing replication. The immune response
against skin tumors is another important protection against carcinogenesis and the
immunosuppressive effect of sunlight is therefore a major issue to be considered.
Large amounts of information on these aspects have been gathered in the recent
years but they will not be discussed in the present chapter. This review will rather
provide a survey of the main steps leading from DNA damage to mutations and to
discuss possible strategies aimed at limiting the genotoxic impact of exposure to
sunlight.

3.2 DNA Damage Formation

The DNA damaging portion of the solar spectrum reaching Earth includes UVB,
UVA and visible radiations. The photochemical reactions leading to DNA damage
in cells differ from one wavelengths range to the other, although the final photo-
products may, to some extent, be the same. In addition, it is becoming clearer that
combinations of wavelengths must be considered in order to explain the distribution
of DNA damage observed in sun-exposed cells and skin. Photochemical processes
leading to DNA damage can be rationalized into two series of pathways: those
involving direct absorption of the incident photons by DNA and those involving
photosensitizers. These photoreactions lead to the formation of dimeric pyrimidine
photoproducts and oxidative lesions. The chemical structures of the final photo-
products are now well established and most of the present research on DNA
photochemistry deals with the identification of the reaction pathways and the nature
of the short-lived intermediates produced immediately after interaction of DNA
with incident photons.
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3.2.1 Cyclobutane Pyrimidine Dimers

Cyclobutane pyrimidine dimers (CPDs) represent the prototype of UV-induced
DNA damage (Fig. 3.1). Since their first isolation and characterization at the end of
the 1950s, numerous photochemical works and cellular studies have been devoted
to the understanding of the parameters governing their formation. CPDs were
actually found to be produced by several different photochemical processes as
described below.

3.2.1.1 UVB Absorption

The maximal UV absorption of DNA occurs at around 260 nm, in the UVC range.
However, DNA still efficiently absorbs UVB photons; the actual absorption at 280,
290 and 300 nm roughly represents 50, 20 and 4 % of that measured at 260 nm.
The proportion of UVB in solar UV radiation is below 5 % but the corresponding
photons are readily absorbed by DNA bases. In the recent years, numerous
time-resolved studies have been carried out to understand the fate of the resulting
excited states. In monomeric bases, the relaxation of the 1ππ∗ excited states is very
fast, on the picosecond time-scale (Middleton et al. 2009). The picture becomes
much more complex in DNA. First, Frank-Codon excited states are partly delo-
calized over several bases (Emanuele et al. 2005). The absorbed energy may also
transfer along stacked bases (Vaya et al. 2012). In addition, several types of excited
states have been proposed, including 1ππ∗, 1nπ∗ and charge transfer states (Lange
and Herbert 2009; Vaya et al. 2012). Formation of photoproducts is one pathway
leading to the loss of the excess energy gathered by DNA. In particular, 1ππ∗

5’-OH end

3’-OH end

Thymine TT CPD

Fig. 3.1 Formation of CPD in a dinucleotide bearing two adjacent thymine bases. Several
diastereoisomers can be produced but the CPDs found in double-stranded DNA all exhibit the
illustrated cis, syn configuration
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excited states have been proposed by recent theoretical and spectroscopic studies to
be at the origin of CPDs (Blancafort and Migani 2007; Schreier et al. 2009;
McCullagh et al. 2010; Banyasz et al. 2012). The formation of this class of pho-
toproducts involves a [2+2] cycloaddition between the C5–C6 double bonds of
adjacent pyrimidine bases. The rate of reaction was found to be very high, in the ps
time scale (Schreier et al. 2007). This observation strongly supports that singlet
excited states are involved and that only adjacent bases in a proper orientation react
with one another. The efficiency is yet limited, with a quantum yield of approxi-
mately 2 % (Garcès and Davila 1982). CPDs are formed at TT, TC, CT and CC
sequences. However, the efficiency of the reaction is not the same for all these
photoproducts. The ratio between the yields of the TT, TC, CT and CC CPDs were
found to be 10/5/2/1 based on HPLC-mass spectrometry measurements (Douki and
Cadet 2001). A larger contribution of CC CPD was recently determined by
ligation-mediated PCR in several genes of UVC-irradiated fibroblasts (Bastien et al.
2013). Another important parameter is the presence in DNA of 5-methylcytosine,
an epigenetic factor present mostly in CpG islands. Evidence has been provided that
C5-methylation leads to a strong increase in the formation of CPDs upon exposure
to UV radiation (Tommasi et al. 1997; You and Pfeifer 1999).

3.2.1.2 UVA-Induced CPDs

UVB is always mentioned as the source of CPDs in solar light. However, evidence
has accumulated in the literature for the induction of CPDs also in cells exposed to
UVA. A first report was made in 1973 in bacteria (Tyrrell 1973) and subsequently
in cultured mammalian cells (Freeman and Ryan 1990; Kielbassa et al. 1997; Perdiz
et al. 2000; Rochette et al. 2003; Besaratinia et al. 2005) and skin (Freeman et al.
1989; Young et al. 1998). These results have long been disregarded first because
contamination of UVA sources by UVB was suspected and second because UVA
was believed to mainly induce oxidative lesions. In addition, the yield of CPDs
induced by UVA is two to three orders of magnitude lower than by UVB. The
biological relevance of CPDs to UVA genotoxicity was first established by the fact
that these photoproducts were produced in larger amounts than
8-oxo-7,8-dihydroguanine (8-oxoGua), the most frequent oxidative lesion (Douki
et al. 2003; Courdavault et al. 2004; Mouret et al. 2006) and thus CPDs represent, at
least quantitatively, the major photoproducts. In addition, precise determination of
the distribution of UVA-induced photoproducts showed that the underlying pho-
tochemical processes were different from those involved with UVB. Indeed, no
pyrimidine (6-4) pyrimidone photoproduct (64PP), the other main class of pyrim-
idine dimers, was produced. TT CPD was found to represent approximately 90 %
of the CPDs in UVA-exposed cells while it is only 50 % with UVB. The presence
of UVB radiation in the light sources could thus be ruled out. A possible expla-
nation to the UVA-induction of CPDs could be the existence of a photosensitized
mechanism involving endogenous cellular sensitizers. However, the observation
that CPDs are also produced upon UVA irradiation of isolated DNA in yields
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similar to those observed in cells seems to rule out this pathway (Kuluncsics et al.
1999; Jiang et al. 2009). A direct photochemical process, resulting from the low but
significant absorption of UVA photons by DNA seems involved (Mouret et al.
2010). Actually, spectroscopic studies on a model duplex oligonucleotide have
shown that the proportion of excited states exhibiting a charge transfer character
increases with increasing wavelength (Banyasz et al. 2011). This trend could
explain why UVA and UVB, dominated by 1ππ∗excited states, do not lead to the
same distribution of dimeric photoproducts.

3.2.1.3 Triplet-Triplet Energy Transfer

In addition to the direct mechanisms involved with UVB and UVA, CPDs can be
produced through a photosensitized pathway known as triplet-triplet energy transfer
(TTET) (Cuquerella et al. 2011). This photoreaction may have an important impact
in human health since several drugs such as anti-inflammatory compounds
exhibiting an aromatic ketone motive (Cuquerella et al. 2012) or antibacterial
agents of the fluoroquinolone family (Lhiaubet-Vallet et al. 2007) are potent TTET
photosensitizers. TTET requires a chromophore that efficiently absorbs UVA and
exhibits a large yield of intersystem crossing, a process converting singlet into
triplet excited states. In addition, a high energy level of the triplet excited state of
the sensitizer is necessary. Under these conditions, a triplet-triplet energy transfer
process can take place between the excited sensitizer and nearby DNA bases. The
excited triplet state of DNA is directly populated and gives specifically rise to
CPDs. Thymine is the base exhibiting the lowest energy for its triplet excited state,
slightly below 270 kJ/mol in double-stranded DNA (Bosca et al. 2006), and is thus
expected to be the major target for TTET. Recent quantification of CPDs in DNA
damaged by TTET suggests that a scheme where an isolated thymine base receives
the whole triplet energy from the excited sensitizer may be too simplistic. Indeed,
TT CPD represents 90 % or more of the CPDs depending on the sensitizer, while
TC and CT CPDs account for less than 10 % (Douki et al. 2014). These proportions
are far from those expected by a simple statistic distribution and strongly suggest
that the nature of the base adjacent to the thymine strongly impacts the formation of
CPDs. It may thus be proposed that the target for TTET spreads over two
nucleotides. If a Dexter mechanism takes place, this could be a way to charge
transfer excited states and could thus explain the similarity in photoproduct dis-
tribution upon pure UVA irradiation and TTET.

3.2.1.4 CPDS in the Dark in UVA-Irradiated Melanocytes

The formation of CPDs in cellular DNA in the absence of irradiation was recently
reported (Premi et al. 2016). More precisely, CPDs were produced in
UVA-irradiated human melanocytes in the minutes and hours following the end of
the irradiation. This phenomenon was not observed in keratinocytes and in
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melanocytes from albino mice. These observations pointed to a role of melanin. It
was actually shown in vitro that some monomeric precursors of melanin could be
oxidized and CPDs were formed in DNA that was subsequently added. A likely
explanation of this dark formation of CPDs could thus be the production of
dioxetanes which are oxidation products undergoing decomposition into excited
states and possibly leading to the formation of CPDs by energy transfer. It is worth
mentioning that not only TT CPD but also the mutagenic TC CPD is produced by
this pathway. These observations do not mean that melanin is not an efficient
protective pigment in skin but point out the complexity of the interaction between
UV and melanocytes. These results may provide an interesting insight into the
molecular mechanisms leading to melanoma.

3.2.2 Pyrimidine (6-4) Photoproducts and Their Dewar
Valence Isomers

Although TT CPD (often referred to as “thymine dimer”) is the gold standard of
UV-induced DNA damage, other photoproducts are induced upon UV irradiation.
The second most frequent type of pyrimidine dimers are the pyrimidine (6-4)
pyrimidine photoproducts (64PPs) which are also found in DNA in the form of their
Dewar valence isomers (DEWs) (Fig. 3.2).

3.2.2.1 Formation of Pyrimidine (6-4) Pyrimidone Photoproducts

Formation of 64PPs is often explained in terms of a [2+2] Paterno-Büchi
cycloaddition. This photoreaction involves the C5–C6 double bond of the 5′-end
pyrimidine and either the C4 keto group of a 3′-end thymine or the C4 imino group
of a 3′-end cytosine in a tautomeric form. An intermediate exhibiting an oxetane or
an azetidine structure depending on whether the 3′-end base is T or C is produced.
More recently, the same intermediates were proposed to arise from charge transfer
excited state either through the triplet (Giussani et al. 2013) or more likely the

Fig. 3.2 Formation and structure of the TC 64PP and DEW (dR deoxyribose moieties in DNA)
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singlet channel (Banyasz et al. 2012). In the latter case a large activation energy was
calculated which could explain why 64PPs are produced by energetic UVB photons
but not by UVA.

64PPs are produced in lower yields than CPDs in a ratio ranging between 1/2
and 1/8 depending on the detection methods (Mitchell et al. 1990; Perdiz et al.
2000; Douki and Cadet 2001). This proportion is yet very different from one
bipyrimidine sequence to the other as shown by chromatographic assay (Douki and
Cadet 2001). At TT sites, the ratio between CPDs and 64PPs is 10/1 while it is 5/4
at TC sites. CT 64PPs is hardly detected even in UVC irradiated isolated DNA
while CC 64PP is produced in a 3-times lower yield than the corresponding CPD.
Altogether, TC 64PP is the most frequent 64PP.

3.2.2.2 Photoisomerization into Dewar Valence Isomers

The pyrimidone ring exhibits absorption at 325 nm in TT and CT 64PPs, and at
315 nm in TC and CC 64PPs. The presence of this heterocyclic structure also
provides fluorescence properties to 64PPs. In addition, a specific property of the
pyrimidone rings is their ability to undergo 4π electrocyclization into their Dewar
valence isomers (Taylor and Cohrs 1987; Haiser et al. 2012). Singlet excited states
are the most likely intermediates in the photoreaction (Fingerhut et al. 2012).
Time-resolved spectroscopic studies have shown that the reaction is quite slow, in
the nanosecond time scale (Haiser et al. 2012). Photoisomerization of 64PPs
exhibits a quantum yield of a few percent (Lemaire and Ruzsicska 1993; Haiser
et al. 2012) and thus significantly contributes to UV-induced DNA damage. It
should yet be emphasized that two photons are needed to produce a DEW, one to
generate the initial 64PP and a second one to induce its photoisomerization.

Available data show that irradiation with a combination of UVB and UVA such
as simulated solar radiation or sequential exposure to UVB and then to UVA is
much more efficient at inducing DEWs in cells than pure UVB (Perdiz et al. 2000;
Douki et al. 2003; Courdavault et al. 2005). This can be explained by the fact that
UVB photons are absorbed by the normal bases present in large excess while UVA
more efficiently reaches 64PPs. Because of the non-linear nature of the formation of
DEWs, it is difficult to precisely determine their contribution to UV-induced DNA
damage. The published data on the ratio between 64PPs and DEWs range from 10:1
to 1:4. This large variability reflects the overall UV dose and the emission spectra of
the sources used in the different studies.

3.2.3 Oxidative Damage

Pyrimidine dimers are not the only DNA damage induced upon exposure to solar
radiation. Other lesions arising from oxidation reactions are also produced. The
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underlying chemistry is quite complex since several pathways and different origins
of reactive oxygen species (ROS) are involved (Fig. 3.3).

3.2.3.1 Photosensitized Formation

DNA is the main UVB chromophore in cells. In contrast, many other cellular
components more efficiently absorb UVA and visible photons (Wondrak et al.
2006). Upon excitation, some of these endogenous chromophores may trigger
photochemical processes leading to degradation of biomolecules including lipids,
proteins and DNA. These photosensitization reactions mostly consist in oxidative
pathways of various nature (Cadet et al. 2012). Because photosensitization requires
biomolecular interactions, the reactive state of the photosensitizer is the long-lived
triplet excited state rather than the singlet one. It should be stressed that exogenous
compounds may also exhibit photosensitizing properties and enhance the
photo-oxidative effect of solar radiation. Such properties are often associated with
phototoxicity.

A first pathway involves transfer of the energy of the excited sensitizer to
molecular oxygen. The latter is thus converted into its reactive singlet form (1O2).
In DNA, 1O2 specifically reacts with guanine bases and leads almost exclusively to
the formation of 8-oxoGua (Ravanat et al. 2001). Another photosensitization
pathway involves electron abstraction from the substrate by the excited sensitizer.
This reaction leads to the formation of a radical cation of the substrate and a radical
anion of the sensitizer. In DNA, guanine is the main target because it exhibits the
lowest oxidation potential among the DNA components. The guanine radical cation
evolves into several final products. The major pathway is hydration into the

Fig. 3.3 The three oxidation pathways associated with exposure to UVA, (1) singlet oxygen
production (2) electron abstraction and (3) production of hydroxyl radicals
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8-hydroxy-7,8-dihydroguanyl radical which may be either oxidized into 8-oxoGua
or reduced into the ring opened 2,6-diamino-4-hydroxy-5-formamidopyrimidine
(FapyGua) (Cadet et al. 2009). Addition of nucleophilic amino acid to the guanine
radical cation is also an efficient reaction that may be one of the pathways leading to
the formation of DNA-protein crosslinks observed in UVA-irradiated cells (Perrier
et al. 2006).

A third oxidative pathway involves the highly reactive hydroxyl radical (⋅OH)
(Cadet et al. 2012). The formation of ⋅OH involves the initial release of superoxide
anion (O2°

−) either by reaction of the photosensitizers’ radical anions with oxygen
or by release from mitochondria. O2°

− is poorly reactive with DNA. Yet it can
dismutate into hydrogen peroxide H2O2, for instance through the action of cellular
superoxide dismutase. The latter ROS is not reactive but is converted into ⋅OH by
reaction with redox metal ions such as copper or iron. The fact that UVA leads to
the release of iron from ferritin favors this deleterious pathway (Pourzand et al.
1999). In contrast to 1O2 and electron abstraction, ⋅OH reacts in DNA without
specificity. Not only guanine but all four bases are damaged into a wide variety of
oxidation products. ⋅OH also damages deoxyribose moieties and thus leads to the
induction of single strand breaks (SSBs). The formation of double strand breaks
(DSBs) as a result of the photo-oxidative stress induced by UVA has been ruled out
(Rizzo et al. 2010). This is expected since a DSB requires two simultaneous and
closely located oxidation reactions. This is possible for instance along the track of
ionizing radiations but is very unlikely to happen with UV radiation which spreads
homogeneously over the exposed area. This does not preclude the formation of
DSBs as a delayed response to UV exposure and especially by the collapse of
replication forks at the site of photoproducts. The latter process explains why
phosphorylation of the H2AX histone, a widely used marker of DSBs, is at its
maximum several hours after exposure to UVB. In contrast, γ-H2AX is detected
after a few minutes with ionizing radiations that cause DSB immediately after
irradiation.

3.2.3.2 Secondary Oxidative DNA Damage

Oxidizing species are not only produced during the exposure period. They can be
released in a subsequent phase as a response of skin cells to UV radiation. An
important source of ROS and reactive nitrogen species is inflammation (Bickers and
Athar 2006). This physiological mechanism, responsible among other of sunburns,
is associated with the production of a series of oxidizing species including O2°

−,
H2O2, peroxynitrite and hypochlorous acid. UVB is also known to produce oxi-
dizing species because of its interaction with several enzymes such as NADPH
oxidase or cyclooxygenase (Beak et al. 2004; Wang and Kochevar 2005). The bulk
of these processes lead to a delayed oxidative stress, well characterized in cultured
keratinocytes (Rezvani et al. 2006).

Another indirect cause of DNA damage related to oxidative stress is the reaction
of degradation products of other cellular components. It has been shown that the
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hydroperoxides present on oxidized proteins could generate oxidized bases in DNA
(Furukawa et al. 2005). Photodegradation products of proteins have also been
suggested to behave as secondary photosensitizers (Lamore et al. 2013). Another
indirect genotoxic consequence of photo-oxidative stress could be the reaction of
lipid peroxides breakdown products with DNA. UV radiation is indeed known to
induce lipid peroxidation leading to the formation of reactive aldehydes (Winczura
et al. 2012) such as malondialdehyde or 4-hydroxy-2,3-trans-nonenal. These
compounds react with DNA bases, and in particular the exocyclic functions of
adenine and guanine, to yield cyclic adducts. The formation of this class of DNA
lesions has been well documented for other oxidative stress situations but remains
poorly investigated in the case of UV exposure. Evidence that other biomolecules
such as proteins react with lipid peroxidation by-products upon UV exposure
(Larroque-Cardoso et al. 2015) strongly suggests that DNA could be another target.

3.2.3.3 Direct UV-Induced DNA Oxidation

Data are available that suggest the induction of oxidative lesions upon exposure of
pure isolated DNA to UV radiations. A first evidence was the induction of strand
breaks in the hyper sensitive plasmid relaxation assay by UVC, UVB and UVA
(Boullard and Giacomoni 1988). It should be stressed that these experiments are
difficult to perform because the DNA used must be free of any trace of contami-
nants which could behave as sensitizers. Yet, their results suggest that absorption of
UV photons by DNA, both in the UVA and UVB range may lead to oxidative
lesions. A first hypothesis based on the observation of the formation of 8-oxoGua
was the production of singlet oxygen (Bishop et al. 1994; Mohammad and
Morrison 1996). However, ionization cannot be ruled out (Marguet et al. 2006),
although the energy provided by a single UV photon is below the ionization
threshold of monomers. Further experiments are required to determine how the
complexity of the fate of excited states in double stranded DNA could explain this
result.

3.2.4 UV-Induced Photoproducts in Cells and Skin

Large amounts of information are available on the formation of DNA damage in
cells exposed to UV radiation. Although some of these studies are not quantitative
when non-calibrated immunoassays are used, other works made possible a com-
parison of the frequency of the different lesions following irradiation. Pure UVB
causes an overwhelming formation of CPDs in mammalian cells compared to
oxidized bases and strand breaks (Kielbassa et al. 1997; Douki et al. 2003),
showing that the cellular context has only a limited impact on the overall pho-
toreactivity of DNA. However, specificity in the formation of the pyrimidine dimers
can be observed within the genome. For instance, quantification of CPDs at the
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nucleotide level in specific genes showed that the sequence context could enhance
or inhibit the formation of photoproducts (Drouin and Therrien 1997; You et al.
2000). Data also show that the photoreactivity is modulated in telomeres (Rochette
and Brash 2010). Interestingly, in vitro results suggest that inter-strand CPDs could
be produced in quadruplex regions (Su et al. 2008). The yield of UVB-induced
pyrimidine dimers is roughly the same in all types of cultured cells. In contrast,
significant differences can be found between skins of different phototypes with less
CPDs in dark than in light skin (Tadokoro et al. 2003). The same trend is observed
for UVA-induced CPDs (Mouret et al. 2011b).

HPLC-mass spectrometry measurements allowed to compare the yield of for-
mation of 8-oxoGua and TT CPDs in a series of cell types and in skin exposed to
UVA. The ratio between the amounts of CPDs and 8-oxoGua is 9 (Mouret et al.
2006) in skin and approximately 6 in primary cultures of human keratinocytes and
fibroblasts (Courdavault et al. 2004). Similar ratios were obtained by using bio-
chemical assays in CHO cells (Kielbassa et al. 1997). CPDs are produced in a
roughly 3 orders of magnitude lower yield in the UVA than in the UVB range.
Interestingly, the ratio between the yields of CPDs and 8-oxoGua is only 1.4 in
primary cultures of human melanocytes (Mouret et al. 2012). These in vitro results
show that melanocytes are more sensitive to UVA-induced oxidative stress than
other cell types (Wang et al. 2010; Mouret et al. 2012). These observations are in
agreement with data obtained using either pigmented or albino mice and showing
that melanoma is partly induced in the UVA range by oxidative stress mediated by
melanin (Noonan et al. 2012). As far as the distribution of UVA-induced oxidative
lesions is concerned, a series of studies using different cell types and quantification
assays showed that oxidized purines (OxyPyr), and mostly 8-oxoGua, was the
major oxidative lesion (Kielbassa et al. 1997; Pouget et al. 2000). SSBs are pro-
duced in 3-times and oxidized pyrimidines in 4-times lower yields. The formation
of DNA-protein crosslinks (Peak and Peak 1991) represents roughly one tenth of
that of 8-oxoGua.

Most of these data were obtained using pure UVB or UVA radiation. Some
information is available on the distribution of pyrimidine dimers exposed to natural
or simulated sunlight (SSL). CPDs are the main photoproducts in both cultured
cells and skin. In addition, as expected from the experiments involving a combi-
nation of UVA and UVB, DEWs are produced in significant amounts at the expense
of 64PPs in both cells and skin exposed to SSL (Rosenstein and Mitchell 1991;
Clingen et al. 1995; Perdiz et al. 2000; Douki et al. 2003; Bacqueville et al. 2015)
and sunlight (Clingen et al. 1995; Qin et al. 1996). It should be stressed that the
proportion of DEWs was found to be dose dependent. In a recent study using
human skin explants, the yield of isomerization of 64PPs ranged from 17 to 36 %
between 1 and 3 minimal erythemal dose (Bacqueville et al. 2015). Using SSL, the
yield of formation of oxidized bases is much lower than that of pyrimidine dimers
(Douki et al. 2003). By combining all these pieces of information on the relative
yields of the different UV-induced lesions and considering that the proportion of
UVA in sunlight is higher than 95 %, it is possible to propose a semi-quantitative
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distribution of DNA damage in skin cells exposed to solar radiation (Fig. 3.4).
Pyrimidine dimers appear as the predominant lesions.

3.3 From Damage to Mutation

Determining the respective amounts of the different types of DNA damage is
important in order to quantify the genotoxic effect of UV radiation. However,
knowing the frequency of the different damage is not enough to predict the
induction of mutations. Indeed, the differential repair efficiency and mutagenicity of
the different DNA lesions must also be taken into account.

3.3.1 DNA Repair

DNA repair is a very complex machinery with several pathways handling the
different types of damage. These pathways involve numerous proteins which are
sometimes common to several mechanisms and are under the control of complex
signaling cascades. The purpose here is not to summarize the enormous amounts of
data gathered during the last years concerning the biochemical and cellular aspects
of DNA repair. The paragraph will mostly consider the repair through the differ-
ential efficacy for the different lesions induced by UV radiation.
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Fig. 3.4 Semi-quantitative distribution of the DNA damage induced by solar radiation. Results
are expressed in percentage. Note that the scale of the right panel is different from that on the left.
Calculation is based on a UVA to UVB ratio of 20. The yield of photoisomerization of 64PPs into
DEWs is that observed after exposure to 3 MED in skin explants
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3.3.1.1 Nucleotide Excision Repair

Nucleotide excision repair (NER) removes lesions that significantly modify the
tridimensional structure of DNA. Consequently, NER repairs all bulky lesions
including UV-induced pyrimidine dimers. NER actually includes two distinct
pathways depending on the DNA damage signaling step. The first one relies on
arrest of RNA polymerases at the damaged site (transcription-coupled NER, TCR)
(Fousteri and Mullenders 2008) with subsequent activation of CSB protein, while
the other involves sensing proteins such as XPC that bind to photoproducts in the
whole DNA (global genome NER, GGR) (Gillet and Scharer 2006). The last steps
of the repair process are the same in both TCR and GGR, with recruitments of DNA
unwinding proteins followed by cleavage of a short single-stranded portion of DNA
containing the photoproduct. The resulting gap is filled by DNA polymerases and
sealed by a DNA ligase. TCR is much faster than GGR and eliminates CPDs and
64PPs with a similar efficiency. TCR is yet limited to the lesions present in the
transcribed strand of active genes. In contrast GGR handles lesions in the whole
genome but with a lower efficiency. GGR removes 64PPs and DEWs faster than
CPDs (Mitchell et al. 1985; Young et al. 1996; Courdavault et al. 2005). In cultured
cells, 64PPs are typically removed within a few hours while CPDs can still be found
three days after exposure. The rate of repair is even slower in skin. Interestingly, the
four CPDs were found to be repaired at different rates. The half-life times were
found to be in the following order in primary cultures of human skin cells and in
skin explants: CT < CC < TC < TT (Mouret et al. 2008).

3.3.1.2 Base Excision Repair

Oxidative DNA lesions are handled by base excision repair (BER). This repair
system is in charge of small DNA modifications such as oxidized or methylated
bases. Key components of BER are DNA-N-glycosylases (Hegde et al. 2008;
Zharkov 2008). These enzymes are substrate-specific and each recognizes a limited
number of modified bases. For instance OGG1 is specific for 8-oxoGua while
Nth-like DNA glycosylase 1 (NTHL1) and Nei-like DNA glycosylase 1 (NEIL1)
removes oxidized pyrimidines. After binding to the modified bases, glycosylases
cleave the N-glycosidic bond, leaving an abasic site in DNA. This abasic site is then
cleaved by an endonuclease, in particular APE1, leaving a one-nucleotide gap with
a 3′-end OH and a 5′-end ribosyl-phosphate. Some glycosylases are bifunctional
and can cleave both the base-sugar bond and the abasic site. Depending on their
catalytic mechanism, either a 3′-end phosphate/5′-end phosphate (β,δ-elimination)
or a 3′-end sugar residue/5′-end phosphate (β-elimination) gap is obtained. APE-1
mediated nicks and 3′-end phospate/5′-end phosphate produced by β,δ-bifunctional
enzymes are then converted into a gap with a 3′-OH end and a 5′-phosphate by
action of polβ or PNK, respectively. A single nucleotide is incorporated using the
complementary strand and the intact strand is obtained by action of a ligase.
This BER pathway is known as short patch repair. In the case of the more complex
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products of β-bifunctional enzymes, polδ or ε synthesize a short piece of DNA by
strand displacement from the site of the gap. The resulting 5′-flap segment is
cleaved by FEN1 and the strand is sealed by a ligase. In BER, strand breaks are
produced as intermediates in the mechanism. Consequently, BER is also the repair
system handling SSBs from oxidative origin. BER is a rapid system compared to
NER. The half-life time of SSBs is less than one hour after exposure to UVA and
that of 8-oxoGua a few hours (Surjana et al. 2013). It may be added that repair of
the latter lesion is completed by hMYH which removes adenine opposite 8-oxoGua
and NUDT1 that cleaves 8-oxodGTP from the nucleotide pool in order to prevent
the incorporation of the oxidized base.

3.3.1.3 Impact of UVA-Induced Oxidative Stress on Repair

When cells and skin are exposed to doses of UVA or UVB leading to the same level
of CPDs in DNA, the rate of repair is slower with UVA than with UVB
(Courdavault et al. 2005; Mouret et al. 2006). This observation is rather unexpected
since the CPDs are the same whatever the mechanism they arise from. Furthermore,
UVB induces 64PPs in addition to CPDs. Therefore, the amount of DNA damage
which the cell has to deal with for a same level of CPDs is larger with UVB than
with UVA and repair could be thought to be less efficient. Another unexpected
result was that cells exposed to a low dose of UVA removed CPDs and 64PPs less
efficiently after UVB irradiation than cells that did not receive the preliminary UVA
treatment (Courdavault et al. 2005). This set of information strongly suggests that
UVA interferes with the repair of pyrimidine dimers. Evidence has been provided
that oxidation of repair proteins is at least one of the mechanisms involved. Indeed,
it was shown that PCNA underwent oligomerization as the result of photo-oxidation
in cells exposed to UVA both in the presence and the absence of photosensitizer
(Montaner et al. 2007). More recently, oxidative photodegradation of RPA was also
established (Guven et al. 2015). Decreased repair activity after exposure to UVA
may also result from other mechanisms including modulation of signal transduc-
tion, but this remains to be explored.

3.3.2 Mutagenic Properties of DNA Damage In Vitro

The yield of formation and the repair efficiency determine the frequency of a
specific lesion and its persistence within DNA. In order to assess its contribution to
the overall mutagenesis, the mutagenic properties of all individual lesion must be
taken into account. This kind of Information has been gathered in in vitro assays
using synthetic DNA probes bearing specific lesions.
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3.3.2.1 Pyrimidine Dimers

Numerous data on the mutagenic properties have been obtained using purified
polymerases or the shuttle vector approach in yeasts and SOS-induced bacteria
(Lawrence et al. 1993; Taylor 1994). TT CPD is a blocking lesion but when
bypassed it induces mutations in less than 5 % of the times (Taylor and O’Day
1990). For other CPDs, an important aspect to consider is a secondary reaction
involving cytosine moieties known as deamination. This spontaneous hydrolytic
process converts the cytosine moiety of CPDs into uracil within a few hours
(Frederico et al. 1990; Peng and Shaw 1996). The impact of deamination in
mutagenesis is explained by the fact that uracil like thymine codes for adenine
(Fig. 3.5). This is clearly illustrated by the observation that UU CPD, like TT CPD,
leads to the incorporation of two adenines in 95 % of the bypass events (Gibbs and
Lawrence 1993). Altogether, deamination is a key explanation to the induction of
C → T transitions by C-containing CPDs as confirmed in biological assays (Jiang
and Taylor 1993). The importance of deamination is also reinforced by the
demonstration that non deaminated TC CPD is not mutagenic (Horsfall et al. 1997).

64PPs also exhibit mutational properties mostly resulting from the modulation of
the hydrogen bonding capacities of the bases. Deamination is poorly involved
because it takes place at the 5′-end C in the very minor CT and CC 64PPs but not in
the abundant TC 64PP in which the exocyclic amino group of C is shifted to the C5

Fig. 3.5 Involvement of deamination in the mutagenesis of UV-induced photoproducts. The
figure illustrates the case of TC CPD (T=C). Replication of the strand bearing the CPD leads to the
respective incorporation of G and A opposite the cytosine and the uracil moieties depending
whether the CPD is deaminated or not. During a second replication, the newly synthesized DNA
strands lead to the formation of C:G and T:A base pairs, respectively
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position of T. TT 64PP is highly mutagenic with mostly T → C mutations at the 3′-
end (LeClerc et al. 1991). TT DEW is less mutagenic because the 3′-end ring is
mostly non-coding and leads to the incorporation of adenine (Smith et al. 1996).
The TC 64PP is poorly mutagenic but efficiently induces C → T transitions after
conversion into its DEW (Horsfall and Lawrence 1993). This is explained by the
fact that the 5′-end T codes for T in both 64PPs and DEWs while the 3′-end
pyrimidone leads mostly to the incorporation of G with 64PPs and A with DEWs.

In terms of mutagenesis, an important finding in the recent years is the role
played by a specific class of polymerases known as translesion synthesis
(TLS) polymerases (Makridakis and Reichardt 2012). These enzymes replicate
normal DNA with poor fidelity but process damaged sites with much more effi-
ciency than normal replicative polymerases. Implication of TLS-polymerases can
thus be considered as a tolerance mechanism. A drawback of such a pathway could
be an increased risk for mutagenesis. Fortunately, TLS-polymerases are error-free
for specific classes of DNA lesions. In response to UV radiation, polη plays a major
role since it was shown to replicate TT, TC and CC CPDs with high fidelity (Yu
et al. 2001; Yoon et al. 2009). Lack of polη like in XP-variant patients results in
increased mutagenesis because replication of CPDs is performed by other poly-
merases in an error-prone way. An interesting point regarding polη is whether
deaminated cytosine within CPDs code for A or G. Only the latter case would make
the polymerase fully error-free for CPDs. The fact that TT CPDs are replicated by
polη with high fidelity yet suggests that deamination may also lead to mutations due
the coding of A by U with TLS-polymerases (Choi and Pfeifer 2005).

3.3.2.2 8-oxoGua

8-oxoGua has been shown to cause the incorporation of adenine and thereby
inducing G → T transitions (Shibutani et al. 1991). This mutagenic action is
governed by two properties: the hydrogen bonding properties of the base and the
orientation of the N-glycosidic bond. When the purine ring of 8-oxoGua is in
opposite orientation with respect to the deoxyribose ring, as in unmodified guanine,
8-oxoGua pairs with cytosine and thus does not induce mutations. However, the C8
oxo group of 8-oxoGua induces steric hindrance in the nucleotide and leads to a
rotation along the N-glycosidic bond, placing the purine ring of 8-oxoGua above
the sugar (Kouchakdjian et al. 1991; McAuley-Hecht et al. 1994). In this orienta-
tion, 8-oxoGua causes the incorporation of adenine instead to cytosine, with sub-
sequent induction of G → T mutations. Like for CPDs, TLS-polymerases play an
important role in the mutagenicity of 8-oxoGua. It is replicated with fidelity by polη
but in an error-prone way by polι.

64 T. Douki



3.3.2.3 Other Oxidation Products

The mutagenicity of oxidized bases has also been investigated in vitro.
8-oxoadenine is an example of much less mutagenic lesions than 8-oxoGua (Tan
et al. 1999). Information was also obtained on the Fapy derivatives showing that
FapyGua induces G → T transversions while FapyAde is poorly mutagenic
(Kalam et al. 2006). Thymine glycols are strongly blocking lesions but are poorly
mutagenic. The latter property is also true for TLS-polymerases (Evans et al. 1993).
5-Formyluracil also leads to a low mutation frequency (Kamiya et al. 2002). In
contrast to these thymine lesions, cytosine oxidation products are mutagenic,
mostly under their deaminated form (Purmal et al. 1994; Kreutzer and Essigmann
1998).

3.3.3 Respective Contribution of the Photoproducts
to Mutagenesis In Vivo

Large amounts of information have been gathered on the different mutations
induced by UVB, mostly by sequencing UVB-irradiated plasmids replicated after
transfection in bacteria or by sequencing specific genes in UVB-irradiated cells
(Miller 1985; Romac et al. 1989). All these studies led to the same conclusion,
namely that the most frequent mutations are C → T transition at TC sites and
CC → TT tandem mutations. Interestingly, very few mutations occur at CT sites,
likely reflecting the high repair efficiency of CT CPD. Experiments using cells (You
et al. 2001) and mice (Jans et al. 2005) exhibiting increased repair of either 64PPs
or CPDs have shown that the latter photoproducts were responsible for the majority
of the mutations. This observation can be explained by the more efficient repair of
64PPs compared to CPDs. For the UVA range, early studies in rodent cells reported
A:T → C:G transversions (Sage et al. 1996) as the most frequent events while
more recent works, carried out in human cells, report mostly mutations at
bipyrimidine sites (Kappes et al. 2006; Ikehata et al. 2008). Interestingly, the sig-
nature of 8-oxoGua, G → T, is never a predominant mutation although 8-oxoGua
is the main oxidative lesion. This may again be explained by the very efficient
repair system for 8-oxoGua. All these results provide information on the DNA
damage leading to skin cancers. In tumors, the signature of CPDs is the predom-
inant mutational event with C → T transition at TC sites and tandem CC → TT
mutations accounting for more than 80 % of the mutations in targeted genes like
p53 (Brash et al. 1991; Ziegler et al. 1993). Recent work using modern next
generation sequencing showed that this UV mutation signature is found within the
whole genome of melanoma (Pleasance et al. 2010). The overwhelming presence of
mutations at bipyrimidine sites is obviously explained by the fact that pyrimidine
dimers are by far the most frequent DNA lesions caused by exposure to solar
radiation. Very few mutations corresponding to oxidative lesions like 8-oxoGua are
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detected except in tumors arising from the deepest layers of epidermis (Agar et al.
2004). The latter observation is in agreement with the idea that the ratio between
UVB and UVA decreases with the penetration in skin. Chromosomal aberrations
could be another minor type of mutational event caused by UV radiations. As
discussed above, DSB can be indirectly produced by pyrimidine dimers or SSBs.
This possible pathway remains though to be investigated.

3.4 Preventing UV-Induced DNA Damage

The data reported above unambiguously show that solar radiation is a very efficient
DNA damaging and mutagenic agent. Natural tanning by induction of melano-
genesis can be considered as a photoprotection but it requires significant exposure
to UV radiation and the unavoidable induction of DNA damage. In addition, the
protection afforded by tanning is limited (Sheehan et al. 1998). The most efficient
photoprotection strategy is thus to avoid excessive exposure to sunlight, by seeking
shade or using proper clothing, and to ban the use of artificial tanning equipments.
Regrettably, such behavior is commonly not followed, either for occupational
reasons or as the results of recreational habits. Alternative photoprotective
approaches should thus be applied.

3.4.1 Sunscreens

As described above, mutations leading to skin tumors are mostly due to pyrimidine
dimers. Because these lesions are produced by the direct absorption of UV by DNA
bases, their formation can be prevented only by limiting the amount of photons
reaching skin cells. Sunscreen is one of the best way to reach this goal. The
efficiency of sunscreens at preventing the formation of CPDs and 64PPs has been
shown both in vivo (Freeman et al. 1988; van Praag et al. 1993; Young et al. 2000)
and ex vivo (Bissonauth et al. 2000; Rouabhia et al. 2002; Mouret et al. 2011a;
Bacqueville et al. 2015). It should be stressed that sunscreens are characterized by
their sun protection factor (SPF) which measures their ability at preventing sun-
burns. Although both formation of pyrimidine dimers and erythema induction
depend on the applied UV dose, they drastically differ in terms of mechanism, one
being a direct photoreaction and the other an inflammatory response. Moreover,
sunburn is a threshold response while CPDs are detected even at sub-erythemal
doses. It remains thus to be established whether SPF quantitatively reflects pro-
tection of DNA. The few available data are contradictory with some studies
showing an identical efficiency (Freeman et al. 1988; Young et al. 2000) while
others suggest that the DNA protection is slightly lower than the SPF (Bissonauth
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et al. 2000; Rouabhia et al. 2002; Mouret et al. 2011a; Bacqueville et al. 2015).
However, it is unquestionable that sunscreens do protect skin against the formation
of pyrimidine dimers.

A still pending question is why there are sometimes disappointing results of
sunscreen-based photoprotection (Autier et al. 1998; Wachsmuth et al. 2005).
Possibly, sunscreen users tend to increase their recreational exposure (Holman et al.
1986; Autier et al. 2007). Another likely explanation is that the amount of product
used is too low. Sunscreens are tested at a dose of 2 mg/cm2 which is much more
than that the amount applied in general population (Reich et al. 2009). When the
amount of sunscreen is better controlled and applied on a regular basis, studies do
see a significant decrease of skin cancer in sunscreen users (Green et al. 1999,
2011). In addition to UV filters, modern sunscreens often contain antioxydants
(Chen et al. 2012). Evidence that these compounds improve erythema, immuno-
suppression and carcinogenesis has been documented for instance for vitamin C
(Darr et al. 1992; Nakamura et al. 1997), tocopherols (Gensler and Magdaleno
1991; Burke et al. 2000), and combination of both (Lin et al. 2003). Decreased
formation of pyrimidine dimers (McVean and Liebler 1997, 1999) has been also
reported, although the underlying mechanism remains unclear. Although these data
are promising, use of antioxydants in complete sunscreens is disappointing because
their formulation favors a local deposition on the upper layers of skin which pre-
vents an efficient diffusion of antioxydants in the cells. The antioxydants effects of
sunscreen may actually mostly result from the absorption of UVA radiation by the
UV filters (Wang et al. 2008).

3.4.2 Systemic Photoprotection

Preventing absorption of UV photons by DNA and endogenous sensitizers is the
most efficient way to protect skin against photocarcinogenesis. However, other
physiological responses and systemic effects such as inflammation and immuno-
suppression play significant roles in tumor development. Preventive oral intake of
active compounds modulating these effects was thus proposed as a way to provide
additional photoprotection. In that respect, oxidative stress, that plays only a minor
role in the initial insult to DNA but is an important mediator in other effects, is a
key target. In contrast to sunscreens that provide immediate protection, the positive
effects of systemic photoprotection are only seen after long term supplementation.
A widely investigated class of compounds are retinoids (vitamin A) that were
shown to protect against SCCs in a normal population (Moon et al. 1997) and in
psoriasis patients (Nijsten and Stern 2003). Carotenoids also exhibit photoprotec-
tion against erythema (Stahl et al. 2006; Kopcke and Krutmann 2008) and photo-
carcinogenesis (Frieling et al. 2000). Nonsteroidal anti-inflammatory drugs are
other potential photoprotective compounds, especially against SCCs (Kopcke and
Krutmann 2008; Clouser et al. 2009). It should be stressed that little information is
available on the mechanisms underlying the photoprotection afforded by these
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classes of compounds. DNA damage is rarely investigated in such studies and
hypotheses are mostly related to inflammation and immunosuppression. More
recently, a different strategy has been designed that involves supplementation with
nicotinamide in order to favor ATP synthesis and maintain the energy level in
irradiated cells. One of the major expected consequences is an increased DNA
repair activity that strongly depends on ATP as observed in cells and skin explants
(Surjana et al. 2013). Human supplementation studies showed that nicotinamide
prevents actinic keratosis and suggest that it also prevents non-melanoma skin
cancer (Moloney et al. 2010; Surjana et al. 2012). Finally, recent proposal is the use
of melatonin as a factor against UV-induced skin damage (Goswami and Haldar
2015) mostly because it exhibits antioxidant properties. An additional interesting
idea is that repair of DNA damage by NER and even induction of skin cancer in
mice could be associated with circadian rhythms (Kang et al. 2010; Gaddameedhi
et al. 2015).

3.4.3 Natural Products and Extracts

Most high SPF sunscreens include metal oxide nanoparticles and all contain a
combination of different UV absorbing organic compounds. These ingredients have
been questioned for their toxicity and their environmental impact. As a conse-
quence, numerous studies have been devoted to the identification of natural com-
pounds and extracts of various origin exhibiting photoprotective properties (Chen
et al. 2013; Jansen et al. 2013; Saewan and Jimtaisong 2015). A well-documented
example is green tea extracts that are rich in antioxidant polyphenols. Their topical
application in animal models was found to protect against immunosuppression and
photocarcinogenesis (Rutter et al. 2003; Yusuf et al. 2007). In addition, supple-
mentation with polyphenols from green tea enhances DNA repair in skin (Meeran
et al. 2009). In some in vitro studies, protection against DNA damage has been
reported for instance for strawberry (Giampieri et al. 2012), pomegranate (Afaq
et al. 2009) and alga extracts (Lyons and O’Brien 2002; Heo et al. 2009). In these
studies, emphasis is often placed on oxidative damage reflecting the beneficial
effects of antioxidants. Yet, the presence of UV absorbing molecules may also
make them suitable for the production of natural sunscreens. In that respect,
mycosporin isolated from lichens exhibit interesting photoprotective properties and
was found to decrease the formation of pyrimidine dimers (Rancan et al. 2002;
Russo et al. 2008). Similar photoprotection is provided by propolis extracts
(Gregoris et al. 2011). Although the results obtained with natural products and
extracts are encouraging, their large scale use in photoprotection still lacks vali-
dation in large human studies and a better understanding of the underlying mech-
anisms is necessary.
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3.5 Concluding Remarks

Solar UV radiation is likely the mutagenic agent to which humans are the most
frequently exposed. In terms of its tumorogenic actions, the very large amounts of
information gathered in the last 50 years now allow us to describe the whole
initiation phase from the induction of DNA damage to repair and mutagenesis. This
chain of events unambiguously show the predominant role played by UVB-induced
pyrimidine dimers. UVA can yet not be neglected since it clearly contributes
although to a lesser extent to the load of DNA damage and interferes with major
processes like repair and immune response. Formation of pyrimidine dimers by
both UVB and UVA involve absorption by DNA and induction of oxidative stress
in the UVA and visible ranges require absorption by endogenous chromophores.
Therefore, the best way to protect skin from the deleterious effects of sunlight is
obviously to prevent its interaction with incident photons. It is thus necessary to
keep on communicating to the general public the importance of avoiding exposure
at the time of day when the intensity of UV radiation and the proportion of UVB are
maximal, and wearing hats and clothes under the sun. It should be also reminded
that using tanning equipment represents an unnecessary exposure to a mutagenic
agent and does not provide protection for subsequent exposure. When limitation of
exposure is not possible or not wanted, other strategies can be applied. Sunscreen is
then interesting but does not completely prevent the formation of DNA damage,
especially when used in insufficient amounts as often. Supplementation with
antioxidants and naturel products provide additional beneficial effects mostly
related to reduced oxidative stress. However, they do not prevent the formation of
the carcinogenic pyrimidine dimers.
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Chapter 4
Urocanic Acid and Skin Photodamage:
New Light on an Old Chromophore

Leopold Eckhart

Abstract Urocanic acid (UCA) is one of the most efficient ultraviolet
(UV) radiation-absorbing substances of the skin. UV irradiation leads to the
interconversion of the two stereoisomers trans-UCA and cis-UCA, of which the
latter is able to induce immunosuppression. Accordingly, the regulation of UCA
biosynthesis, UV absorption by UCA in the cornified layer of the epidermis and the
effects of UCA on the adaptive immune system are integral components of the
cutaneous UV stress program. Here the evidence for the multiple roles of UCA in
the skin and the associated open scientific questions are reviewed comprehensively.

Keywords Urocanic acid � Epidermis � Stratum corneum � Histidase � Ultraviolet
radiation � Immunosuppression � Histidinemia � Atopic dermatitis � Filaggrin �
Keratinocytes

4.1 Introduction: Urocanic Acid

4.1.1 Overview

Ultraviolet (UV) radiation is one of the most important environmental stressors of
the skin and, for a long time, one of the main UV absorbing substances of the skin,
urocanic acid (UCA), has been implicated in the protection of the tissue and in the
initiation of cellular responses to UV exposure (Norval et al. 1995; Mohammad
et al. 1999; Gibbs et al. 2008).

The history of UCA begins with its isolation from the urine of a dog, as reported
by Jaffe in 1874 (Jaffe 1874). The structure of UCA was determined in 1912
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(Hunter 1912), and the link between UCA and the skin was established in the 1950s
when UCA was isolated from the skin surface. Already at that time UCA was
suggested to represent a major UV-absorbing compound of the epidermis (Zenisek
and Kral 1953; Zenisek et al. 1955; Tabachnik 1957). Subsequently, UCA was
added to cosmetics and sunscreens from the 1960s until the 1990s (Andersen 1995;
Gibbs et al. 2008). Its use in sunscreens was discontinued because of evidence for
immunosuppressive activity of UCA (Andersen 1995). Studies on the physiological
functions and molecular mechanisms of action of UCA have continued and still
promise new insights into the photobiology of the skin.

4.1.2 Chemical and Physical Properties of UCA

UCA, chemical formula C6H6N2O2, belongs to the class of imidazolyl carboxylic
acids and has a molecular weight of 138.12 g/mol. It exists as either one of two
isomers, trans-UCA and cis-UCA (Fig. 4.1). The presence of an imidazole ring and
a carboxylic acid chain containing a double bond facilitate the high UV absorption
capacity of UCA (Kurogochi et al. 1957).

UCA is a weak acid with an acid dissociation constant (pKa) 3.5 for the
deprotonation of COOH and pKa 5.8 for the deprotonation of the first NH in the
imidazole ring (Brookman et al. 2002). trans-UCA is relatively insoluble at its
isoelectric point (pH 4.6) but well soluble at higher pH (Mehler and Tabor 1953).
cis-UCA is more soluble than trans-UCA by an order of a magnitude (Mohammad
et al. 1999).

Both isomers of UCA are hydrophilic (Joo et al. 2012) but both trans-UCA and
cis-UCA also associate with liposomes whereby the association is higher at pH 7.4
than at pH 5.0. The liposome incorporation of trans-UCA is twice as efficient as
that of cis-UCA (Campos et al. 2008). Pure UCA is not hygroscopic (Mehler and
Tabor 1953).

HN N

COO–

HN N

COO–
UV

trans -UCA cis -UCA

Fig. 4.1 trans-UCA and cis-UCA are isomers of UCA. UV irradiation converts trans-UCA to cis-
UCA and vice versa
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4.1.3 UV Absorption by UCA

UCA absorbs radiation mainly in the range of UVC (100–280 nm) and UVB (280–
320 nm) but also significantly in the UVA range (320–380 nm) (Fig. 4.2). The
absorption spectra of trans-UCA and cis-UCA are generally similar, with cis-UCA
having approximately 25 % less molar absorptivity than trans-UCA. At pH 7,
extinction coefficients (e), also referred to as molar absorptivities, of
e = 1.63 � 104 M−1 cm−1 at 280 nm and e = 1.19 � 104 M−1 cm−1 at 275 nm
have been reported for the trans-UCA and cis-UCA, respectively (Brookman et al.
2002). These values compare to the maximal extinction coefficients (at 280 nm) of
amino acids in proteins which are e = 0.57 � 104 M−1 cm−1 for tryptophan and
e = 0.13 � 104 M−1 cm−1 for tyrosine, both at pH 6.5, and much smaller for all
other amino acids including histidine (Gill and von Hippel 1989).

The absorption spectra of trans-UCA and cis-UCA are shifted to shorter
wavelengths by reducing the pH in a physiologically relevant range between pH 5
and pH 7. cis-UCA has lower absorptivity than trans-UCA at all pH values
(Brookman et al. 2002). As a consequence, a decrease in the pH in the upper layers
of the stratum corneum is associated with a significant decrease of the effective UV
extinction coefficient of UCA.

Most importantly, UV irradiation leads to the photoisomerization of UCA. trans-
UCA is converted to cis-UCA and vice versa so that prolonged irradiation leads to
an equilibrium of both isomers. Only trans-UCA is produced by keratinocytes in
the absence of UV irradiation. Therefore, the amount of cis-UCA is a marker of
previous UV exposure.

Fig. 4.2 UV absorption spectrum of trans-UCA. The molar absorptivity (extinction coefficient) is
plotted over the wavelength in the range of UVC, UVB, and UVA radiation. This figure is
modified from Hanson and Simon (1998) (with permission of the National Academy of Sciences
of the United States of America (Copyright 1998))
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4.2 Formation of Urocanic Acid in the Epidermis

4.2.1 Enzymatic Formation of UCA

The isomerization state and the removal of UCA in the epidermis are largely
controlled by physical factors such as UV irradiation and elution from the skin
surface. By contrast, the formation of UCA is controlled by biological factors active
in epidermal keratinocytes. Hence this level of control is most amenable to stress
response pathways of the skin. UCA is formed by the removal of the amino group
(deamination) of histidine (Fig. 4.3). The reaction is catalyzed by the enzyme
histidase, which is strictly stereospecific (Brand and Harper 1976). The substrate of
the reaction is L-histidine, and the products are trans-UCA and ammonia. The
reaction occurs only at approximately neutral pH so that all the involved substances
carry charges, as indicated in Fig. 4.3.

4.2.2 Histidine Is the Precursor of UCA

The formation of UCA depends on the availability of the amino acid, histidine, the
substrate of histidase. Histidine is synthesized in the liver and transported in the
vasculature to the peripheral organs such as the skin. As the expression site of
histidase in the epidermis, i.e. the granular layer, is not close to blood vessels,
supply of free histidine is not effective. Therefore, formation of histidine by
hydrolysis of proteins appears to be the limiting factor for the supply of histidine in
keratinocytes capable of UCA formation.

In the epidermis, the “histidine-rich protein” filaggrin is expressed specifically in
terminally differentiated keratinocytes. The FLG gene encodes profilaggrin, a large
protein of more than 3000 amino acid residues, 10 % of which are histidine resi-
dues. Profilaggrin is proteolytically processed into filaggrin monomers in the
granular layer by proteases such saspase and kallikreins. Filaggrin contributes to the
aggregation of keratin intermediate filaments and subsequently is degraded further
into peptides and ultimately free amino acids. The latter step involves caspase-14
and other proteases (Denecker et al. 2007).

Several lines of evidence suggest that filaggrin is the main source of histidine for
UCA formation. The time course of breakdown of filaggrin fits to that of the
appearance of free amino acids, including histidine, and the relative abundance of
amino acids in filaggrin agrees well with the relative abundance of free amino acids
in the stratum corneum (Scott et al. 1982). Knockout of filaggrin in the mouse
results in a decrease in the stratum corneum concentrations of histidine and UCA
(Kawasaki et al. 2012). The concentrations of histidine and UCA are also decreased
in the stratum corneum of human individuals carrying heterozygous or homozygous
mutations of FLG (Kezic et al. 2009). Knockdown of FLG expression reduces the
level of UCA by 60 % in a human in vitro skin model (Mildner et al. 2010).
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The formation of UCA from histidine competes with the conjugation of histidine
to its specific tRNA, which is catalyzed by histidyl-tRNA synthetase and represents
the first step of histidine’s incorporation into newly translated proteins. Moreover,
histidine is the precursor of histamine. This conversion is catalyzed by L-histidine
decarboxylase, an enzyme encoded by the HDC gene. The biosynthesis of his-
tamine is active in keratinocytes at least under certain conditions (Shimizu et al.
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Fig. 4.3 Conversion of histidine to UCA in the context of the pH. Histidase catalyzes the
conversion of histidine at neutral pH. The protonation status of the substrate and the products of
this reaction are determined by their acid dissociation constants (pKa) and depend on the pH
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2015). Thus, the deamination of histidine by histidase is integrated in the general
metabolism of histidine in the epidermis.

4.2.3 Histidase Converts Histidine to UCA

The formation of epidermal UCA is catalyzed by histidase, also known as
L-histidine ammonia lyase (HAL) (EC 4.3.1.3) (Zannoni and La Du 1963; Gibbs
et al. 2008). Histidase belongs to the phylogenetically ancient aromatic amino acid
lyase family which also includes the bacterial enzymes phenylalanine
ammonia-lyase and tyrosine ammonia-lyase. In mammals, histidase is a cytosolic
enzyme which catalyzes the nonoxidative deamination of L-histidine to trans-UCA
in a highly selective manner. Determination of the crystal structure of bacterial
histidase revealed a homotetramer and suggested a catalytic mechanism that
depends on the autocatalytic cyclization and dehydration of 3 amino acid residues
of histidase to form a reactive electrophile (4-methylidene-imidazole-5-one)
(Schwede et al. 1999).

Human histidase has 657 amino acid residues. The aromatic amino acid lyase
domain comprises residues 114–592 while the amino-terminus contains a
Par-3 N-terminal domain (NTD)-like domain that has self-association capacity
(Zhang et al. 2013). Isoforms of histidase are generated by alternative mRNA
splicing, however, their physiological significance is unclear. Histidase is encoded
by the HAL gene (localized on human chromosome 12q23.1) which is expressed in
hepatocytes and epidermal keratinocytes (Taylor et al. 1990; Suchi et al. 1995;
Eckhart et al. 2008). In the liver, the expression of HAL is upregulated by the
availability of dietary protein (Torres et al. 1998). Similarly, addition of histidine
and, paradoxically, also reduction of histidine in the diet result in increased epi-
dermal UCA levels (De Fabo et al. 1997).

In proliferating keratinocytes of the basal layer of the epidermis the HAL gene is
essentially not expressed but its transcription is induced during the last phase of
keratinocyte differentiation in the epidermis (Eckhart et al. 2008). Expression can
be induced in keratinocytes in vitro by maintaining cells in confluent culture or by
triggering cell differentiation in a 3-dimensional skin model. The expression of HAL
is suppressed by interleukin 1-a, tumor necrosis factor (TNF)-a and by treatment
with retinoic acid (Eckhart et al. 2008). The latter effect indicates that a suppression
of HAL expression and a consequent decrease in histidase-mediated formation of
UCA might contribute to elevated UV sensitivity in response to retinoid treatment
of human patients (Ferguson and Johnson 1986). However, expression levels of
histidase in diseased and retinoid-treated human skin remain to be investigated.

In normal human skin as well as in mouse skin, histidase protein is confined to
the granular and cornified layers of the epidermis (Barresi et al. 2011). This
coincides with histidase activity (Scott 1981). Histidase is present in terminally
differentiated keratinocytes and, after cornification, becomes a component of cor-
neocytes. As the pH decreases, histidase activity is suppressed in corneocytes with
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the enzyme being almost inactive at pH values below 6 (Brand and Harper 1976;
Scott 1981). The contribution of UCA to stratum corneum acidification has been
suggested to establish a negative feedback on UCA production via suppression of
histidase activity (Krien and Kermici 2000). Moreover, histidase may be inactivated
by transglutamination, proteolytic processing by stratum corneum proteases and by
the decreased water content of corneocytes. Interestingly, histidase has been
reported to be less stable in human stratum corneum samples than in dried human
nail samples where it retains enzymatic activity over more than 100 days (Fujitaka
et al. 1993).

Histidase is inhibited by 8-methoxypsoralen and psoralen-oxidized photoprod-
ucts (Reilly et al. 2010). Increased histidase activity is present in psoriatic scales
(Reaven and Cox 1965), and the epidermis of patients with psoriasis contains
elevated amounts of UCA (Gilmour et al. 1993). Epidermal histidase activity is
decreased by TPA treatment of mice (Colburn et al. 1975). Notably, the UCA
content is significantly higher in the epidermis (from fingertips) of infants aged
<3 months (70–110 µmol/g) than in adults (around 30 µmol/g) (Yokoya et al.
1983). Interestingly, skin histidase activity is also high in the first days of life of
mice and declines later (Wright et al. 1982). The mechanism underlying these
changes in histidase activity need further investigations but likely involve changes
in gene expression.

4.2.4 Histidinemia Is a Model for Reduced Histidase
Activity

Histidinemia (OMIM #235800) is associated with elevated concentrations of his-
tidine in blood, urine, and cerebrospinal fluid, and with reduced concentrations of
the UCA and the downstream metabolite formiminoglutamic acid in the blood.
Histidinemia is considered a benign disorder (Lam et al. 1996; Baden et al. 1969a)
after several studies have not supported the previous hypothesis of an association
with mental retardation. Individuals with histidinemia have no or little UCA in the
stratum corneum (Levy et al. 1969). Histidinemia was reported to be the most
frequent inborn metabolic error in Japan with a prevalence (1:8400) (Suchi et al.
1995) while its prevalence is lower in Europe (Alm et al. 1981; Widhalm and
Virmani 1994). Recently, rare loss-of-function alleles of HAL were found to be
associated with increased serum histidine levels and decreased incidence of coro-
nary heart disease (Yu et al. 2015). A potential pathomechanistic involvement of
UCA has remained uninvestigated.

A single nucleotide mutation leading to the change of amino acid residue
arginine 322 to glutamine has been identified in a mouse strain known as Peruvian
mice (Kacser et al. 1973; Taylor et al. 1993). This mutation does not compromise
histidase mRNA stability but strongly reduces the heat stability and the half life of
the histidase protein (Wright et al. 1982; Taylor et al. 1993). Of note, the expression
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of the mutant protein in COS cells showed approximately 10 % of the normal
enzymatic activity, and a specific activity of 60 % of the normal histidase was
estimated (Taylor et al. 1993). Apparently due to histidase destabilization in vivo,
the histidase enzymatic activity is essentially abolished in the liver of histidinemic
mice (Bulfield and Kacser 1975; Wright et al. 1982; Taylor et al. 1993). Epidermal
keratinocyte differentiation appears to be largely normal in these mice except for the
lack of histidase immunoreactivity in the granular layer of the epidermis (Barresi
et al. 2011). Accordingly, the concentration of UCA is strongly decreased in the
stratum corneum of histidinemic mice, i.e. Peruvian mice backcrossed into a
C57/BL6 background (Barresi et al. 2011).

Of note, defects in histidase lead to increased histamine concentrations in
humans (Imamura et al. 1984) and mice (Kacser et al. 1973). Eczema-like der-
matitis of the extremities or trunk were reported at increased incidence in his-
tidinemic individuals (8/42 had mild eczema, 9/42 had severe eczema versus 0/10
in normal controls), and individuals with dermatitis had higher concentrations of
histamine and N-methyl histamine (Imamura et al. 1984). Investigations of patients
with histidinemia and atopic dermatitis patients without histidinemia suggested that
hyperhistaminemia resulted primarily from increased decarboxylation of histidine
present at higher levels in histidinemia (Tanabe and Sakura 1989). A low incidence
of atopic dermatitis was detected in a European histidinemia patient cohort
(Widhalm and Virmani 1994). Comparative studies of human individuals with and
without loss-of-function mutations in histidase promise to yield important insights
into the functions of UCA and other histidine metabolites in the skin.

4.2.5 UCA Is Removed by Various Processes

UCA is constantly generated in differentiated keratinocytes of the upper granular
layer and/or the low cornified layer of the epidermis. The formation of UCA is
balanced by loss of UCA from the epidermis. UCA is not catabolized by skin cells
because the enzyme active on UCA, urocanase, is not expressed at appreciable
amounts outside of the liver. Urocanase catabolizes UCA to 4,5-dihydro-4-
oxo-5-imidazolepropanoate so that UCA concentrations are kept low in the liver
and in body fluids. Rare mutations in the urocanase gene, UROC1, are associated
with urocanic aciduria that is characterized by UCA levels above 150 mmol/mol
creatinine, as compared to normal values below 10 (Espinós et al. 2009). Skin
abnormalities are not present in patients with urocanic aciduria (Espinós et al.
2009), confirming that UROC1 is not involved in normal skin homeostasis.
Absence of urocanase from the skin implies that, during homeostasis, the removal
and/or degradation of UCA is determined by other factors.

First, the majority of UCA leaves the skin into the environment. Corneocytes of
the stratum corneum undergo desquamation and UCA present within corneocytes is
thereby removed from the epidermis. The removal of UCA is enhanced by water
which elutes UCA from the superficial layers of the stratum corneum. It is plausible
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that washing and bathing reduces the concentration of epidermal UCA and
enhances the photosensitivity of normal skin (Gers-Balag et al. 1997). Likewise,
sweat is able to extract UCA (Zenisek and Kral 1953; Brusilow and Ikai 1968).
Interestingly, UCA has been identified as a chemoattractant for a skin-penetrating
parasitic nematode (Safer et al. 2007).

Second, UCA can be metabolized by the microflora on the skin surface. Bacteria
degrade UCA as a source of carbon and nitrogen (Hug et al. 1999). Interestingly,
UCA is also utilized as a signaling molecule that allows bacteria to recognize
eukaryotic hosts (Zhang et al. 2014). Miajlovic have suggested that filaggrin
breakdown products such as UCA influence the growth of Staphylococcus aureus
(Miajlovic et al. 2010).

Third, a fraction of UCA is chemically modified by hydroxyl radicals which are
formed by cleavage of the O–O bond of H2O2 upon UV irradiation (Kammeyer
et al. 1999, 2001). Photooxidation of UCA is induced by UVB but not by UVA.
UCA yields imidazole-4-carboxaldehyde, imidazole-4-acetic acid and imidazole-4-
carboxylic acid and probably other breakdown products upon UVB irradiation of
the stratum corneum (Kammeyer et al. 2001). These substances may contribute to
UCA-dependent UV-induced immunosuppression, but this hypothesis remains to
be tested (Kammeyer et al. 2001).

Fourth, UCA diffuses from the stratum corneum into the deeper layers of the
epidermis and also into the dermis where it can enter the circulation (Moodycliffe
et al. 1993). Unlike trans-UCA, cis-UCA is not metabolized by urocanase in the
liver but rather undergoes excretion in the urine (Sastry et al. 2005). However, a
fraction of cis-UCA has been proposed to react with glutathione under the catalysis
by glutathione S-transferase (Kinuta et al. 2003).

4.3 Absorption of UV Radiation by Endogenous UCA

4.3.1 UCA Absorbs UVB Radiation

As UCA has both high abundance in the epidermis and a high UVB absorption
capacity, it has been hypothesized to act as a natural sunscreen of the skin (Zenisek
et al. 1955; Tabachnik 1957). However, there were also reports that questioned the
physiological significance of UCA’s contribution to UVB absorption in the skin (de
Fine Olivarius et al. 1996, 1998). In the latter study, the minimal erythema dose
(MED) and the epidermal UCA concentration did not show a correlation in 22
children and 36 adults. Such a correlation might be obscured by the variation of
human skin pigmentation which is certainly an important factor in determining
photosensitivity, as measured by the MED approach. It is also important to notice
that MED correlates only very loosely with the sensitivity to UV-induced DNA
damage (Heenen et al. 2001).
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A study in histidinemic mice provided strong evidence for significant UVB
protection by endogenous UCA (Barresi et al. 2011). The stratum corneum of these
mice contained only 10 % of the normal amounts of UCA and the UVB absorption
capacity of the stratum corneum of histidinemic mice was reduced proportionally.
This study also demonstrated that the UV absorption profile of stratum corneum
from normal mice, but not of mutant mice, largely overlapped with that of UCA,
supporting a major contribution of UCA to UV absorption in normal stratum
corneum (Barresi et al. 2011). Of note, the quantification of UV absorption utilized
the extracts from the stratum corneum whereas elution-resistant components of the
stratum corneum were not analyzed.

To evaluate the effects of UV on the living cell layers of the epidermis, i.e. those
beneath the stratum corneum, histidinemic mice were shaved, irradiated with UVB,
and analyzed for the formation of DNA photoproducts as well as for the occurrence
of cell death after irradiation. The results showed that the epidermis of histidinemic
mice contained approximately 40 % more cyclobutane pyrimidine dimers (CPDs)
than epidermis of normal mice. As a consequence of high levels of DNA damage,
the cell death program of apoptosis was induced at significantly higher rate in
epidermal cells of UV-irradiated histidinemic mice. The increased UVB-
photosensitivity of histidinemic mice was reversed by topical application of UCA
(Barresi et al. 2011).

The effect on HAL mutations on the UV absorption of the stratum corneum has
not yet been studied in large numbers of human individuals. Irradiation of 2 patients
of histidinemia showed an apparently above-normal UV sensitivity in one but not
the other individual (Baden et al. 1969a). In another study, the comparison of 6
individuals with histidinemia and 6 skin phototype-matched control individuals
revealed an approximately 40 % lower MED in histidinemics (Tye et al. 2008).

In contrast to the rare mutations of HAL, FLG mutations are relatively common
and also known to decrease the epidermal UCA concentration (Kezic et al. 2009).
Comparison of MED in 10 heterozygous carriers of FLG mutations versus 61 FLG
wild-type subjects did not show significant differences (Forbes et al. 2016). In
another study large cohorts of individuals with and without FLG mutations (n > 80
FLG heterozygous, n > 1000 FLG wild-type) were investigated for their vitamin D
levels, which can be considered as a surrogate marker of UV penetration through
the stratum corneum. UVB radiation of the skin drives the synthesis of vitamin D3

which is converted to 25-hydroxy-vitamin D in the liver. Thyssen and colleagues
showed that the serum concentration of 25-hydroxy-vitamin D was increased by
approximately 10 % (confidence interval 6.7–13.6 %) in carriers of FLG mutations
(Thyssen et al. 2012). These data suggest that UCA levels influence UV absorption
and UVB-dependent processes such as vitamin D production in the skin.

The links between filaggrin, UCA and UV sensitivity were confirmed in vitro.
Reduction of filaggrin by siRNA-mediated knockdown of FLG gene expression
reduced the formation of UCA and elevated the sensitivity to UVB irradiation-
induced DNA damage in a human skin equivalent model (Mildner et al. 2010).

The ability of UCA to absorb UVB under the conditions present in the outermost
layer of the skin was confirmed by topical application of UCA onto human skin,
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which led to an increase in photoprotection (Baden and Pathak 1967). For several
years, UCA was used as a component of commercial sunscreens until reports on the
immunosuppressive properties of cis-UCA prompted UCA-containing sunscreens
to be withdrawn from the market (De Fabo and Noonan 1983; Andersen 1995).
A sun protection factor (as defined by the change in the MED) of 1.58 was reported
for exogenous UCA on human skin (de Fine Olivarius et al. 1996). Topical UCA
decreased UVB-induced DNA damage by a factor of 1.44 in wild-type versus
histidinemic mouse skin (Barresi et al. 2011). For comparison, endogenous UCA
reduced UVB-induced DNA damage in wild-type mouse epidermis by a factor of
1.52 relative to histidinemic mice (Barresi et al. 2011). Notably, the amounts of
UCA per area of skin were different in the various studies.

Besides the mentioned negative effects of UV irradiation, also the positive
effects of UVB, such as enhanced formation of vitamin D in the epidermis, are
suppressed by UCA (Thyssen et al. 2012). Intriguingly, the reduced level of UCA
and, as a consequence, increased UV-driven vitamin D synthesis have been
hypothesized to act as evolutionary drivers of high prevalences of FLG mutations in
northern Europeans (Thyssen et al. 2014). This hypothesis implies that the
UV-protective effects of epidermal UCA outweigh the disadvantages of reduced
vitamin D synthesis in human populations exposed to high doses of UV but not in
populations exposed to low doses of UV.

This hypothesis leads to the question as to whether the sunscreening effect of
UCA was the critical driver for the origin of epidermal UCA formation during
human evolution. Epidermal UCA is present not only in humans but also in fury
animals which do not require UV protection by absorption in the stratum corneum.
This notion holds true for most mammals including the main biomedical model
species, the mouse. All amphibians, reptiles and birds investigated so far have been
reported to lack epidermal UCA (Baden et al. 1969b; Ley et al. 2000). This species
distribution indicates that the UCA forming capability of the epidermis has evolved
in “early” mammals. Notably, this event likely coincided with the origin of the FLG
gene (Mlitz et al. 2014) which supported the production of histidine in the stratum
corneum. This evolutionary pattern indicates an important role of epidermal UCA
in mammals but argues against a primary role in UV protection. Thus, the photo-
protective effect of UCA in humans and the immuno-suppressive effects of
UV-induced cis-UCA, as discussed below, are likely to have secondarily gained
physiological relevance only in humans and few other mammals that have lost a
UV-protective pelage.

4.3.2 Interaction of UCA with Radicals and Possible Role
in Photoaging

Besides directly absorbing UVB radiation, UCA also protects the epidermis by
scavenging hydroxyl radicals that are generated by UVB irradiation (Kammeyer
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et al. 1999, 2001). Importantly, the UV absorption goes beyond the UVB range,
although absorption of UVA is weaker than that of UVB by two orders of mag-
nitude (Fig. 4.2). UVA irradiation of trans-UCA induces the formation of 1O2 with
an action spectrum that is highly similar to that of UVA-induced sagging of mouse
skin (Hanson and Simon 1998). Consequently, it was proposed that UVA excitation
of trans-UCA acid causes skin photo-aging via incompletely defined chemical
processes. Later, theoretical calculations have supported the hypothesis that UCA
contributes to photosensitization by generating various reactive oxygen species
such as 1O2 and O2

− (Shen and Ji 2008). Other reports have suggested that trans-
UCA acts as a strong triplet quencher. The physiological relevance of UCA in UVA
photosensitization will need further studies (Wondrak et al. 2006).

4.4 Effects of UCA on Skin Cells and Immune Responses

4.4.1 Direct and Indirect Effects of UCA

UCA affects the physicochemical milieu and the UV exposure of skin cells, which
will here be referred to as indirect effects, and it exerts direct effects by entering
cells and/or binding to receptor protein(s) on cells (Fig. 4.4). The relative contri-
butions of direct and indirect effects and the intercellular signaling (secondary
effects) triggered by UCA are only incompletely understood. However, many
studies (reviewed by Noonan and De Fabo 1992; Norval 2006) have provided
evidence for an important role of the cis isomer of UCA in controlling immune
responses. Therefore, the UCA effects on cells represent a promising area of skin
research.
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Fig. 4.4 Roles of UCA in UV-stressed skin. The localization of UCA formation in the epidermis
a and the metabolism, UV absorption and signaling functions of UCA b are shown schematically.
The arrow in panel a indicates the direction of keratinocyte differentiation. Question marks in
panel b indicate major open questions concerning the signaling mechanism and the target cells of
cis-UCA
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The main indirect effect of UCA on skin cells is the absorption of UVB radiation
in the stratum corneum, which reduces the UV doses on cells of deeper skin layers.
As UVB radiation damages DNA, proteins and lipids and supports the synthesis of
vitamin D, the UCA-mediated reduction of the UV reaching keratinocytes, mela-
nocytes, Langerhans cells and other skin cells is physiologically important.

UCA has also been implicated in the control of the pH in the stratum corneum.
The pH within the stratum corneum influences the proteolytic system that drives the
desquamation of superficial corneocytes and controls the resident microflora. The
analysis of proton donors extractable from the human skin surface showed that the
pK of the proton donors matched that of UCA and the amount of UCA in the
stratum corneum could explain the acidic pH on different individuals (Krien and
Kermici 2000). Other studies have provided evidence against a critical role of UCA
in skin surface pH control (Fluhr et al. 2010). Further experimental studies are
necessary to determine whether UCA formation actively alters the stratum corneum
pH or whether UCA contributes significantly to the buffering against changes of
the pH.

4.4.2 Effects of UCA Via Receptors

UCA interacts with several cell components in a relatively unspecific manner
whereas a specific binding to a cellular receptor has been postulated as the first step
of the physiologically important immunosuppressive activity of cis-UCA (see
below). It was suggested that UCA binds to DNA (Yarosh et al. 1992), however,
other data argue against this interaction in vivo (Ijland et al. 1998). UCA associates
with lipid membranes in a pH-sensitive manner (Campos et al. 2008), but the
physiological role of this process remains to be tested. More significantly, UCA
interacts with epidermal proteins leading to a red shift by 10 nm of the photoiso-
merization action spectrum of UCA in the stratum corneum relative to that in vitro
(Jones et al. 1996). trans-UCA and cis-UCA interact with BSA, with cis-UCA
binding more strongly than trans-UCA (Campos et al. 2008). Binding to the
aforementioned tissue components is not believed to evoke a biological response to
UCA.

By contrast, specific binding of UCA to cellular receptor(s) has been hypothe-
sized to initiate signaling and important responses (reviewed by Gibbs et al. 2008).
Most notably, 5-hydroxytryptamine (serotonin) receptor 2A (5-HT2A) has been
identified as a high-affinity receptor (Kd = 4.6 nM) for cis-UCA whereas trans-
UCA does not bind to 5-HT2A (Walterscheid et al. 2006). Binding of cis-UCA to
5-HT2A was competitively inhibited by the main ligand of the receptor, i.e. sero-
tonin (5-hydroxytryptamine, 5-HT), a neurotransmitter synthesized from trypto-
phan. cis-UCA was shown to mobilize intracellular calcium stores in cells that
expressed 5-HT2A (Walterscheid et al. 2006).

It is presently unknown on which cells 5-HT2A is activated by cis-UCA. 5-HT2A

is encoded by the HTR2A gene which is mainly expressed in the brain. In the skin,
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5-HT2A has been reported to be expressed on Langerhans cells, mast cells and
lymphocytes (Kim 2012) and to mediate the melanogenic effects of serotonin on
melanocytes (Lee et al. 2011).

Keratinocytes are stimulated by cis-UCA independently of 5-HT2A. Specifically,
the treatment of human keratinocytes with cis-UCA led to increased secretion of
prostaglandin E2, TNF-a, and interleukin (IL)-6 despite absence of 5-HT2A

expression in keratinocytes (Kaneko et al. 2009). At least part of these effects were
mediated by altered gene expression including strong upregulation of prostaglandin
endoperoxide synthase 2 (PTGS2, also known as cyclooxygenase, COX-2)
(Kaneko et al. 2008). These effects of cis-UCA depended on the formation of
reactive oxygen species (Kaneko et al. 2011).

Peripheral blood mononuclear cells respond to lipopolysaccharide by the pro-
duction of TNF-a in a process that can be suppressed by both cis-UCA and
serotonin in vitro. However, only cis-UCA caused the production of prostaglandin
and depended on it to exert its suppressive effect (Woodward et al. 2006), arguing
against a common signaling mechanism of cis-UCA and serotonin in this experi-
mental setting.

Most studies have suggested that cis-UCA, but not trans-UCA, is biologically
active. However, there is also evidence for (direct) effects of trans-UCA on various
cell types. In human dermal fibroblasts, trans-UCA induces cAMP (adenosine 3′,5′-
cyclic monophosphate) formation by adenyl cyclase whereas cis-UCA suppresses
cAMP formation (Palaszynski et al. 1992). Moreover, trans-UCA may contribute to
the regulation of Langerhans cells (Schwarz et al. 2012). Therefore, despite many
years of studies of UCA, it is not fully clear whether UV is required to “activate”
UCA in terms of facilitating specific effects on cells.

4.4.3 Immunosuppressive Activity of cis-UCA

UV irradiation can suppress the immune system both locally and systemically
(Kripke et al. 1992; Ullrich 2005; Schwarz and Schwarz 2011). This phenomenon
has been observed in humans as well as other mammalian species such as mouse
(De Fabo and Noonan 1983) and opossum (Ley et al. 2000) but not in lizards (Cope
et al. 2001). UV-induced immunosuppression contributes to skin cancer but also
represents a therapeutic approach for the treatment of autoimmune diseases.
Regulatory T-cells, Langerhans cells, and cytokines are important mediators of
immunosuppression in response to UV irradiation but the initiating event is the
absorption of UV radiation. UV absorption by DNA and the resulting DNA damage
are crucial for UV-induced immunosuppression (Schwarz et al. 2002). Accordingly,
absorption of incident UV by skin chromophores such as UCA reduces DNA
damage (Barresi et al. 2011) and, therefore, should decrease UV-induced
immunosuppression. The effect of UCA-mediated UV absorption on immunosup-
pression has not been quantified yet. However, UV absorption by UCA itself has a
second effect on the immune system, and this effect is opposite to the protection
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from UV damage. UV causes the isomerization of trans-UCA to cis-UCA, and cis-
UCA acts as an immunosuppressive agent.

cis-UCA can mimic both local and systemic immunosuppressive effects of UV
(Noonan and De Fabo 1992; Norval et al. 1995). Investigations of these effects were
mainly based on the administration of exogenous cis-UCA. Other studies have used
an antibody to neutralize endogenous UC-induced cis-UCA (el-Ghorr and Norval
1995). Another experimental setting might be the investigation of UV-induced
immunosuppression in individuals (histidinemics) that have strongly reduced
amounts of epidermal UCA due to defects in histidase. When histidinemic mice and
wildtype mice were irradiated on the shaved back with doses of UV that yielded
minimal skin damage, systemic suppression of contact hypersensitivity (CHS) was
induced in wild-type mice but not histidinemic mice, indicating that endogenous
UCA acts as the epidermal photoreceptor for UV-induced immunosuppression (De
Fabo et al. 1983). Importantly, these studies need to be repeated in larger numbers
of mice and investigations of the underlying mechanisms are warranted.

The mechanism by which cis-UCA induces immunosuppression is not fully
understood at present. According to one hypothesis, cis-UCA activates the 5-HT2A

receptor on Langerhans cells and/or mast cells which are potent modulators of
immune responses. In this scenario, cis-UCA signaling is independent from DNA
damage-induced immunosuppression. Another hypothesis is based on the report
that cis-UCA activates reactive oxygen species production in keratinocytes
(Sreevidya et al. 2010). Subsequently, also pre-mutagenic DNA damage in the form
of 8-oxo-deoxyguanosine (8-oxo-dG) is increased by cis-UCA, and this reaction
can be blocked by an 5-HT2A receptor antagonist. Furthermore, treatment with
5-HT2A receptor antagonist accelerates nucleotide excision repair after UV irradi-
ation, indicating that cis-UCA suppresses DNA repair (Sreevidya et al. 2010).
These findings are compatible with the concept that UV-induced cis-UCA con-
tributes to immune suppression (as well as photocarcinogenesis) mainly by the
production of reactive oxygen which induces DNA damage and inhibits nucleotide
excision repair (Langie et al. 2007). Intriguingly, the cytokine IL-12 reverses
UV-induced immune suppression, at least in part, by activating DNA repair
(Schwarz et al. 2002) and IL-12 also counteracts the inhibitory effects of cis-UCA
on antigen presentation by Langerhans cells (Beissert et al. 2001).

4.4.4 Use of UCA as a Therapeutic Agent

UCA was used for the prevention of UVB photodamage for many years. It was
discontinued as a component of cosmetic products because of reports that showed
enhanced UV photocarcinogenesis in mice treated with topical UCA (Reeve et al.
1989; Andersen 1995). While immunosuppressive effects of cis-UCA were mainly
responsible for the end of UCA-containing cosmetics, the same effects are con-
sidered a useful activity for the treatment of atopic dermatitis and ocular inflam-
mation. A series of preclinical and clinical studies of UCA as a therapeutic agent
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have been conducted recently (Laihia et al. 2012; Peltonen et al. 2014; Jauhonen
et al. 2015). Chemical conjugation of UCA with other substances may extend the
applications of UCA. However, further investigations will be necessary to test the
therapeutic potential of UCA and its derivatives.

4.5 Conclusions

UCA formation is controlled by (1) the supply of histidine which is derived from
filaggrin, (2) the activity of histidase which depends on HAL gene expression and
pH. The pH also affects the solubility of UCA, the binding of UCA to proteins and
the UV absorption spectrum of UCA. Endogenous UCA contributes significantly to
the UV absorption capacity of the stratum corneum and represents the most
important natural sunscreen of the outermost layers of the skin. Because of its
localization, UCA is prone to loss into the environment via elution. UVB irradiation
causes isomerization between trans-UCA and cis-UCA. The latter has immuno-
suppressive activities and represents a marker of UV exposure. Its roles as UV
chromophore and signaling molecule make UCA an attractive target for further
studies in skin biology.
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Chapter 5
The Skin Extracellular Matrix as a Target
of Environmental Exposure: Molecular
Mechanisms, Prevention and Repair

Kieran T. Mellody, Mike Bell and Michael J. Sherratt

Abstract The dermal extracellular matrix (ECM) undergoes age-related remod-
elling which leads to wrinkle formation and increased tissue fragility. In healthy
young individuals structural ECM assemblies, such as collagens and elastin, are
ordered into larger scale structures (collagen fibril bundles and elastic fibres), which
mediate the mechanical properties of the dermis. Equally important however, are the
less abundant extracellular accessory molecules that regulate complex processes such
as cell migration, wound healing and which also orchestrate complex ECM
protein-to-protein interactions. These structures and molecular interactions are per-
turbed in extrinsically aged skin. Using bioinformatics alongside established
molecular investigations opens up exciting new ways to understand skin ageing and
may help to identify novel biomarkers. In this chapter we propose a mechanism
whereby UVR-induced damage of key ECM molecules drives elastosis. We discuss
how: i) the amino acid composition of proteins can be used to predict their suscep-
tibility to damage by ultraviolet radiation (UVR) and ii) other environmental factors,
such as smoking and air pollution may contribute towards premature skin ageing.
Finally this chapter reviews the latest topical applications and systemic therapies that
may be able to reverse the consequences of damage to the ECM in ageing.
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5.1 Introduction

Extracellular matrix (ECM) components perform key mechanical roles in the skin
including resisting tensile (fibrillar collagens) and compressive (proteoglycans and
hyaluronic acid) forces, and conferring elasticity (elastic fibres).With chronological age,
and in particular with exposure to exogenous agents such as ultraviolet radiation (UVR),
these components undergo architectural and structural remodelling which, in turn, is
associated with the outward signs of ageing (wrinkles) and with increased skin stiffness
and fragility (Agache et al. 1980; Baranoski 2000; Warren et al. 1991). Crucially, there
is now a large and compelling body of evidence that highlights the important role played
by ECM components in general and by elastic fibre components in particular in
maintaining tissue homeostasis (Marastoni et al. 2008). As a consequence, it is likely
that accumulated environmental damage to ECM components, by exposure to UVR for
example, will not only affect the mechanical properties of the tissue, but may also
precipitate further remodelling due to the release of sequestered cytokines and proteases
(Watson et al. 2014). In this chapter, we briefly review the composition and function of
cutaneous ECM components (in all three layers of the skin) before discussing the effects
of environmental factors and the causative molecular mechanisms which may be
involved in promoting skin ageing. We then consider current and future strategies to
prevent and crucially, to repair damage accrued by ECM proteins.

5.2 The Extracellular Matrix: Composition
and Architecture in Young, Healthy Skin

The skin is composed of three distinct tissue layers: the epidermis, dermis and
hypodermis. Compared with the highly cellular and relatively thin epidermis, the
thicker dermis undergoes profound remodelling as a consequence of exposure to
environmental factors such as UVR (Yaar and Gilchrest 2007). The dermis is
composed primarily of structural ECM molecules including fibrillar collagens,
proteoglycans and elastin. It is this latter protein which, in combination with asso-
ciated proteins and assemblies, forms both functional elastic fibres and the histo-
logical hallmark of photo-damage, solar elastosis. Given the key role which elastic
fibre associated proteins, such as fibrillin microfibrils and fibulin-5, play in main-
taining tissue function, in this section we consider not only collagen and elastin but
also the influence of “minor” dermal ECM components (Ramirez and Sakai 2010).

5.2.1 Collagens

Currently there are 28 different types of collagens encoded by more than 44 sep-
arate genes, which assemble into a wide variety of supramolecular structures
(Mienaltowski and Birk 2014). All collagens are characterised by the presence of at
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least one sequence of repeating Glycine-X-Y residues where the X and Y are
typically proline and hydroxyproline respectively (Ramshaw et al. 1998). Collagen
monomers are, in turn, assembled from three alpha chains in which the aligned
Gly-X-Y repeats form a triple helical domain that is stabilised by the hydroxylation
of proline (Birk and Bruckner 2005). The major structural fibrillar collagens such as
collagen I, II and III are composed of an uninterrupted helical region which
comprises the entire molecule in the processed form. Other sub-families such as the
FACIT collagens (Fibril Associated with Interrupted Triple Helices) and the net-
work forming collagens (e.g. collagen IV, VI and VIII) contain discontinuous triple
helical regions and/or substantial non-helical (globular) domains. Although some
collagens (e.g. collagen II in cartilage) are confined to specific tissues, many col-
lagens are ubiquitously expressed.

The most abundant collagens found in the skin are the interstitial fibrillar collagens,
types I, III and V. These collagens form fibrils which range in diameter from 80 to
180 nm (ovine skin) and which are commonly arranged into large fibril bundles
throughout the dermis (Fang et al. 2012). The most abundant non-fibrillar collagen in
skin and in many other tissues is collagen VI. The beaded microfibrillar networks
formed by this collagen encircles dermal collagen I fibrils and are thought to play a
role in mediating matrix assembly and fibroblast phenotype (Sabatelli et al. 2011;
Theocharidis et al. 2015). Other dermal collagens exhibit more localised distributions.
Collagen IV for example, assembles into a sheet structure that forms the basal
lamina. Collagen XVII stabilises basement membranes including the dermal epider-
mal junction (DEJ) by assembling into hemi desmosomes that anchor the epidermis to
the dermis. Similarly, collagen VII anchors the dermis to the DEJ (Abreu-Velez and
Howard 2012; Chanut-Delalande et al. 2004; Craven et al. 1997; Loffek et al. 2014).

5.2.2 Proteoglycans and Glycosaminoglycans

Proteoglycans are proteins that are heavily modified by glycosaminoglycan (GAG)
side chains with the exception of hyaluronic acid (HA) which does not contain a
protein core. The most abundant proteoglycan in skin is decorin, a member of the
small leucine rich proteoglycan family (SLRPs) which is modified with a single
GAG chain. It regulates the early stages of collagen fibril formation adorning the
length of mature collagen fibrils, protecting them against proteolysis (Ruehland
et al. 2007; Stuart et al. 2011; Yamaguchi et al. 1990). Other proteoglycans present
in skin include versican, a constituent of blood vessels in the dermis, perlecan
which is localised to the basement membrane, cell-surface expressed glypians and
syndecans, and HA which is localised to the epidermis (Maquart and Monboisse
2014; Papakonstantinou et al. 2012; Wang et al. 2007). The GAG chains on HA
readily bind water molecules to help maintain stratum corneum hydration and
barrier function. HA is also an important molecule for wound healing and fibroblast
migration (Papakonstantinou et al. 2012). The age-related decrease in epidermal
localised HA is thought to contribute towards skin dehydration and loss of skin
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elasticity. The use of HA fillers injected into the skin not only decreases the clinical
appearance of wrinkles but also restores dermal matrix components by stimulating
de novo collagen synthesis (Wang et al. 2007).

5.2.3 Elastic Fibres

The mature elastic fibre system is a multi-component assembly that includes fib-
rillin microfibrils and elastin fibres that endow dynamic tissues such as skin, with
passive elastic recoil and resilience (Baldwin et al. 2013). In the papillary dermis,
‘candelabra-like’ structures, consisting primarily of fibrillin microfibrils, intercalate
with the DEJ. Deeper in the reticular dermis, these fibrillin microfibrils form an
outer mantle around a highly cross-linked elastin core that together forms the
mature elastic fibre system (Kielty et al. 2002; Sakai et al. 1986).

Elastin is a multi-domain, highly hydrophilic protein which is encoded by a
single gene on chromosome 7q11.23. Elastogenic cells, such as fibroblasts within
the skin, secrete the soluble precursor, tropoelastin, which is subsequently pro-
cessed (by the amine oxidase: lysyl oxidase [LOX]) to the cross-linked, insoluble
mature fibre (Lucero and Kagan 2006). Functionally, the N-terminus of elastin
endows the protein with its elastic recoil whilst the C-terminus and a recently
identified central region of the protein are actively involved in aVb3 and aVb5
integrin-mediated cell adhesion and signalling respectively (Bax et al. 2009; Lee
et al. 2014). Importantly however, elastic fibre assembly does not occur in isolation
but is dependent on the presence of fibrillin microfibrils.

Fibrillins are large glycoproteins (*340 kDa) that are encoded by three separate
genes (FBN 1-3) on distinct chromosomes. Fibrillin-1, which is the most abundant
isoform in adult tissues, forms the major component of the insoluble fibrillin-rich
microfibrils localised within the dermis. Fibrillins-2 and -3 are typically expressed in
early development, although fibrillin-2 is also expressed by keratinocytes and is present
at low levels within theDEJ in adult tissue (Brinckmann et al. 2010; Haynes et al. 1997).
The fibrillins are composed mainly of repeating calcium binding epidermal growth
factor-like (cbEGF) domains. Fibrillin monomers polymerise to form insoluble
fibrillin-rich microfibrils that exhibit a characteristic ‘beads on a string’ appearance with
a regular inter-bead periodicity of*56 nm. Microfibril assembly occurs pericellularly
and is dependent upon integrin binding, fibronectin, heparin and heparin sulphate (Bax
et al. 2003; Kinsey et al. 2008; Massam-Wu et al. 2010; Sabatier et al. 2014).

In addition to acting as a molecular scaffold for tropoelastin deposition in elas-
togenesis, coacervation studies have further highlighted the importance offibrillin in
anchoring and directing the alignment of tropoelastin molecules prior to
cross-linking (Clarke et al. 2005). Further, the interaction of microfibrils with cells
and the latent transforming growth factor beta (TGFb) growth factor binding proteins
(LTBP) and the Latency associated peptide (LAP) complex suggest fibrillin
microfibrils also may orchestrate elastogenesis by regulating TGFb availability
within the ECM space (Kaartinen and Warburton 2003; Massam-Wu et al. 2010).
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Aberrant TGFb signalling and disruption to elastic fibres assembly during prenatal
and neonatal development is a hallmark of Marfan syndrome (MFS) caused by
mutations in the fibrillin-1 gene (Gigante et al. 1999; Neptune et al. 2003). However,
it is not clear if microfibrils also regulate elastic fibre assembly in adult tissue or if
their composition changes as part of the ageing process. This is why our laboratory is
focussed on understanding how photodamaged fibrillin microfibrils affect the mature
elastic fibre system in skin and if their composition changes in ageing. Interestingly,
although fibrillin microfibrils play an important role in determining tissue function
and maintaining homeostasis they constitute only relatively a small proportion of the
organic material within the dermis.

5.2.4 The Importance of “Minor” Components

The “major” components of the dermal ECM, in terms of their relative abundance,
are important in maintaining normal skin function. As a consequence, attention has
focussed almost exclusively on widely expressed proteins, such as collagen I and to
a lesser extent elastin, and on the GAG chain of HA as key biomarkers of damage
and targets for repair. However, there is compelling evidence that less abundant and
hence “minor” ECM components play central roles in mediating the architecture of
large ECM assemblies and in controlling cell-mediated tissue homeostasis. In the
case of fibrillar collagens, for example, the SLRP decorin controls collagen fibril
diameter and packing. The importance of this supra-molecular architecture to
maintaining skin function is evident in the decorin knockout mouse which suffers
from increased skin fragility (Danielson et al. 1997). However, decorin is not the
only mediator of collagen fibril structure. Other fibril associated SLRPs such as
biglycan, fibromodulin, versican, collagens (XII and XVI) and the ECM glyco-
protein periostin may be equally important in maintaining tissue structure (Grassel
and Bauer 2013; Maruhashi et al. 2010). In addition to its structural role, decorin, in
common with elastic fibre associated fibrillin microfibrils, is a negative regulator of
TGFb (Stuart et al. 2011; Yamaguchi et al. 1990).

As discussed previously, fibrillin microfibrils sequester and therefore play a role in
regulating the availability of TGFb within the ECM (Massam-Wu et al. 2010).
Fibrillin-1 mutations that cause MFS can alter protein structure and function, ren-
dering the molecule susceptible to proteolysis and perturbing TGFb signalling
(Habashi et al. 2006; Kirschner et al. 2011; Mellody et al. 2006). A central region of
the fibrillin-1 gene, often referred to as the neonatal region (exons 24-32), is prone to
a cluster of mutations that result in an early lethal form of MFS which is associated
with profound skin wrinkling (Tiecke et al. 2001). Tables 5.1 and 5.2 summarise the
molecular interactions and potential function of both “major” and “minor” dermal
components which play important roles in modifying cell behaviour, regulating
matrix-to-matrix interactions and inducing protease expression. The abundant fib-
rillar collagens endow the skin with tensile strength and together with the minor
collagens also regulate many other cellular and extracellular processes such as cell
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Table 5.1 Dermal extracellular matrix proteins

Major component Structure Functions and
interactions

ROS/UVR
susceptibility
(% 1° sequence)

Crosslink
susceptibility
(% 1° sequence)

Fibrillar
collagens

I Forms fibrils Provides tensile
strength and
rigidity. Involved
in fibroblast
migration

4.20 8.91

III Forms fibrils Important in skin
development and
collagen I
fibrillogenesis

5.47 8.39

V Forms fibrils Predominant at the
core of fibril
bundles. Provides
a scaffold for
collagen I
fibrillogenesis

4.89 9.27

VII Forms fibrils Major component
of the basement
membrane.
Anchors the
epidermis to the
dermis

4.17 10.55

Non-fibrillar
collagens

IV Forms sheet
structure

Adhesion
molecule within
the DEJ. Provides
a scaffold for ECM
molecules

5.95 8.55

XVII Transmembrane
protein

Component of
hemidesmosomes.
Essential for
organisation of the
basement
membrane and
directs
keratinocyte
migration in
wound healing

7.28 8.55

VI Forms beaded
microfilaments

Regulates cellular
functions and
provides structural
support to cells

7.40 11.58

XII Associates with
collagen fibrils

Regulates the
organisation and
mechanical
properties of
collagen fibril
bundles

7.86 10.23

(continued)
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migration (collagen I) (Li et al. 2004), angiogenesis (collagen XVIII) (Zatterstrom
et al. 2000) and metalloproteinase expression (collagen XVI) (Bedal et al. 2014)
(Table 5.1). Equally important are the non-collagenous proteins, many present in low
abundance, which also exhibit a wide range of molecular interactions from collagen
fibrillogenesis (decorin and biglycan) (Bielefeld et al. 2011; Zhang et al. 2009),
wound healing (fibronectin) (Bielefeld et al. 2011) to cytokine regulation (fibrillin),
thus highlighting the dynamic nature of the ECM (Table 5.2). Whilst the dermis is
enriched in structural ECM proteins (in particular fibrillar collagens and elastin),
ECM proteins are also found in both the hypodermis and epidermis.

5.2.5 Non-dermal Extracellular Matrix Proteins

We have previously shown that two LTBP isoforms and the ECM cross-linking
lysyl oxidase-like enzyme (LOXL-1) are expressed in the human epidermis
(Langton et al. 2012). This enzyme is also expressed epidermally in the mouse and
there is little evidence in the literature of expression in the dermis (Liu et al. 2004).

Table 5.1 (continued)

Major component Structure Functions and
interactions

ROS/UVR
susceptibility
(% 1° sequence)

Crosslink
susceptibility
(% 1° sequence)

XIII Involved in
angiogenesis

5.16 11.30

XIV Associates with
collagen fibrils

Induces skin
fibroblast
quiescence and
differentiation

8.26 8.82

XVI Associates with
microfibrils

Component of
hemidesmosomes
and induces
metalloproteinase
expression. May
be a fibrillin-1
microfibril
component within
the papillary
dermis

5.81 9.48

XXII Component of the
hair follicle
basement
membrane and
interacts with cell
surface integrins

4.63 10.69

Human skin collagens. Fibrillar and non-fibrillar collagens are major components of the ECM in skin.
Collagens not only provide structural support to skin but are also involved in a wide-range of molecular
interactions as shown. Primary sequence analyses of the collagens predict that they are protected against
UV and ROS-induced damage but are susceptible to crosslinking
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The role played by these proteins in the epidermis is unclear: although LTBPs
commonly associate with fibrillin microfibrils and LOX enzymes contribute to
elastic fibre assembly the epidermis itself is devoid of mature elastic fibres. The
location of these proteins in basal keratinocytes suggests that epidermal cells may
synthesise key proteins in the papillary dermis. The final layer of the skin, the
hypodermis, is comprised primarily of white adipose tissue containing
pre-adipocytes, adipocytes, macrophages and fibroblasts. The ECM content of this
layer is sparse and the UVR exposure is likely to be low (Askew 2002). However, it
is now becoming clear that the hypodermis is susceptible to longer wavelength
UVR, becoming thinner in photoexposed regions of the body and that adipose tissue
may regulate collagen and elastic fibre abundance in the dermis via the expression of
matrix metalloproteinase-9 (MMP9) (Fenske and Lober 1986; Sherratt 2015).

5.3 Skin Remodelling by Environmental Factors

There are two broadly accepted categories of skin ageing: intrinsic and extrinsic.
Intrinsic ageing refers to the naturally occurring degenerative process that causes fine
wrinkling and a gradual loss of elasticity and dermal matrix proteins with the pas-
sage of time (El-Domyati et al. 2002). These degenerative processes may be due to
systemic ageing mechanisms such as telomere shortening, cellular senescence and
oxidative stress and aberrant glycation which are thought to affect multiple organ
systems (Holliday 2006). In contrast, the second category of skin ageing, extrinsic
ageing, is characterised by the formation of coarse wrinkles, mottled pigmentation
and a marked loss of elasticity and resilience (El-Domyati et al. 2002; Yaar and
Gilchrest 2007). These outward manifestations are accompanied by profound and
localised remodelling of the dermal matrix [for a comprehensive review see (Naylor
et al. 2011)]. In the latter part of this section we discuss the potential role played by
smoking and environmental pollution in mediating extrinsic ageing, but first we
concentrate on the major causative factor: UVR. The term photo aged is often used
to describe chronically UV-exposed skin but this usage implies that UVR-exposure
promotes remodelling via the same processes which induce intrinsic ageing.
However, given the marked compositional, architectural and functional differences
between intrinsically aged and “photo aged” skin, it seems more appropriate to refer
to the process of photo damage rather than photo ageing.

5.3.1 Ultraviolet Radiation Exposure and Skin
Photo-Damage

The key molecular targets and potential mediators of UVR-induced dermal
remodelling are depicted in Fig. 5.1. In severely photoaged skin there is both a
widespread loss of fibrillar collagens (I and III) throughout the dermis and a
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localised loss of collagen VII anchoring fibrils at the DEJ (El-Domyati et al. 2002;
Talwar et al. 1995). In contrast, in the same tissue, dermal GAG content (in par-
ticular HA and chondroitin sulphate containing GAGs) is increased and
co-localised with the elastic fibre network (Bernstein et al. 1996). It has become
clear that this complex elastic fibre network is particularly sensitive to
UVR-exposure [for a comprehensive review see (Naylor et al. 2011)]. For example,
mildly photo-damaged skin is characterised by the loss of both the fibrillin
microfibril candelabra-like structures (oxytalan fibres) and fibulin-5 in the papillary
dermis whilst chronic UVR exposure induces profound dermis-wide changes in
elastic fibre architecture (Kadoya et al. 2005; Watson et al. 1999). In such severely
photo-damaged skin, the ordered arrangements of elastic and elaunin fibres in the
reticular dermis (which differ in their proportion of elastin and fibrillin) and of
fibrillin-microfibril containing oxytalan fibres in the papillary dermis is replaced by
a disordered mass of elastin and fibrillin-rich “elastotic” material. This remodelling
of the dermal ECM occurs in parallel with epidermal thickening and a flattening of
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Fig. 5.1 Molecular mechanisms and consequences of chronic UVR-exposure. 1 Ordered fibrillin
—rich microfibrils, originating in the reticular dermis, form candelabra-like structures at the
dermal-epidermal junction. As well as providing a template for elastin deposition, fibrillin—rich
microfibrils regulate TGF b bioavailability within the ECM by binding the LTBP/LLC complex. 2
In early photodamage the fibrillin-rich microfibrils are diminished from the upper dermis. The
generation of ROS by cells in the epidermis in response to UV may activate dermal proteases to
target microfibrils and disrupt LTBP/LLC binding resulting in aberrant TGF-b/fibroblast
signalling. In addition, chromophoric amino acids within the primary sequence of the
LTBP/LLC may render the assembly susceptible to damage by UV. Further, the complex may
be displaced by proteolytic fibrillin fragments competing for binding sites along the length of
remaining intact microfibrils. 3 Crosslinking of collagen fibrils, driven by ROS, occurs in
extensive photodamage. The crosslinking of collagen may also drive ROS formation resulting in
increased protease activity and degradation of fibrillin-rich microfibrils. It has yet to be elucidated
if TGF b/fibroblast signalling results in the de novo deposition of elastin (elastosis) or the
aggregation of resident mature dermal elastic fibres in photodamage
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the rete ridges which normally characterise the DEJ in many sun-protected sites
(El-Domyati et al. 2002). However, the extent to which changes in dermal com-
position and architecture drive outward changes in skin appearance (specifically the
formation of deep wrinkles) remains unknown. Furthermore, the relative contri-
butions of potential causative mechanisms of dermal remodelling remain (such as
UV-activation of the elastin promoter or by protease-mediated disruption of the
existing elastic fibres network) are still under investigation (Sellheyer 2003; Uitto
2008). The next section discusses the potential roles played by cellular and acellular
pathways in remodelling of the chronically sun-exposed dermis.

5.3.2 Mechanisms of Ultraviolet Radiation Induced Skin
Remodelling

It is now well established that UV-exposure induces the expression of multiple pro-
teases including many ECM-degrading matrix metalloproteinases (MMPs), but it is
also evident that the substrate specificity of these enzymes is low [for a comprehensive
review see (Watson et al. 2014)]. MMPs-1 and -9 for example, whose expression is
upregulated in UVR exposed skin, can, collectively, degrade collagens I, III, IV and
VII, elastin and the ubiquitous adhesive glycoprotein fibronectin (Chakraborti et al.
2003; Fisher et al. 1996). As a consequence, if these enzymes were themainmediators
of photo damage then the early stages of UVR-exposure would be characterised by
disruption of the DEJ (collagen IV and VII), the dermal fibrillar collagen matrix
(collagens I and III), the elastic fibre system (elastin) and cell-matrix adhesion (fi-
bronectin). However, as we have discussed in the previous section, it is components of
the elastic fibre system, and in particular fibrillin microfibril bundles which appear to
act as sensitive biomarkers of both mild and severe photo damage. We therefore
proposed in 2010 that the amino acid composition of fibrillin-microfibrils (which are
rich in UV-absorbing disulphide bonded Cys residues) would render them particularly
susceptible to damage from direct UVR exposure and in 2014, that photoageing/
photodamage may be due to both cellular and acellular pathways (the selective
multi-hit model) (Sherratt et al. 2010; Watson et al. 2014).

We were not the first group to recognise the potential for UVR to damage
extracellular dermal proteins either directly or via the production of reactive oxygen
species (ROS), a process known as photosensitization (Pattison et al. 2011).
Compelling evidence for the role of photosensitization in photoageing was provided
by Sander and colleagues who characterised the UVR-dose dependent accumula-
tion of oxidation-induced protein carbonyls in the acutely exposed human papillary
dermis (Sander et al. 2002). Crucially however, the main protein targets of this
oxidative damage were not identified. It has been generally assumed that the major
structural proteins (fibrillar collagens and elastin) will be targets of UVR and ROS
and there are numerous in vitro studies which report the UV-mediated degradation
of collagen [i.e. (Jariashvili et al. 2012)]. In our 2014 review we related the UVR
doses used in these in vitro studies to the minimal erythemal dose (MED) which
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will cause reddening of the skin (Watson et al. 2014). It was clear from this analysis
that fibrillar collagen are readily degraded by non-physiological UV wavelengths
(UVC) and doses (2–4 orders of magnitude greater than the MED). In contrast, we
have shown that physiologically relevant UV sources and doses (up to an MED of
UVA and UVB containing solar simulated radiation: SSR) have minimal effect on
the structure and/or electrophoretic mobility of proteins (collagens I and VI,
tropoelastin and a-lens crystallin) which are largely devoid of the UVA chro-
mophoric amino acid residues (Cys, Trp and Tyr). In the same study, however, we
also demonstrated that: (i) UVA chromophore-rich proteins (fibrillin-1 microfibrils,
fibronectin b- and c-lens crystallins) are susceptible to the same low SSR doses and
that (ii) UV-exposed tissues are enriched in Cys, Tyr and Trp-containing proteins
(Hibbert et al. 2015). This latter observation lead us to propose that UV-
chromophore-rich proteins may act as endogenous sunscreens, protecting deeper
components from UV-exposure.

5.3.3 Infrared Radiation and Tobacco Smoke

Although it is the most intensively studied, UVR is not the only environmental
factor which is thought to promote skin ageing. In common with UVR, chronic
exposure to infrared radiation (IR: ranging in wavelength from 760 nm to 1 mm)
may also be associated with dermal elastosis and additionally with epidermal
remodelling [for a comprehensive overview the reader is referred to two excellent
reviews (Akhalaya et al. 2014; Schieke et al. 2003)]. The mechanisms which induce
these changes in IR exposed skin remain to be fully characterised but exposure to
IR can upregulate MMP-1 expression in cultured dermal fibroblasts, dysregulate
TGFb signalling and may promote oxidative stress (Akhalaya et al. 2014;
Grether-Beck et al. 2014; Karu 1999; Schieke et al. 2002). In addition to radiation
(UV and IR), the structure and function of human skin may be affected by the
exogenous chemicals found in tobacco smoke.

The phenomenon of the deeply wrinkled “smoker’s face” is often reported but
not universally accepted and may be influenced by the ethnicity of the subjects
(Daniell 1971; O’Hare et al. 1999). The histological consequences of smoking in
skin are also contentious. In UVR-exposed facial skin, smoking is associated with
enhanced solar elastosis (Boyd et al. 1999). In order to separate the effects of
UVR-exposure from the systemic effects of smoking, Allen and co-workers (in a
predominantly non-Caucasian population) and more recently Knuutinen and col-
leagues examined the histological distribution of elastic fibres in upper-inner arm
skin but were unable to identify any smoking-related differences (Allen et al. 1973;
Knuutinen et al. 2002). In contrast, immuno-histochemical studies have identified
non-elastosis-like deposition of elastin and increased elastic fibre deposition in the
upper inner arm and foreskin respectively of smokers (Frances et al. 1991; Just et al.
2005; Rosado et al. 2012). The apparent absence of fibrillar collagen remodelling in
the skin of smokers suggests that, in common with photo ageing/photo damage, the
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elastic fibre system, once again is particularly susceptible to environmental
factors. What is also becoming clear is a link between the particulate matter
associated with air pollution and premature skin ageing (Krutmann et al. 2013).

5.3.4 Identifying Biomarkers of Ageing

It is clear that not all skin components are equally susceptible to the effects of
environmental factors such as UVR, IR and tobacco smoke. We have published
evidence for the differential degradation of key ECM proteins by environmentally
attainable UV exposures and the ability of bioinformatics approaches (applied to
the entire human proteome) to identify potential targets (Hibbert et al. 2015;
Sherratt et al. 2010; Watson et al. 2014). However, the composition of skin is
complex and proteins are not the only molecules that can act as UV chromophores.
Young and more recently Wondrak and colleagues have published excellent
reviews which discuss the chromophoric (and in some cases photosensitization)
abilities of DNA, porphyrins and flavins, vitamin K and B6 derivatives, bilirubin,
NAD(P)H, urocanic acid and advanced glycation end products (AGEs) (Wondrak
et al. 2006; Young 1997). The role of these latter age-associated post-translational
modifications in mediating the targeted degradation of proteins is intriguing. Not all
proteins are equally prone to non-enzymatic cross-linking with glucose and the
number of free Lys residues may play an important role in determining suscepti-
bility (Bailey 2001). Once formed, AGEs on elastin and collagen can act as pho-
tosensitizers driving H2O2 production and inhibiting fibroblast proliferation
(Wondrak et al. 2003). The complexity of skin and the interactions with UVR
suggest that multiple agents may be required to protect against photo-oxidative
stress and to promote protective cellular responses (Wondrak 2007).

5.4 Preventing and Repairing Environmental Damage

As local exposure to UVR is associated with profound changes in skin appearance
and function, most cutaneous anti-ageing strategies employ topical formulations
containing putative active ingredients which are intended to perform preventative
and/or reparative roles. These ingredients may block UVR, act as antioxidants,
modify protease activity or promote the deposition of new ECM components. In
this section we discuss the efficacy of these ingredients and also consider the
potential role of physical methods and systemic treatments in preventing and
repairing environmental damage to skin. We have not however addressed the
potential role of botanical extracts in treating skin ageing as the efficacy and mode
of action of such complex mixtures is difficult to determine.
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5.4.1 Topical Agents

5.4.1.1 Sunscreens

The topical application of sunscreens is the first-line of defence against
UVR-induced photo damage (Yaar and Gilchrest 2007). Organic sunscreens absorb
photons and convert the energy to heat or light. In contrast, inorganic applications
often contain oxide minerals, such as TiO2 or ZnO, which scatter and reflect UVR.
However, the photo degradation of organic compounds and the use of minerals in
products can result in the formation of ROS and may also be linked to skin cancer
(Shibata et al. 2007; Tran and Salmon 2011). For this reason antioxidants, such as
tocopherol (vitamin E) acetate and polyphenolic molecules, are commonly added to
formulations to counteract the effects of ROS. The use of more photo stable
compounds in sunscreens not only helps to prevent the generation of ROS but also
improves the efficacy of the products (Marrot et al. 2004). However, some of these
ingredients have also been found to be associated with contact dermatitis in pre-
disposed individuals (Manova et al. 2014). Modern day UV filter sunscreens
commonly combine both organic and inorganic ingredients to improve photo
protection but there are issues surrounding the environmental impact of these
compounds (Ma et al. 2014; Tovar-Sanchez et al. 2013).

5.4.1.2 Regulated Anti-ageing Treatments

Topical retinoids, such as tretinoin and isotretinoin, are vitamin A derivatives used
to improve the clinical appearance of photoaged skin. Retinoids bind nuclear
retinoic acid and retinoid X receptors (RARs, RXRs) to augment gene activity,
although their precise cellular and molecular mechanism of action remains unclear
(Xiao et al. 1995). A number of early studies to test the efficacy and safety of
retinoids reported improvement in photoaged features such as coarse wrinkling,
sallowness and actinic lentigines (Kligman et al. 1986; Leyden et al. 1989). These
improvements are marked by changes to the cutaneous microenvironment including
all-trans retinoic acid (t-RA) induced increase in the abundance of collagens I and
III and the deposition of both fibrillin microfibrils and collagen VII anchoring fibrils
at the DEJ (Griffiths et al. 1993; Watson et al. 2001; Woodley et al. 1990). In the
UK all-trans retinoic acid is classified as a prescription only drug and is prohibited
as a cosmetic ingredient in all major markets. As a consequence there is a need for
non-prescription (also known as over-the-counter [OTC]) reparative treatments.

5.4.1.3 Over-the-Counter Anti-ageing Formulations

This section briefly summarises the use of over the counter (OTC) formulations in
repairing age and sun-exposure induced skin damage. The reader is referred to Bradley
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et al. (2015) for a comprehensive review (Bradley et al. 2015). Although many OTC
formulations incorporate retinyl esters, as they require bio-conversion to their active
form, their efficacy may be limited. For example, retinyl propionate alone was inef-
fective at reducing wrinkles after nearly 12 months continuous use in a double blinded
placebo randomised controlled trial on 80 subjects (Green et al. 1998). Most
anti-ageing preparations, therefore, use active ingredient blends/complexes. Those
containing retinyl palmitate, for example, have been shown to induce clinical and
histological improvements when combined with other anti-ageing ingredients (e.g.
peptides and Vitamin C) (Watson et al. 2008, 2009). Other retinoid derivatives such as
D-d-tocopheryl retinoate may also increase collagen I and HA synthesis, but their
efficacy has only been demonstrated in small populations (Okano et al. 2006). In
addition to vitamin A derived retinoids, OTC formulations may contain other vitamins
and their derivatives. For example, L-ascorbic acid acts as both an antioxidant and a
promoter of collagen and elastic fibre synthesis and the expression of ECM protease
inhibitors (Geesin et al. 1986, 1988; Maia Campos et al. 2008; Murad et al. 1981;
Nusgens et al. 2001; Raschke et al. 2004). Vitamin E has been shown to upregulate
the expression of both enzymatic and non-enzymatic antioxidants in a murine model
of photoageing but its efficacy in humans and reparative capacity remains unknown
(Lopez-Torres et al. 1998).

Osmolytes are organic molecules that are not only important in maintaining cell
isotonicity but can also protect against ROS. A study by Warskulat et al. (2004),
found that keratinocytes increased osmolyte (Taurine, Betaine and Myoinositol)
uptake in response to UV-B exposure and proposed that this mechanism formed
part of the cellular defence against oxidative stress (Warskulat et al. 2004). Taurine,
which is present in the skin, has also been shown to protect keratinocytes against
UV-induced apoptosis (Janeke et al. 2003). Ectoin is a bacteria synthesised
osmolyte that also exhibits photo protective properties in human skin (Buenger and
Driller 2004). The findings of these studies and others have increased the use of
osmolytes in photoprotective personal care products. Co-enzyme Q10 is another
antioxidant which is often found in anti-ageing formulations. There is evidence that
prolonged use of co-enzyme Q10-containing cream can reduce skin wrinkling,
epidermal oxidation, cellular ROS and MMP-1 expression and increase human
dermal fibroblast proliferation and synthesis of basement membrane ECM com-
ponents (Hoppe et al. 1999; Muta-Takada et al. 2009).

5.4.1.4 Peptides and Matrikines

Many OTC formulations contain small peptides that are thought to induce ECM
deposition. It has been reasoned that naturally occurring processed ECM fragments
termed matrikines can act as signalling molecules that stimulate matrix deposition
(Maquart et al. 1993). Published experimental evidence for the efficacy of matrikines
in repairing photodamaged skin is minimal but this may reflect the commercial
sensitivities which influence research into topical anti-ageing agents. One exception
is the procollagen derived pentameric peptide lys-thr-thr-lys-ser (KTTKS) which
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stimulates expression of fibrillar collagens in vitro and is associated with improve-
ments in facial wrinkles (albeit in association with palmitoyl (Katayama et al. 1993;
Robinson et al. 2005). A combination of peptides (pal-GQPR and collagen II
derived pal-GHK) can promote wound healing when administered with copper and
pal-GHK alone can stimulate collagen deposition in vitro and affect collagen
architecture in UVA irradiated ex vivo skin (Lintner and Peschard 2000; Maquart
et al. 1993, 1988). However, the dermal matrix is not composed of fibrillar collagens
alone. The amino acid sequence GEKG (Gly-Glu-Lys-Gly) is present in several
ECM proteins and hence has been indented as a matrikine which may induce not
only collagen I expression but also the synthesis of other ECM components
including HA and fibronectin (Farwick et al. 2011).

5.4.1.5 Formulations and the Importance of Synergistic Effects

In practice, the putative active ingredients discussed above are not commonly
applied in isolation but as part of a formulation in which discrete components may
act synergistically to enhance biological activity. These synergistic effects have
been most intensively studied in the case of vitamins. Vitamins C and,E for
example, when applied topically to UV irradiated skin, reduce both erythema and
DNA damage (thymidine dimer formation) (Lin et al. 2003). These synergistic
effects may manifest clinically, as a reduction in wrinkles and histologically by
promoting repair of the elastic fibre system following application of madecassoside
and ascorbic acid combination (Haftek et al. 2008). The reader is referred to our
recent 2015 review for a more comprehensive discussion (Bradley et al. 2015). As
effective as topical agents have proven to be, there are alternative approaches which
also show promise.

5.4.2 Systemic Treatments, Physical Methods and Devices

For a comprehensive review of the many treatments available the reader is referred
to Ganceviciene et al. (2012). Briefly, oral supplements are popular as, if effective,
they have the potential to improve not only skin appearance but also functionality
of the whole body. However, despite many commercially available products, the
clinical evidence supporting their effectiveness is generally lacking or very weak,
especially when they are targeted at, for the most part, a healthy population.
Vitamins C and E together with carotenoids are the most extensively studied
antioxidant supplements. Ingestion of tomato paste and olive oil for 10 weeks was
shown to reduce UV induced erythema and fibrillin-1 microfibril breakdown but the
photoprotective effects of such antioxidants would be small compared to the effects
of topical sunscreens. For an improvement in photoaged appearance, clinical evi-
dence from placebo controlled double blinded trials has been generated in
post-menopausal subjects. A 6 month double blind placebo controlled trial

5 Skin Extracellular Matrix and Environmental Exposure 117



performed on 80 subjects with an oral supplement that included soy extract, fish
protein polysaccharides, vitamins C and E (Imedeen Prime RenewalTM) showed
improvements in several clinical grading parameters from 3 months (Skovgaard
et al. 2006). However, the magnitude of these benefits, whilst statistically signifi-
cant, was small.

In the clinic, a wide range of non-surgical (e.g. Botox, dermal fillers, chemical
peels) and surgical interventions (e.g. liposuction) are available. Botulinum toxin A
(Botox) reduces dynamic wrinkle appearance by promoting muscle relaxation. To
compensate for loss of facial volume in age, injectable fillers based on collagen or
hyaluronic acid are most often used. For hyperpigmentation such as facial solar
lentigines, chemical peels which vary in their strength and therefore depth of effect
(e.g. glycolic acid up to 70 % as a superficial peel; CO2 laser for deep peel) are
more likely used. Dermabrasion is an alternative approach to renew the skin surface
but with an added benefit of increasing collagen production in the generated repair
zone. Lasers can also be used for treatment of pigment and vascular irregularities. In
conclusion whilst these treatments show promise, in many cases their efficacy and
mechanism of action, remains to be determined.

5.5 Conclusions and Future Directions

Although ECM proteins play important and well-recognised roles in mediating the
mechanical and biochemical functions of the dermis, it is becoming increasingly
clear that these functions are not confined solely to the “major” components such as
collagen I and elastin. Some of these less abundant “minor” components (which
perform cell-signalling roles and help to organise the matrix) may also be highly
susceptible to degradation by UVR and ROS as might proteins which undergo
post-translational modification with advanced glycation end products. We have
proposed that this susceptibility may in some cases be beneficial allowing the
proteins to act as endogenous sunscreens and antioxidants. However UVR is not the
only potential mediator of environmental damage and increasingly there is interest
in the effects of IR and factors such as tobacco smoke. The damage caused by these
factors may be prevented and or repaired by the application of topical agents. The
action of many of these agents remains poorly defined and is a key area of research.
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Chapter 6
Nitric Oxide Derivatives and Skin
Environmental Exposure to Light: From
Molecular Pathways to Therapeutic
Opportunities

Christoph V. Suschek

Abstract The role of nitric oxide in human skin physiological as well as patho-
physiological has been under investigation since first reports of cutaneous nitric
oxide synthase (NOS)-expression in human skin tissue in. Already in the first years
on NO research it became obvious that NO plays a pivotal role in the dermal
response to environmental stimuli like ultraviolet radiation, heat, and cold.
Additionally to enzymatically produced NO a range of non-enzymatic pathways for
NO generation has been identified. Substantial quantities of NO radicals are con-
tinuously generated in the human skin, and formation of NO can be enhanced 3–5
fold by illumination with UVA light, especially in the outer skin. This phenomenon
is attributed to the photolysis of photolabile nitroso compounds, which play an
outstanding role in mammalian physiology. Previous work has shown that human
skin is quite rich in these compounds, which attain local concentrations far higher
than found in the blood circulation under normal conditions. Both are known to
deliver free NO radicals upon UVA photolysis even at the modest UVA fluxes as
found in sunlight at sea level. Accordingly, the degree of exposure of skin to
ambient light will significantly affect the NO status of human skin, which plays an
outstanding role in the regulation of local hemodynamic parameters, inflammation,
infection, wound healing, and protection from the injurious effects of UV radiation.

Keywords UV radiation � UVA � UVB � Nitric oxide (NO) � Nitric oxide syn-
thase (NOS) � Human skin tissue � Oxidative stress � Reactive oxygen species
(ROS) � Skin physiology

C.V. Suschek (&)
Department of Trauma and Hand Surgery, Medical Faculty
of the Heinrich-Heine-University Düsseldorf, Moorenstraße 5,
40225 Düsseldorf, Germany
e-mail: suschek@hhu.de

© Springer International Publishing Switzerland 2016
G.T. Wondrak (ed.), Skin Stress Response Pathways,
DOI 10.1007/978-3-319-43157-4_6

127



6.1 Nitric Oxide in Human Skin Physiology

6.1.1 Enzymatic Nitric Oxide Formation in Human Skin

Nitric oxide (NO) can be enzymatically produced from the amino acid L-arginine by
at least three isoforms of nitric oxide synthases (NOS). The endothelial and neu-
ronal isoforms (eNOS or nNOS) are constitutively expressed and regulated tightly
by phosphorylation and binding of Calmodulin. NO released by these two isoforms
usually acts as an intercellular signaling molecule mediating time-restricted events
such as neurotransmission or vasorelaxation. In contrast, the third, by
pro-inflammatory cytokines inducible isoform (iNOS) was initially found in acti-
vated macrophages. All NOS isoforms show moderate homology with cytochrome
P450 reductase and exist in their active form as homodimers of two identical
subunits, and produce NO via a five-electron oxidation of a nitrogen atom of the
guanidinium group of L-arginine and O2. The enzymatic reaction has been
described to be one of the most complicated enzymatic activities currently known
and the exact mechanism of NO synthesis is still not completely understood.
Further, it is important to mention that the three members of the NOS enzyme
family are encoded by different genes located on different chromosomes (Knowles
and Moncada 1994).

Regarding the both constitutively expressed NO synthases, in human skin the
nNOS is expressed in epidermal keratinocytes and melanocytes of the stratum

Fig. 6.1 Enzymatic NO
synthesis in human skin
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basale (Fig. 6.1), whereas the eNOS isoform appears to be delimited to endothelial
cells and fibroblasts. In contrast, the expression of the inducible NOS isoform can
be stimulated by pro-inflammatory stimuli in all cutaneous cell types, including
keratinocytes, Langerhans cells, endothelial cells, melanocytes, and fibroblasts. As
indicated, iNOS expression is predominantly associated with inflammation and
strongly depends on the presence of pro-inflammatory mediators, mainly
Interleukin-1-beta (IL1b), Tumor Necrosis Factor-alpha (TNFa), and/or
gamma-Interferon (cIFN). In contrast, glucocorticosteroids, cyclophilins, and reti-
noids as well as the so called anti-inflammatory Th2-cytokines, i.e. Transforming
Growth Factor-beta (TGFb), Interleukin-4, and/or Interleukin-10 represent effective
inhibitors of iNOS mRNA expression as well as enzyme activity (Bruch-Gerharz
et al. 1998a, b).

In addition to NOS-generated NO formation from its specific substrate L-argi-
nine, NO also can be released by non-enzymatic pathways from nitroso-compounds
as well as higher nitrogen oxides such nitrite or nitrate. Mechanisms and relevance
of cutaneous enzyme-independent NO formation will be discussed in detail below
in this chapter (Paunel et al. 2005).

6.1.2 Antimicrobial and Antiviral Effects of Nitric Oxide

Due to its radically properties NO may effectively serve as an agent of cutaneous
non-specific host defense. Thus, NO exerts antimicrobial effects on diverse
microorganisms including fungi, yeast, bacteria, viruses, and protozoa (Weller et al.
1996, 2001). Thus, as the front line against the invasion by pathogens, the con-
stitutive and steady production of NO on the skin’s surface is likely to play an
important role. In patients with psoriasis, the constitutive induction of iNOS and
elevated NO synthesis may be responsible for the relatively high protection against
infection seen in this disease (Weller et al. 1997). Although infectious bacterial as
well as viral pathogens stimulate iNOS-derived NO production, which seems to
limit their progression, pathogen-induced NO overproduction may promote severe
inflammation, which, in certain cases, results in epidermal necrolysis and damage to
peripheral nerve terminals. Sometimes, the induction of iNOS appears to be
uncontrolled and results in excessive inflammation with serious consequences. In an
experimental model of herpes simplex-induced pneumonia, the administration of
NOS inhibitors improved survival and pulmonary compliance (Adler et al. 1997).
This observation suggests that the improvement was mediated by the attenuation of
the inflammatory response. Important targets for the antiviral effect of NO include
the inhibition of reverse transcriptase and zinc finger domains necessary for
DNA-binding and transcription, viral ribonucleotide reductase, and viral envelope
(Kröncke et al. 1997, 2000).
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6.1.3 Role of Nitric Oxide in Cutaneous Wound Healing

NO plays a pivotal role in the regulation of wound healing-relevant biological
processes. The positive effects of L-arginine supplementation and NO donors,
coupled to the negative effects of NOS inhibitors or the deletion of the iNOS or
eNOS genes, have provided unambiguous evidence of a key role for NO (Frank
et al. 2002). The expression of iNOS is stimulated in wound tissue, particularly in
the basal keratinocytes adjacent to the wound (Frank et al. 1998). One of the key
functions of NO in wound healing seems to be its modulatory activity on prolif-
eration and differentiation of keratinocytes and fibroblasts, which helps to promote
wound contraction and reepithelialization. One study has noted that low concen-
trations (0.01–0.25 mM) of NO stimulate cell division, whereas high concentrations
(>10 mM) are cytostatic (Krischel et al. 1998). Interestingly, it seems to be the
influence of the superoxide anion in the cell that determines the mitogenic capacity
of the NO signal (Vallette et al. 1998). Together, they form Peroxynitrite, which
dose-dependently inhibits proliferation. Removal of this anion reduces the inhibi-
tory effect. The likely importance of NO-modulated cytokine signaling in the
wound healing process has been noted by others and of particular interest seem to
be the NO-induced activation of TGFb and enhancement of IL-1b and IL-8 pro-
duction. NO is also known to stimulate epithelial cells to produce and release of
chemokines and other growth mediators such as vascular endothelial growth factor
(VEGF), epidermal growth factor (EGF) and keratinocyte growth factor (KGF).
KGF is released by IL-1b activated fibroblasts and stimulates the proliferation and
migration of keratinocytes. In addition, high levels of VEGF are found at the
hyperproliferative epithelium of the wound, which appears to be important for
keratinocyte proliferation and angiogenesis (Frank et al. 1999, 2002).

Beside its role as modulator of cell growth and proliferation, NO also is an
effective modulatory agent of collagen metabolism by fibroblasts. The inhibition of
NOS by competitive inhibitors has been shown to reduce collagen synthesis and the
tensile strength of regenerating tissue was significantly reduced in eNOS-knockout
mice, as compared to the wild-type. Primary dermal fibroblasts obtained from
iNOS-knockout mice have been shown to synthesize less collagen compared to
wild-type cells, but their production can be augmented by the addition of NO
donors (Shi et al. 2001). Concordant with this positive effect of NO, topical
estrogen, perhaps acting via a stimulatory effect on NOS activity, has been found to
accelerate the process of wound healing in the aged skin (Ashcroft et al. 1999).
Furthermore, in the context of NO as wound healing regulating agent it is men-
tionable that animals and humans instinctively lick injured skin to promote healing
and reduce infection. Benjamin et al. proposed that licking of wounds promote the
release of nitric oxide from nitrite in the saliva (Benjamin et al. 1997).
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6.1.4 Role of Nitric Oxide in Regulation of Cutaneous
Blood Flow

The constitutive release of NO by microvascular endothelial cells plays an
important role in regulation of the resting blood flow rate. In a rat animal model
local or systemic application of NOS activity inhibitors significantly reduced flow
rates in the skin (Goldsmith et al. 1996; Kellogg et al. 1998). The vasoconstricting
effect of NOS inhibition is enhanced in locally warmed skin (Goldsmith et al.
1996). In contrast, when the whole body is warmed, intradermal injections of NOS
inhibitors have relatively little effect. This is due to a neurally mediated vasodi-
latation reflex, involving the release of calcitonin gene-related peptide (CGRP) as
well as NO (Goldsmith et al. 1996; Kellogg et al. 1999). Although CGRP has
intrinsic vasodilatatory activity, NO release is required for a complete vasodilator
response (Kellogg et al. 1998). Thus, NOS responds rapidly to local changes in
temperature and neurogenic signals with an increase in NO production that has a
direct effect on the vasculature. In unstimulated endothelial cells, at normal tem-
peratures, it is likely that the primary regulator of NOS is blood flow shear stress
(Corson et al. 1996), although circulating cytokines, steroids, and peptide hormones
will also play a part. In the response to heat, it is possible that the vanilloid receptor
family of cationic channels, which allow the entry of Ca2+ into the cell, may be
important in controlling the activity of constitutive NOS. Members of this
heat-sensitive family of channels are expressed by neurons and keratinocytes. In
conclusion, the constitutive release of NO in the skin is involved in setting the rate
of resting blood flow, via a cGMP-dependent relaxation of the vascular smooth
muscle (Weller 2003). In addition, it seems reasonable to hypothesize that NO is
involved in localized or diffuse erythematous eruptions of the skin, caused envi-
ronmental factors like ultraviolet radiation (UVR), drugs, toxins, bacterial or viral
infections. On the other hand, a local deficiency of NO contributes to vasospasms in
circumscribed regions of the skin, as for example in the cold-induced vasocon-
strictive processes of Raynaud’s disease (Anggard 1994).

6.2 UV Radiation—Skin Interaction

6.2.1 Penetration of UVA into Human Skin

The optical properties of skin tissue vary significantly with depth, due to inho-
mogeneity in the distribution of absorbing chromophores and endogenous scatters.
Upon normal incidence, a significant fraction of incident light is reflected due to the
significant contrast in refractive index between air and stratum corneum. Strong
scattering in deeper layers of the skin causes additional emission from the skin, in
particular by the collagen fibers in the dermis. Optical remittance from skin is
defined as the sum of the primary surface reflection and the secondary scattering
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from deeper layers. The absorption of UVA and VIS (300–700 nm) is dominated
by the melanin content of stratum corneum and epidermis. Accordingly, the skin of
black people has far higher absorbance and far lower remittance than that of fair
skinned Caucasians. In healthy stratum corneum and epidermis the scattering of
radiation remains small, and epidermal transmittance of fair Caucasian skin is quite
good for UVA, VIS and near infrared irradiation. For more in-depth information to
this topic see also (Suschek et al. 2010).

The optical properties of the underlying dermis are significantly different from
stratum corneum: The reflective index is lower, and it is highly scattering due to the
presence of copious collagen fibers with a size distribution spanning all wave-
lengths of light. The strong scattering by fibrous collagen makes that incident
radiation propagates diffusively rather than as a collimated wave front. The dermis
does not contain melanin but has significant UVA-VIS absorption by the presence
of oxy-hemoglobin, bilirubin and beta-carotene. Accordingly, the properties of this
layer depend on the degree of vascularization. For a typical UVA wavelength of
350–360 nm, the penetration depth is estimated to be around 70 µm (Anderson and
Parrish 1981). This distance is the depth where the light intensity is reduced by a
factor of 1/e–0.37. It should be kept in mind that the light intensity at this depth is
not negligible but still a significant 37 % of the incoming light. The light intensity is
reduced to the insignificant 1 % level only deeper than four penetration depths (in
this case ca. 300–400 µm). In other words, nearly all UVA is absorbed in the outer
half millimeter of skin. This region comprises the full stratum corneum and epi-
dermis, the upper horizontal plexus as well as the upper layers of the dermis. In
particular, substantial UVA intensities penetrate the region of the dermal micro-
circulation of the upper horizontal plexus (located between epidermis and dermis).
It implies that the microcirculation has access to the photoproducts generated by
UVA irradiation in skin. This is not the case for shorter wavelengths of UVB,
where the far higher extinction coefficients of the outer epidermal layers provide
effective screening. For more in-depth information to this topic see also (Suschek
et al. 2010).

6.2.2 Physiological Effects of UV Irradiation

A prominent effect of UVA on DNA is the formation of cyclobutane pyrimidine
dimers (CPD’s) and other bipyrimidine photoproducts. Both may inhibit DNA
synthesis and gene transcription. In addition, UV irradiation of the skin induces the
release of a plethora of biologically active molecules. Some of these are created
photochemically, by the modification of various proteins, carbohydrates, and lipids,
whereas others are induced or released in consequence. Amongst the important
diffusible transmitters released by UV-activated keratinocytes are IL1b, IL-6, IL-8,
IL-10, TNFa, TGFa, TGFb1, prostaglandin E2 (PGE2), endothelin-1, and the

132 C.V. Suschek



pro-opiomelanocortin peptides. UV irradiation also directly activates certain
transmembrane receptors, such as the epidermal growth factor (EGF) receptor and
the keratinocyte growth factor (KGF) receptor, which go on to activate downstream
pathways and initiate the production of peroxide and reactive oxygen species
(ROS). Additionally, irradiation of cultured endothelial cells or cultured ker-
atinocytes by UVB led to dose-dependent increase in NO and cGMP
(Deliconstantinos et al. 1992, 1995).

In the present literature, the effect of UV on iNOS expression is still contro-
versial. On the one hand UVB was shown to suppress iNOS mRNA expression at 4
and 12 h after UVB irradiation, suggesting that the enhancement of NO production
observed after UVB irradiation in murine keratinocytes may be explained in part by
the upregulation of nNOS expression, but not iNOS expression (Sasaki et al. 2000).
On the other hand UVB radiation was shown to down regulate iNOS expression
induced by IFNc or TNFa in the murine keratinocyte. Controversially, UVB was
reported to induce a de novo expression of iNOS mRNA and NO generation in
cultured keratinocyte cell lines (Seo et al. 2002). Both UVA and UVB are potent
promoters of endothelial iNOS expression in human skin endothelial cells (Suschek
et al. 2001b, 2004). The growing body of data attests that the endogenous gener-
ation of NO plays a significant role in the response to UV (Fig. 6.2).

Finally, in addition to NOS-generated NO, light exposure may release free NO
from a range of photolabile S-nitroso-compounds found in biological tissues like
S-nitroso-glutathione (GS-NO) or S-nitroso-albumin (van Faassen and Vanin
2007). O-nitroso and C-nitroso compounds may similarly be photolysed. Visible
illumination of strongly absorbing nitrosyl-iron (Fe2+–NO and Fe3+–NO) com-
plexes has high quantum yield for release of the nitrosyl ligand as free NO radical.
In normal situations, only the upper layers of skin or the retinal tissues of the eye
will be exposed to significant light intensities. The first case will be considered in
detail below.

Fig. 6.2 UVB induces human iNOS promoter activity, protein expression in vascular endothelia
of human skin and strongly augments cytokine-induced iNOS expression and activity by
mechanisms comprising the involvement of CAT-2 and/or TNF-a-dependent effects on CAT-2-
and iNOS-mRNA expression, respectively
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6.3 Nitric Oxide in UV-Exposed Skin

6.3.1 Role of Nitric Oxide in UV-Induced Cutaneous
Erythema

It is well known that UV radiation dose-dependently induces erythema formation.
Typically, UV-induced erythema arises after a delay of about 4–24 h. At this, the
erythemal threshold of human skin is in the case of UVB (22 mJ cm−2) approxi-
mately three orders of magnitude lower than that for UVA (60 J cm−2). Thus,
human skin seems to be very sensitive to small quantities of energy in the UVB
region. More interestingly, cutaneous application of NOS inhibitors prevented from
UV-induced erythema formation and abolished the characteristic erythemal increase
in blood flow, even when application occurred 30 min before the predicted onset of
erythema (Warren et al. 1993).

A comparable result was found in human volunteers, where the intradermal
injection of a NOS inhibitor attenuated the erythemal increase of blood flow
(Warren 1994) and produced a long-lasting (24 h) pallor around the UVB irradiated
injection site (Weller et al. 1996). In addition to the erythema reducing effects of
NOS inhibitors, NO acts in concert with prostaglandin E2 (PGE2), since the NOS
inhibitor-induced block was lost at high doses of UVB, when a stronger stimulation
of PGE2 occurs (Rhodes et al. 2001). Deliconstantinos et al. (1992, 1995) and
others (Suschek et al. 2001b, 2004) have proposed that UV irradiation augments
both the activity and expression of nNOS and eNOS.

In addition, UV irradiation was also found to induce the expression and therefore
activity of iNOS. In normal skin, iNOS is detectable at about 6 h after UV expo-
sure. The dermal iNOS content becomes highest after approx. 24 h and slowly
returns to resting levels after 72 h. Although UVA irradiation by itself promotes
iNOS expression (Suschek et al. 2001b, 2004), local cytokine release is likely to
contribute significantly (Lee et al. 2000; Suschek et al. 2004). The experimental
inhibition of constitutive NOS during the exposure to UV has been found to inhibit
the induction of iNOS (Lee et al. 2000). Therefore, in the early stages of UV
exposure there would appear to be a positive feedback effect of NO on iNOS
induction. The rise in intracellular calcium that occurs upon UV stimulation appears
to be the principal activator of the constitutive NOS. This calcium flux is also
essential for ROS production via the UV-activated EGF receptor. We note that the
kinetics for UV-induced erythema appears to correlate closely with the expression
of iNOS (Szabo et al. 2001). Thus, the cutaneous production of NO appeared to be
a central component of the delayed-onset erythema. It seems plausible that the
iNOS isoform is the source of this NO, but definite proof is lacking at the moment.
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6.3.2 Regulative Effects of Nitric Oxide on UV-Modulated
Cutaneous Immune Response

Acute UV exposure makes a weighty impact on cutaneous immune response.
Thus UV more or less reversibly suppresses both contact hypersensitivity and
delayed-type hypersensitivity, and thus might lead to a temporally limited devel-
opment of antigen-specific suppressor cells especially Langerhans cells, which
number strongly decay in UV irradiated human epidermis (Cals-Grierson and
Ormerod 2004). Strongly implicated in this response is the release of calcitonin
gene-related peptide (CGRP) from peripheral neurons and cytokine stimulation,
particularly TNFa and IL-10 (Suschek et al. 2004; Townley et al. 2002). The
elevated NO synthesis following iNOS induction after UV exposure might exert
further complex effects on the immune system and in models of skin transplanta-
tion. Enhanced iNOS-driven NO levels are associated with rejection of skin grafts,
whereby application of specific iNOS inhibitors led to improved graft survival rates,
and it appears in this situation that the inhibition of NO enhances the release of
anti-inflammatory Th2-cytokines (IL-10 and IL-4) and reduces the release of
pro-inflammatory Th1-cytokines (IL-2 and INFc), thereby favoring tolerance
(Holan et al. 2002).

6.3.3 Impact of Nitric Oxide on UV-Induced Cutaneous
Inflammation

A large body of work indicates that elevated levels of NO are pro-inflammatory and
many similarities exist between UV-induced erythema and inflammation
(Cals-Grierson and Ormerod 2004). The exposure of skin to UV irradiation or to
chemical irritants results in higher levels of NO synthesis and the production of
pro-inflammatory cytokines (Warren et al. 1993). Application of an NO-releasing
emulsion to the skin of human volunteers evoked local inflammation and other
inflammatory events, including the loss of Langerhans cells and the induction of
apoptosis in keratinocytes (Ormerod et al. 1999). If the production of NO in the
skin was blocked, then the inflammatory response was lessened. In guinea pig skin,
the inflammatory response—as detected in the form of edema formation—to an
intradermal injection of bradykinin, histamine or platelet-activation factor was
attenuated by the co-injection of a NOS inhibitor (Teixeira et al. 1993). In iNOS
knock-out mice experimentally induced inflammation was less severe than in
wild-type mice. Normally, inflammation is self-regulating. This is partly due to
NO-induced nitrosylation of the inflammation-related transcription factor NF-jB,
which prevents the transcription factor from binding to the iNOS promoter, but
other points of feedback may also be involved.

A lot of recent research has focused on the role of reactive oxygen species
(ROS) and particularly superoxide (O2

−), which in combination with NO, forms
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peroxynitrite. In vitro experiments have confirmed that this highly reactive mole-
cule can cause the nitrosation of tyrosine (Ormerod et al. 1999), DNA strand
breakage, and activation of the poly(ADP–ribose) polymerase pathway of necrotic
cell death (Szabo et al. 2001). When the self-regulation of inflammation breaks
down, severe and sometimes life-threatening dermatoses can occur. The Stevens–
Johnson syndrome, an inflammatory skin condition with toxic epidermal necrolysis,
is notable for its persistent upregulation of iNOS mRNA (Lerner et al. 2000).

Paradoxically, UV irradiation of inflammatory skin conditions can suppress iNOS
expression (Sur et al. 2002). In experiments on keratinocytes and macrophages,
UVB irradiation interfered with the binding of the iNOS-related transcription factors
NF-jB and Stat-1 to DNA and inhibited the induction of iNOS by IFNc.

6.3.4 Protective Effects of Nitric Oxide Against UV-Induced
Injuries

The cellular response to intracellular NO concentration increases seems to depend
to a significant extent on the redox potential of the cell, which is itself influenced by
the resting levels of NO. For example, in human neuroblastoma cells NO induces
thioredoxin expression via a protein-kinase-G (PKG)-dependent pathway, which
helps to protect the cells from oxidative stress and apoptosis, whereas higher levels
of NO can promote apoptotic cell death (Kröncke et al. 1997). The protective
effects of NO in the skin have been demonstrated by experiments on iNOS or eNOS
deficient mice, which show significantly higher numbers of apoptotic skin cells
following UV irradiation, than in wild-type mice (Weller et al. 2003). The mech-
anism of this protective action is still uncertain. An induction of Bcl-2 expression
and inhibition of caspase activation have been suggested by some studies (Suschek
et al. 1999), but this fails to explain the rapid timescale of the response. Also
evoked is the inhibition of ROS-mediated lipid peroxidation (Suschek et al. 2001a)
and indeed, lipid peroxidation is widely used as in vivo measure of UV-induced
oxygen free radical production, a reaction suppressed by the NO donor sodium
nitroprusside and enhanced by L-NAME, an effective NOS inhibitor (Lee et al.
2000).

Studies with chemical probes implicate the involvement of H2O2, super oxide
radical (O2

−�), hydroxyl radical (OH�) and an important role for singlet oxygen (1O2)
in UVA-mediated cytotoxicity (Suschek et al. 1999, 2001a) (Fig. 6.3). In biological
environments singlet oxygen is highly reactive with a sufficiently long half-life to
reach specific compartments. All reactive oxygen species (ROS) are potentially
harmful to cells. Exposure to ROS results in progressive cell damage by oxidative
modification of various bio-molecules including the peroxidation of lipid mem-
branes (Sies 1986). Previously published data suggest that NO radicals may ter-
minate radical-chain reaction (Suschek et al. 2001a). This role is supported by the
tendency of cellular NO to partition preferably in the apolar lipid or protein com-
partments. In these compartments, the local NO concentration is about an order of
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magnitude higher than in the aqueous phase. Lipid peroxidation represents a late
step in UVA-induced apoptosis as a prerequisite for mitochondrial cytochrome c
leakage, the initiation step for the mitochondrial pathway of apoptosis (Suschek
et al. 2001a). Lipid peroxidation results from the net abstraction of an allylic
hydrogen atom of an unsaturated fatty acid by an initiating radical species. The lipid
radical generated then reacts with O2 resulting in an alkylperoxy radical (LOO�)
which can then react with neighboring lipid to form another lipid radical that can
also react with O2 and so on. Thus, a single initiating event can lead to the
destruction/modification of numerous lipid molecules resulting in loss of membrane
integrity. Indeed, the reaction of NO with LOO� species predominates over the
slower initiation of secondary peroxidation propagation reactions by LOO� with
vicinal unsaturated lipids. When inhibiting lipid peroxidation propagation reactions,
NO undergoes an initial termination reaction with organic peroxyl radicals to form
organic peroxynitrates (LOONO) (Miranda et al. 2000).

Furthermore, it had been repeatedly shown that NO regulates the expression of a
wide range of genes including protective stress response genes such as vascular
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endothelial growth factor (VEGF), heme oxygenase (HO)-1 and Bcl-2 (Suschek
et al. 2003b) (Fig. 6.4). But the involvement of a “NO-specific” cGMP-mediated
pathway cannot be excluded.

6.4 Enzyme-Independent Nitric Oxide Generation
in Human Skin

6.4.1 Nitric Oxide Derivates in Human Skin

The action of NO is largely determined by its high diffusion rate (D * 3300 µm2 s−1

at 37 °C) and its ability to penetrate cell membranes. The diffusion coefficient is about
1.4-fold higher than that of O2 or CO, and thus the diffusion distance in tissues for NO
has been calculated to be that of many cell diameters (up to 500 µm). NO penetrates
not only biological membranes but also diffuses readily into the core of native and
oxidized low-density lipoprotein. Within tissues, some of the NO may react with
thiols leading to the formation of comparatively more stable S-nitro-thiols (RS-NOs).
However, it should be noted that NO, though a radical, is a very inefficient nitrosating
agent by itself. Even at supraphysiological concentrations, NO will not S-nitrosate
thiols to any significant extent. However, the presence of trace metal ions like iron and
copper may greatly enhance the nitrosation rates via more complicated radical reac-
tion pathways (van Faassen and Vanin 2007). RS-NOs like S-nitrosoalbumin,
S-nitrosoglutathione or S-nitrosocysteine have been detected and quantified in vivo
(Feelisch et al. 2002) and are thought to be responsible for some of the
well-documented physiological processes that previously had been attributed to NO
itself (Stamler et al. 1992). Furthermore, S- and N-nitroso compounds (RS-NOs or
RN-NOs) as well as the oxidation products nitrite or nitrate represent important
products of the NO metabolism in human skin (Fig. 6.5). Concentrations of up to
15 µMnitrite and 7 µMRS-NOwere detected in human skin, representing more than
25- and 360-times higher concentrations of these compounds than found in plasma of
healthy volunteers (Paunel et al. 2005).

Fig. 6.4 Protective role of
NO in UVA-induced and
ROS-mediated cell death of
human skin cells
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Sweat has been reported to contain concentrations of up to 40 µM nitrate (which
continuously is reduced to nitrite by commensal bacteria) and 10 µM nitrite, which
appears to reflect the rate of cutaneous NO formation (Weller et al. 1996). However,
under normal sun- and heat-exposed conditions the sweat secretion will undergo
rapid evaporation, and deposit its nitrate and nitrite content on the skin surface.
Consequently, challenge of normal human skin with UVA light at doses equivalent
to only 3–5 min of sun exposure in the Central European summer (according to an
UVA radiant power of approximately 5 mW cm−2) leads to a significant
non-enzymatic NO formation due to photolysis of nitrite and/or RS-NOs (Fig. 6.6).

Fig. 6.5 Nitric oxide
derivates in human skin tissue
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This enzyme-independent NO formation was detected directly above the skin
surface as NO gas, but was also verified within cultured cells of intact healthy skin
tissue (Paunel et al. 2005). Interestingly, cutaneous UVA-induced NO formation
was comparable or higher than found with maximally iNOS-activated human
keratinocyte cultures (Bruch-Gerharz et al. 2003).

The adult human skin has a total weight of about 10–12 kg and provides the
largest pool of NO derivatives like nitrite or RS-NOs. Since NO has been found to
play important roles in regulating skin pigmentation, as well as growth and dif-
ferentiation of keratinocytes, it appears likely that photodecomposition of intra-
dermal nitrite and RS-NOs as well as of extradermal nitrite has physiological
significance. This may affect processes in human skin like melanogenesis or may
confer protection from UV-induced cell damage (Suschek et al. 1999, 2003b).

It is known that circulating levels of NO-related products in plasma can be
influenced by dietary intake of nitrate or nitrite. Thus, Mowbray et al. propose that
dietary NO derivates may also offer a source for manipulation of cutaneous
NO-related products and an individual’s dietary consumption of green leafy veg-
etables may in part influence their cutaneous response to UV radiation (Mowbray
et al. 2008). It is well known that vegetarians are at reduced risk of developing
hypertension and other cardiovascular diseases, and it has been speculated that the
high nitrate/nitrite content of many vegetables may contribute to these cardiopro-
tective effects. In analogy to these observations, the findings described by Mowbray
et al. strongly implicate an analogous role for nitrite/nitrate containing nutrients in
the protection against the injurious inflammatory or carcinogenic properties of
pro-oxidative environmental stimuli like UVA radiation.

6.4.2 UVA-Induced Photolysis of Nitrite In Vitro

UV-Photolysis of nitrite and nitrate has been known for a long time and been
studied in a large variety of contexts spanning from atmospheric chemistry to
advanced oxidation technologies for detoxication of hazardous organic pollutants.
The primary photolytic reaction releases an oxygen radical (O−�) that is rapidly
protonated to the hydroxyl radical OH�.

The main reactions are tabulated below (Treinin and Hayon 1970; Zafiriou and
Bonneau 1987):

NO�
2 þ hv ! NO� þO�� ð6:1Þ

O�� þH2O $ �OH + �OH pKa ¼ 11:9ð Þ ð6:2Þ

NO� þ �OH ! HNO2 ! NO�
2 þHþ ð6:2bÞ
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NO�
2 þ �OH ! NO�

2 þOH� ð6:3Þ

NO�
2 þNO� ! N2O3 ð6:4Þ

N2O3 þH2O ! 2NO�
2 þ 2Hþ ð6:5Þ

The threshold for both reactions is around 410 nm, corresponding to a photon
energy of 3.0 eV. The secondary reactions between nitrite and the hydroxyl radical
generate nitrogen dioxide radicals (NO2

� ), N2O4, and nitrate (Mack and Bolton
1999). Obviously, a certain quantity of gaseous nitrogen oxides (e.g. NO, NO2

� ) is
released by these pathways and may be lost from the solution. The interest in the
photolysis of nitrite for detoxification of fluid waste is based on the high reactivity
of the hydroxyl radical towards organic compounds. In the presence of biological
materials, or even inside tissues, the hydroxyl intermediates have a plethora of
reaction partners and give rise to a large variety of end products and initiate
autocatalytic oxidations as in unsaturated lipids. The photoexcitation of nitrite rests
on an intense UVC p ! p* transition at 205 nm (e205 = 5500 (Mcm)−1) and a
much weaker p ! p* transition in the UVA at 354 nm (e354 = 22.5 (Mcm)−1). For
photolysis under solar illumination, this weak UVA absorption has highest rele-
vance. Recent in vitro experiments (Anastasio and Chu 2009) reported significant
quantum yields for hydroxyl formation from nitrite anions and nitrous acid at room
temperature under illumination at 366 nm. We note that protonation enhances the
NO-quantum yield of nitrite by an order of magnitude. Accordingly, acidification
significantly accelerates the photogeneration of hydroxyl radicals by shifting the
equilibrium from nitrite to nitrous acid.

6.4.3 UVA-Induced Photolysis of Nitrite In Vivo

In the 1960s Furchgott and associates accidentally made the observation that
daylight irradiation of vessels induces dilation, a phenomenon called photorelax-
ation (Ehrreich and Furchgott 1968). This effect was markedly potentiated by
addition of nitrite (Matsunaga and Furchgott 1989), indicating that under certain
circumstances nitrite may exhibit relaxation activities comparable to NO. Indeed,
studies in environmental chemistry revealed that both the nitrite anion as well as
nitrous acid in aqueous solutions undergo photodecomposition when irradiated with
UV light at 200–400 nm, resulting in the release of free NO radicals (Fischer and
Warneck 1996). The N–O-bond of the nitrite ion in aqueous solution will be
disrupted by energy of light at 340–360 nm.

UVA-induced photodecomposition of nitrite results in a modest but sustained
release of NO radicals. In contrast, irradiation of RS-NOs leads to a much higher
release of NO due to the far higher extinction coefficient of this species. Under high
UVA intensities the release of NO is short-lived due to rapid depletion of RS-NO
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(photobleaching). It should be noted that neither nitrate nor N-nitrosated species
(RN-NOs), contribute to UVA-provoked NO release from human skin (Paunel et al.
2005).

Detailed analysis of the mechanism of light-induced nitrite decomposition in
human skin revealed the formation of very reactive and potentially cytotoxic radical
species like NO2

� . The radical NO2
� recombines rapidly with NO to N2O3 which is a

very efficient nitrosating agent, in particular for thiols. Via this reaction, NO2
�

decreases the yield of free NO from UVA-induced nitrite decomposition. In the
presence of thiols like glutathione, however, the NO-trapping capacity of NO2

�

(Kirsch et al. 2002) will be counteracted via three reactions. First, N2O3 efficiently
nitrosates thiols to RS-NO, which by itself is efficiently photolysed to NO and thiyl
radicals (RS�) under illumination by UVA. Secondly, NO2

� will directly be reduced
to nitrite by thiolates like GS−, and thirdly, RS� reacts efficiently with GS-NO to
yield NO and a disulfide (RS-SR). In contrast, simple recombination of GS� and
NO� has not been observed. Therefore, reaction of thiols with both NO2

� and with
N2O3 will increase the formation of NO (Kirsch et al. 2002). The reaction of
thiolate anions with NO2

� is about 10 times faster than the reaction with N2O3

(Kirsch et al. 2002).
The preceding discussion shows that photolysis of nitrite initiates complex

radical reaction chemistry of various nitrogen oxides. Photolysis of nitrite is con-
comitant with release of hydroxyl radicals (OH�). In some cases, radical oxygen
species may initiate self-sustained radical chain reactions (Halliwell and Gutteridge
1989). Lipid peroxidation of unsaturated membrane bilayers is a well-studied
example of hydroxyl damage (Halliwell and Gutteridge 1989). Therefore, the
release of hydroxyl radicals poses a very significant threat of cellular damage due to
the initiation of secondary radical reactions. The formation of hydroxyl and sec-
ondary lipid radicals under UVA illumination of human skin samples was explicitly
demonstrated by spin trapping (Herrling et al. 2002). The radical adducts had
highest concentration on the outer apical skin surface and could be detected to a
depth of ca. 0.5 mm.

The photolytic quantum yield for NO release is not just a given intra-molecular
property but profoundly affected by environmental factors. For example, the NO
quantum yield for nitrite anions is ca. 0.03 in the presence of hydroxyl scavengers,
but goes down to zero in ultrapure water, where the photolytic products have no
alternative to recombining into nitrite. Similarly, the NO quantum yield of
S-nitrosothiols may be significantly enhanced by the presence of photosensitizers.
The presence of compounds with long-lived photoexcited spin triplet states in
particular will have profound effect on the photolytic quantum yield of NO. Such
spin triplet states are characteristic for phosphorescent compounds, and they are
routinely found in biological settings. This should be kept in mind when extrapo-
lating in vitro results to a physiological setting like human skin.
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6.4.4 Nitric Oxide Emanating from Human Skin Is
Enhanced by UVA

Using a collection chamber with an UVA transparent front window for the accu-
mulation of gases from a small area of healthy human skin 80 ± 50 ppb NO in
argon had accumulated after 2 min (Suschek et al. 2010). This is still a fairly low
concentration: For comparison, NO levels in exhaled breath are of 17–19 ppb in
adults, thousand fold higher 5–50 ppm in breathing air used for clinical inhalation
therapy and the still higher levels of 300–700 ppm in fresh cigarette smoke
(Suschek et al. 2010).

The yields from the chamber allowed a rough estimate of the total quantity of
NO emanating from human skin, and amounts of basal NO release were calculated
to be 68 ± 40 fmol NO s−1 cm−2. For a human adult with 2 m2 skin surface a total
release of 120 ± 70 µmol NO gas per day into the ambient air was estimated
(Suschek et al. 2010). This quantity is more than two orders of magnitude smaller
than the daily nitrate plus nitrite uptake of up to 180 mg per day. Therefore it is
small compared to the total nitrogen turnover in humans and may be easily missed
from the total metabolic nitrogen balance. We note that the basal release of
68 ± 40 fmol NO s−1 cm−2 is only a firm lower bound for basal NO production in
skin, since some NO will be lost by reaction pathways other than escape to the
air. Plausibly, we estimate the total basal NO production 3–4 fold higher at
0.2–0.3 pmol NO s−1 cm−2 (Suschek et al. 2010).

Under illumination with a low-pressure UVA source (18 mW cm−2) with narrow
band emission at 365 ± 10 nm, the release of gaseous NO was enhanced threefold:
After 120 s, the collection chamber had accumulated a quantity of 260 ± 100 ppb
NO in argon. This amounts to a NO flux of 213 ± 80 fmol s−1 cm−2 from the skin
(Suschek et al. 2010). The total UVA365 nm dose of 2.2 J cm−2 corresponded to a sun
exposure time of approx. 30 min in a temperate climate zone. Again, we note that the
UVA-induced release of 213 ± 80 fmol NO s−1 cm−2 is a firm lower bound for
induced NO production in skin, since a part of NO will be lost by reaction pathways
other than escape from the skin into the air. Therefore, we estimated the total
UVA-induced NO production 3–4 fold higher at 0.6–0.9 pmol NO s−1 cm−2

(Suschek et al. 2010).
Given that UVA penetrates up to 300–400 µm deep into human skin, and

presuming that the epidermal store of stable NO products are not continuously
replenished, a single hour of sun exposure would be enough to deplete the 5–8 µM
of photolabile NO derivates (Paunel et al. 2005) in human skin. In reality, this is
unlikely to happen since the pool of NO derivates in skin is dynamically coupled to
the much larger pool in the blood circulation. It seems improbable that a moderate
sun exposure could lead to a depletion of the mentioned NO “prodrugs” in the
upper skin regions and thus may impair the skin-protective effects of non-enzymatic
NO formation. As shown by Mowbray et al. (2008) the concentration of NO-related
products in the superficial dermis does not only represent the limited amount of
oxidation products of cutaneous NOS generated NO, as postulated by Paunel et al.
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(2005). The endodermal NO stores appear coupled to the levels of NO-related
products circulating in blood. As the levels of NO-related products in plasma can be
influenced by dietary intake of nitrate or nitrite, Mowbray et al. postulate that
dietary NO derivates may offer a pathway for manipulation of cutaneous
NO-related products via the consumption of green leafy vegetables. This should
ultimately affect the release of NO in skin under UV radiation (Suschek et al. 2010).

6.5 Relevance of Light-Induced Non-enzymatic Nitric
Oxide Generation in Human Skin

6.5.1 Local Effects

The factors and mechanisms controlling the efflux of NO from skin are not yet
precisely known. Human skin contains naturally occurring photolabile NO donors.
Their activation by exposure of skin to sunlight causes non-enzyme-derived
high-output NO formation. Nitrite content and acidity of the apical skin surface are
definitely important parameters. Previous publications noted highly significant
protection against UVA-induced cell damage and death conferred by high-output
NO-formation (Suschek et al. 1999, 2001b) (Fig. 6.4). Accordingly, non-enzymatic
NO production has biological relevance and appears to act as an intrinsic UVA
screen in human skin. The non-enzymatic NO formation is always available and
bridges the time delay between acute UV-challenge and the induction of iNOS and
melanin (Suschek et al. 2001b).

In the last 20 years an ongoing discussion in the NO research field tries to typify
the (patho)physiological character of NO. The cellular response to intracellular NO
concentration-increases seems to depend to a significant extent on the redox
potential of the cell, which is itself influenced by the resting levels of NO. In human
skin cells and tissues even supra physiological high NO concentrations were shown
to protect cells from oxidative stress and UVA-induced apoptosis (Suschek et al.
2003a). Contrary, in other cell systems NO had been shown to promote apoptosis
even at “physiological” concentrations, earning it the epithet “the Janus-faced
molecule” (Kröncke et al. 1997, 1998). In recent years we noted similar charac-
teristics for nitrite. For instance, nitrite protected cultured rat endothelial cells
against UVA-induced cell injury (Suschek et al. 2003b) and reduced the suscep-
tibility of human skin fibroblasts to UVA-induced cell death (Oplander et al. 2008).
On the other side, high nitrite concentrations (100 µM) significantly promoted
UVA-induced cell death in cultured human skin fibroblasts due to the simultaneous
generation of highly toxic OH� and NO2

� radicals, i.e. typical photoproducts of
nitrite (Oplander et al. 2007). Therefore, photolysis of nitrite has a Janus-faced
character as well. It combines beneficial release of cutaneous NO with harmful
production of OH� and NO2

� radicals. We recall that the presence of physiological
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levels of nitrite (5 µM) enhanced the UVA and UVB damage to free calf thymus
DNA by an order of magnitude in vitro (Suzuki and Inukai 2006).

With regard to potential therapeutic applications, it is natural to think of methods
to suppress the harmful aspects while retaining the benefits. Neutralization of the
noxious OH� and NO2

� radicals by scavenging is an obvious proposition. As shown
recently, an antioxidative intervention represents a successful strategy for protection
from UVA/nitrite-induced injuries (Oplander et al. 2007). Ascorbic acid enhances
UVA-induced NO formation from nitrite and effectively protects from
UVA/nitrite-induced cell damage (Kirsch et al. 2002). Interestingly, protection
against UVA/nitrite-induced cell death was also achieved by exogenously applied
nitric oxide (Oplander et al. 2007). These findings indicate that the balance between
NO and ROS during UVA decides between cellular death or survival. This balance
is clearly redox dependent and may be modulated by external agents. Proof of
principle is found in the skin care sections of every supermarket: Cosmetic
self-tanning agents like dihydroxyacetone (DHA) or erythrulose act by promoting
UVA-induced radical formation and subsequent darkening of melanin by oxidation.
Sunscreens and antioxidant creams aim at shifting the balance in opposite direction.
Scavenging of OH� or NO2

� and enhancement of NO will favor cell protection.

6.5.2 Systemic Effects

Apart from its effects on stroke, renal failure and peripheral arterial disease, sys-
temic arterial hypertension is a major risk factor for cardiovascular complications,
including coronary artery disease, heart failure and sudden cardiac death.

Interestingly, mean systolic and diastolic pressures and the prevalence of
hypertension vary throughout the world. Many data suggest a linear rise in blood
pressure at increasing distances from the equator. Similarly, blood pressure is
higher in winter than summer. Previously, it has been hypothesized that reduced
epidermal vitamin D3 photosynthesis associated with decreased UV light intensity
at distances from the equator, alone or when coupled with decreased dietary cal-
cium and vitamin D, may be associated with reduced vitamin D stores and
increased parathyroid hormone secretion (Rostand 1997). These changes may
stimulate growth of vascular smooth muscle and enhance its contractility by
affecting intracellular calcium, adrenergic responsiveness, and/or endothelial
function. Thus, UV light intensity and efficiency of epidermal vitamin D3 photo-
synthesis may contribute to geographic and racial variability in blood pressure and
the prevalence of hypertension (Rostand 1997).

However, there might exist another or additional supporting mechanism
(Fig. 6.7), respectively, by which ambient electromagnetic radiation may affect
blood pressure. As already mentioned above Robert Furchgott and his colleagues
noted as long ago as 1961 that exposure to sun light relaxed isolated arterial
preparations (Furchgott et al. 1961). The vascular photo relaxation was wavelength
dependent to UV radiation, and photo relaxation was markedly potentiated by
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solutions containing nitrite (Furchgott 1991; Furchgott and Jothianandan 1991;
Wigilius et al. 1990), indicating that under certain circumstances nitrite may exhibit
relaxing activities comparable to NO.

Indeed, Oplander et al. could show that UVA-irradiation of healthy human skin
significantly increased intra-cutaneous nitric oxide and S-nitrosothiol concentra-
tions due to decomposition of cutaneous photo-labile NO-derivates with the result
of significantly enhanced concentration of plasma nitroso compounds and a pro-
nounced decrease in systemic blood pressure (Oplander et al. 2009). The obser-
vation of systemic UVA-response can be plausibly explained by a mechanism
comprising three elementary steps. First, UVA liberates nitric oxide from
photo-labile intra-cutaneous NO metabolites. Second, a fraction of the highly
mobile NO diffuses towards the outer surface where it escapes into the ambient
atmosphere (This fraction is detectable with the airtight skin chamber mentioned
above). Another NO fraction diffuses to deeper tissue layers, where it enters the
capillary vessels and enhances local levels of RS-NO. These nitrosated species
might be low molecular weight like glutathione-S-NO or protein bound high
molecular weight like albumin-S-NO. Third, the fairly stable nitroso compounds are
distributed via the blood circulation where it may elicit a systemic response like a
drop in blood pressure. We note that the vasodilating and hypotensive properties of
S-nitrosothiols are well documented (Rassaf and Kelm 2007).

These systemic effects significantly correlated with increased concentrations of
nitroso compounds in the systemic circulation. As the observed effects were
attributed to photolysis of cutaneous nitrite, UVA-induced physiological responses
might be enhanced by loading the skin with photo-labile NO derivates prior to
irradiation. Alternatively, endogenous photo-sensitive NO derivates may be mod-
ulated by control over dietary nitrate and nitrite intake (Larsen et al. 2006;
Lundberg et al. 2008). These findings reveal the impact of light as an environmental
parameter contributing to the phenomenon of “French paradox” and thus might
have potential for the therapeutic applications in diseases with hypertension. It is
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Fig. 6.7 Local and/or
systemic effects
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well known that vegetarians have smaller risk of developing hypertension and other
cardiovascular diseases, and it has been speculated that the high nitrate/nitrite
content of many vegetables may contribute to these cardioprotective effects.

6.6 Mechanism and Relevance of Nitrite Photolysis
by Blue Light

Beside UVA radiation also electromagnetic radiation within the blue spectrum
(420–490 nm) is able to generate NO via photodecomposition of the nitrite ion as
well as of S-nitroso thiols in aqueous solutions. In analogy to UVA, blue light was
shown also to induce non-enzymatic NO formation from photo-labile NO precur-
sors in human skin tissue in vitro and in vivo, which was characterized by a
significantly enhanced migration of nitrite-derived NO from the apical side of
irradiated skin to deeper regions of skin tissue, increased intracutaneous formation
of S-nitroso compounds, and significantly augmented local blood flow due to
vasodilation of the concerned dermal blood vessels (Oplander et al. 2013). In
analogy to UVA, these observations of a local hemodynamic response of blue light
can be plausibly explained by a mechanism comprising two elementary steps. First,
blue light liberates nitric oxide from photo-labile intra-cutaneous NO metabolites.
Second, a fraction of the highly mobile NO diffuses to deeper tissue layers, where it
enters the capillary vessels, and exerts NO-specific biological responses.

Blue light at wavelengths of 420 and 453 nm is close in wavelength to UVA and
therefore relatively energy-rich but without the pronounced reactive oxygen species
(ROS)-generating properties of UVA radiation. With human skin cell cultures
exposure to light at 453 nm was shown to be nontoxic up to a fluence of
500 J cm−2 (Liebmann et al. 2010; Oplander et al. 2011). In contrast, with UVA in
most cases the appearance of light-induced injuries already appeared at doses of
10–30 J cm−2 (Oplander et al. 2007, 2008; Suschek et al. 1999, 2001b).
Furthermore, even at therapeutically non-relevant high doses of 200 J cm−2 blue
light (453 nm) did not induce DNA strand breaks, whereas with 100 J cm−2 of
UVA a strongly positive TUNEL signal could be observed.

Experimental energies of activation for the decomposition of S-nitroso com-
pounds (RS-NOs) have been reported by different groups to range from +23 to
+34 kcal mol−1 (Koppenol 2012; Zhao et al. 2005). Therefore, in vitro irradiation
of solutions with visible light in the range from 410 nm up to 590 nm, which
corresponds to a radiation energy range from +69.7 to approx. +48.5 kcal mol−1,
leads to significant photodecomposition of S-nitroso-albumin. On the other side, the
finding of photo-decomposition of the nitrite ion by blue light is unexpected,
because for the nitrite ion the calculated energy of the transition state
(+87.4 kcal mol−1) and the N–O bonding energy (+93.3 kcal mol−1) are predicted
to be notably higher than the radiation energies corresponding to 420 or 453 nm
(+68 or 63 kcal mol−1), respectively. Thus, blue-light induced NO formation from
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nitrite has to follow fundamentally different mechanisms than the well-known of
UVA-induced nitrite decomposition (Oplander et al. 2010). Indeed, blue-light
induced nitrite decomposition needs the presence of cupric ion (Cu2+) traces.
Moreover, decomposition of nitrite by blue light is essentially dependent on the
formation and presence of the reduced cuprous form, on Cu1+. In
copper-decontaminated pure aqueous solutions or in the presence of Cu1+-specific
chelators photo-decomposition of nitrite is completely absent (Oplander et al.
2013).

By studying the absorption spectra of a number of heavy-metal nitrite salts (Ni2+,
Ag+, Pb2+ Cd2+, Ti+) Maria et al. found near 425 nm a further absorption maximum,
which corresponds to the spin-forbidden transition from the ground singlet state to
the first excited triplet state of the nitrite ion (Maria et al. 1968a, 1969). Furthermore,
in the presence of Cu2+ aqueous nitrite solutions exhibit also an apparent absorption
increase near 425 nm, whereas neither Fe2+- nor Fe3+-containing nitrite solutions
showed a comparable shift in the UV-vis absorption spectrum. Thus, copper salts
catalyze under blue-light exposure the spin-forbidden formation of the intermediate
triplet-nitrite (3NO2

−) (Maria et al. 1968b, 1969):

Cu2þ þNO�
2 ! Cu2þNO�

2

� �þ 63 kcal mol�1 ! Cu2þ 3NO�
2

� � ð6:6Þ

The postulated step in Eq. 6.6 represents experimentally accepted data. The
lifetime of the triplet state of nitrite in solution is very sensitive to the nature of the
associated metal ion, varying from *10−1 s in NaNO2 to 10−4 s in Pb(NO2)2
(Maria et al. 1968a). Thus, transitions metal do double duty because they accelerate
under blue-light irradiation the spin-forbidden formation of 3NO2

− and they
accelerate the decay of this intermediate. Nevertheless, the lifetime of the triplet
molecule is, of course, short but high enough to allow principally a 3NO2

−-derived
chemistry. On the basis of the accepted electron affinity of 55.35 kcal mol−1 for
NO2 (Richardson et al. 1974) and a value of 177.6 kcal mol−1 for the ionization
potential of Cu1+, partial transfer of the electron from NO2

− towards Cu2+ would
certainly be energetically feasible with the excited 3NO2

− state. Such a proposed
ligand to metal charge transfer has previously been shown to play a role in thallium
(Tl) sensitized photolysis of the nitrite ion in Tl–NO2 complex-containing solutions
(Cunningham et al. 1985), which exhibit comparable thermodynamic values to
copper-nitrite complexes. The following mechanisms of Cu1+-mediated nitrite
reduction could be similar to the mechanism as outlined in Eqs. 6.7–6.9.

Cu2þ 3NO�
2

� � ! Cu1þ þNO2 ð6:7Þ

2 NO2 þH2O ! NO�
2 þNO�

3 þ 2 Hþ ð6:8Þ

Cu1þ þNO�
2 ! Cu1þNO�

2

� �þHþ ! Cu2þ þH2OþNO ð6:9Þ

Nevertheless, the astute reader must ask the question whether these conclusions
and proposed mechanisms of blue light-induced NO formation in vitro or in human
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skin specimens can be transferred to the in vivo situation. It is well accepted that in
a biological milieu free copper ions are sparingly soluble under physiological
conditions and attach to ceruloplasmin, albumin, transcuprein, and other
copper-amino acid complexes, which function as copper transport forms in vivo. As
protein-bound copper ions loose their catalytic properties for blue light-induced
nitrite reduction, it seems to be very unlikely that photodecomposition of nitrite
might play a significant role within human skin tissue. Nevertheless, on skin surface
as well as in sweat nitrite at concentration of up to 12 µM, and free copper con-
centrations of approx. 10 µM have been detected. Thus, on human skin surface the
prerequisite for successful NO formation from nitrite is given. Furthermore,
application of nitrite/Cu2+-containing liniments prior to light exposure could be
used to exponentiate epicutaneous NO formation. Indeed, due to the excellent
diffusion properties of NO, epicutaneous NO generation by blue light led to a rapid
translocation of nitric oxide from the apical part of the skin and to a significant
accumulation of NO derivates even in deeper tissue regions beneath the irradiated
skin area, finally resulting in an up to 10-fold increased plasma concentration of
vasoactive NO derivates in the epidermal as well as dermal layer of human skin, i.e.
S-nitrosothiols RS-NOs (Oplander et al. 2013). In the case of UVA the dermal
fraction of S-nitrosated compounds predominantly represented S-nitroso-albumin,
which due to absent circulation activity in the skin specimens reflect the blood or
serum filling of cutaneous microvasculature (Oplander et al. 2009). Functioning as
a transport form for nitric oxide, S-nitroso-albumin will favor its rapid local but also
systemic distribution as well as its vaso-availability. S-nitroso-albumin has been
previously proposed to act as a reservoir of NO within the circulation, transporting
and releasing NO into vascular beds to cause vasodilation. Because blue light has
been shown to penetrate the epidermis and reaching dermal regions down to
1.5 mm, by exposure to blue light the entire potential for cutaneous as well as
intra-vasal dermal photo-labile RS-NOs can be retrieved for non-enzymatic NO
formation. We therefore postulate that the observed effects of blue light on local
increases in vasodilation and blood flow predominantly were due to photodecom-
position of RS-NOs. Of course, principally every other kind of visible light with the
respective energy intake would be able to contribute to NO formation via pho-
todecomposition of RS-NOs. Nevertheless, in order to reach comparable NO yields
already with green light many-fold higher irradiances than that of a blue
light-emitting LED array would have to be used (Oplander et al. 2013).

It is important to mention that under otherwise identical conditions blue
light-induced NO accumulation in human skin tissue is comparable to that found in
human skin after UVA exposure. In both cases the resulted NO derivate concen-
trations are sufficient to induce significant increases in local blood flow or even
reduction in systemic blood pressure (Oplander et al. 2009, 2012). Thus, con-
cerning the potency for intracutaneous NO generation from RS-NOs, blue light is
comparable to UVA-induced effects. These findings reveal the impact and rele-
vance of visible, especially blue light as an environmental parameter with thera-
peutic potential for local or systemic hemodynamic disorders that might arise from
insufficient availability of NO or its bio-active NO derivates, respectively (Fig. 6.7).
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Chapter 7
Melanocortin 1 Receptor (MC1R)
as a Global Regulator of Cutaneous
UV Responses: Molecular Interactions
and Opportunities for Melanoma
Prevention

Erin M. Wolf Horrell and John A. D’Orazio

Abstract UV radiation is a pervasive environmental agent that affects the skin in
complex ways. It benefits human health by its contribution to the biosynthesis of
vitamin D in the skin, however it also is a major carcinogen responsible for millions
of skin cancers diagnosed each year. One of the most important physiologic
responses recruited with UV exposure is the melanocortin signaling axis. This
pathway, initiated by melanocortins such as melanocyte stimulating hormone
(a-MSH) or adrenocorticotropic hormone (ACTH), is dependent on the signaling
function of the melanocortin 1 receptor (MC1R), a Gs protein-coupled cell surface
receptor found on melanocytes in the skin. MC1R mediates its downstream
UV-protective responses through activation of adenylyl cyclase and production of
the second messenger cAMP. In melanocytes, cAMP stimulation leads to improved
survival and UV-defensive sequelae. Here, we review how MC1R signaling pro-
tects melanocytes from UV-induced malignant degeneration, focusing on recent
insights into molecular links between MC1R signaling and the nucleotide excision
repair (NER) genome maintenance pathway. Finally, we highlight how insights into
the MC1R UV protective response may facilitate the development of rational
melanoma-protective strategies.
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7.1 Introduction

Diagnosed in almost 70,000 Americans per year, melanoma is the most lethal skin
cancer and claims the lives of nearly 10,000 people each year in the US (Simard
et al. 2012). Like other skin cancer, melanoma has a clear association with UV and
incidence increases with age due to the cumulative effects of mutations over time.
Melanoma, which is derived from melanocytes, accounts for approximately 4 % of
skin tumors but accounts for about three quarters of all deaths by skin cancer
(Narayanan et al. 2010). Melanoma metastasizes relatively quickly and once it has
spread is difficult to control. In contrast, the keratinocyte-derived skin malignancies
(basal cell carcinomas and squamous cell carcinomas) are diagnosed more often but
are much less deadly because most remain confined to their primary site of origin
and are amenable to local control measures such as surgical resection. Because
melanoma incidence has been increasing for many years (Linos et al. 2009), our
research focuses on understanding early events in melanoma carcinogenesis in
order to reduce melanoma morbidity and mortality through the development of
rational interventions. Abundant molecular and epidemiologic data link melanoma
to UV (Hodis et al. 2012; Lawrence et al. 2013; Shain et al. 2015), and it is
estimated that UV causes nearly 65 % of melanomas (Pleasance et al. 2010). Risk
of melanoma is also heavily influenced by skin complexion, with more darkly
pigmented individuals being relatively protected from disease. A major reason why
darkly pigmented people are protected from melanoma is the abundance of melanin
in the epidermis which acts as a “built-in sunblock” to physically interfere with UV
penetration into the skin. However it is now evident that certain pigment-regulating
genes also influence melanocytic UV responses in melanin-independent ways that
heavily influence UV mutagenesis, which is the focus of this chapter. Since UV
signature mutations are frequently found in melanoma, it follows that resistance to
UV-induced DNA changes is of paramount importance to melanoma risk.

7.2 The Skin

The great majority of melanomas are thought to initiate in the skin. The largest
organ of the body, the skin accounts for approximately 16 % of total body mass.
Skin is a complex tissue made up of two primary layers—the epidermis and the
dermis—along with numerous specialized cells and structures of epithelial, mes-
enchymal, glandular and neurovascular components. The epidermis, derived from
embryonic ectoderm, is the outermost layer of the skin and serves as the main
protective barrier for the body’s interaction with the external environment. The
epidermis is critically important to resisting environmental stressors such as foreign
microorganisms, chemical and physical agents and UV. The epidermis is mainly
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made up of keratinocytes, which are epithelial cells organized into distinct layers
defined largely by intercellular associations, nucleation and differential cytokeratin
expression (Fig. 7.1). Keratinocytes are the most abundant cells in the epidermis
and are characterized by their expression of cytokeratins and formation of
desmosomes and tight junctions that together make the skin highly resistant to
environmental stressors and pathogens. The dermis, derived from mesoderm,
underlies and supports the epidermis and harbors cutaneous structures including
hair follicles, nerves, sebaceous glands and sweat glands. Dermal immune cells and
fibroblasts actively participate in many physiologic cutaneous responses. The der-
mis is separated from the epidermis by a basement membrane known as the basal
layer which is where epidermal melanocytes are positioned. Epidermal ker-
atinocytes, derived from keratinocyte stem cells in the basal layer, differentiate as
they move outward toward the surface of the skin, accumulating cytokeratins,
losing their nuclei and adhering to each other. As they mature, keratinocytes also
accumulate melanin pigments that block incoming UV radiation from penetrating
the epidermis to reach cells deep in the skin.

Fig. 7.1 Structure of the epidermis. The outermost layer of the skin is the epidermis, a
self-renewing tissue composed mainly of keratinocytes in various stages of terminal differentiation.
Nascent keratinocytes are produced in the basal layer (stratum basale). As they move outward
through the epidermis, displaced by newly formed cells below, they differentiate into
cytokeratin-rich cells linked to each other by tight junctions to form an effective
physico-chemical barrier layer. Keratinocytes receive melanin pigments made from melanocytes,
the pigment producing cells in the skin
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Although the majority of epidermal melanin may be in keratinocytes, it is not
made by keratinocytes. Rather, melanin is exclusively synthesized in melanocytes
which are neural crest-derived dendritic cells found in dermal hair follicles as well
as in the interfollicular epidermis in the basal layer. Melanocytes intimately asso-
ciate with several maturing keratinocytes by way of their dendritic processes.
Through this interaction, keratinocytes and melanocytes signal each other through
contact-dependent and paracrine interactions and melanin pigments are passed from
melanocytes to keratinocytes. It has been estimated that an epidermal melanocyte
may be functionally associated with as many as fifty keratinocytes in what has been
termed an “epidermal melanin unit” (Nordlund 2007). In melanocytes, pigment is
made in discreet intracellular organelles known as melanosomes which are mem-
brane bound and contain the necessary enzymes and ion channels needed for
melanogenesis. As melanin accumulates, melanosomes are transported away from
perinuclear regions of the melanocytes along dendrites for eventual transfer to
keratinocytes in the epidermal melanin unit. Rather than being released by exo-
cytosis into the extracellular milieu, melanin is transferred to keratinocytes still
packaged in melanosomes that are actively exported from melanocytes and taken up
intact by neighboring keratinocytes (Yamaguchi and Hearing 2009). Once inside
the keratinocytes, melanosomes accumulate in a cell-polarized manner to “shield”
keratinocyte nuclei by accumulating on the side of the cell facing the outside of the
skin where UV would enter. Interestingly, most inherited pigmentary defects are
caused not by melanocyte deficiency but rather by mutations in melanogenic
enzymes such as tyrosinase that causes oculocutaneous albinism type 1 (Scherer
and Kumar 2010). Thus, the total number of melanocytes in the skin is similar
regardless of an individual’s complexion.

7.3 Melanocytes

Melanocytes are pigment producing cells derived from melanoblasts in embryonic
development. After leaving the neural crest which develops in paravertebral/spinal
locations, melanoblasts migrate through the mesenchyme to position themselves in
dermal hair follicles and in the basal layer of the epidermis (Sommer 2011).
Melanoblast survival and differentiation into melanocytes is dependent upon cell
signaling events including stem cell factor-cKit and endothelin-endothelin B
receptor interactions (Grichnik et al. 1998; Hou et al. 2004) as well as expression of
the microphthalmia (Mitf) transcription factor (Widlund and Fisher 2003).
Developmental defects in these signaling pathways lead to pigmentation defects
such as piebaldism and Waardenburg syndrome. Cutaneous melanocytes in the
basal layer at the epidermal/dermal junction play a major role in pigmentation of the
skin. Indeed melanocytes are the only pigment-producing cell in the skin. Outside
the skin, melanocytes are found in the leptomeninges, cochlea, retinal pigment
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epithelium, substantia nigricans and locus coerulus where they serve important
homeostatic mechanisms to these tissues. The great majority of melanomas, how-
ever, are thought to derive from melanocytes in the basal layer of the epidermis.
Because they are long-lived terminally differentiated cells, melanocytes are highly
susceptible to environmental carcinogens including UV radiation, heavy metal and
chemicals. Accordingly, because of their position in the skin, melanocytes must be
able to repair DNA damage to prevent mutations and carcinogenesis lest they
undergo carcinogenic transformation. To that end, melanocytes have innate and
inducible protective mechanisms to prevent and repair environmental-induced
damage to preserve genomic maintenance. We and others have observed that the
melanocortin signaling axis, discussed in depth below, significantly enhances the
ability of melanocytes to resist UV damage and mutagenesis (Bohm et al. 2005;
Abdel-Malek et al. 2006, 2009; Hauser et al. 2006; Song et al. 2009; Kadekaro et al.
2012; Jagirdar et al. 2013; Jarrett et al. 2014, 2015; Swope et al. 2014).

7.4 Melanin

Perhaps more than anything else, melanocytes are recognized for their production
of melanin pigments. These pigments are physiologically critical to UV resistance
since they are able to absorb UV energy and in so doing, prevent UV photons from
entering the deep layers of the skin (Miyamura et al. 2007). Melanin is a hetero-
geneous bioaggregate made up of pigmented chemical species derived from the
amino acid tyrosine. It exists in two major forms: (1) a brown/black pigment known
as eumelanin that is abundantly expressed in the skin of individuals with dark
UV-protected skin complexion, and (2) a reddish/blonde sulfated pigment called
pheomelanin that is the main melanin species in fair-skinned UV-sensitive indi-
viduals (Slominski et al. 2004). Eumelanin and pheomelanin are both formed from
the sequential oxidation and cyclization of tyrosine, with their synthetic pathways
diverging after the formation of DOPAquinone. Since the amount of epidermal
eumelanin is among the most important determinants of UV sensitivity and skin
cancer risk, much attention has been made on the physiologic factors that regulate
its production. Melanocytic eumelanin production is largely regulated by the
amount of cAMP second messenger in melanocytes which is largely determined by
the signaling activity of the melanocortin 1 receptor (MC1R) (Nasti and Timares
2015). Thus, fair-skinned people who are almost always UV-sensitive and have
high risk of skin cancer have a high incidence of inherited loss-of-function poly-
morphisms in the MC1R and as a result express low levels of epidermal eumelanin.
Skin cells of such individuals receive much more UV than those of darker-skinned
individuals who, because of more epidermal UV-blocking eumelanin, have built-in
“sunblock” in their skin.
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7.5 Skin Complexion

Epidermal pigmentation is a multigenic phenotype and is among the most important
determinants of UV sensitivity and cancer risk. Largely determined by epidermal
eumelanin levels, skin pigmentation directly predicts how much cellular damage
will be realized by UV. Many genes regulate basal pigmentation, with many
associated with melanin synthesis or melanosome structure/function (Scherer and
Kumar 2010). Many pigment-relevant genes were first identified through the study
of color phenotype in mice and other model organisms. Since tyrosinase catalyzes
the first two chemical reactions seminal for the production of either eumelanin or
pheomelanin, its deficiency results in albinism wherein neither pigment is made to
any significant degree. As a result, individuals with albinism are exceptionally
sun-sensitive and burn with minimal doses of UV. In contrast, defects in other
melanogenic enzymes cause dilutional pigmentary effects rather than total melanin
loss. Finally, mutations in key melanocyte survival/differentiation regulators result
in profound melanocyte-defect phenotypes such as piebaldism caused by
loss-of-function of the c-Kit tyrosine kinase receptor (Tomita and Suzuki 2004).

7.6 Fitzpatrick Pigmentation Phenotype

The “Fitzpatrick Scale”, developed in the 1970s by Dr. T.B. Fitzpatrick, to describe
skin tone, is comprised of six pigmentation categories that describe a person’s
pigmentary phototype basted on skin color and sensitivity to UV radiation
(Fig. 7.2). A semi-quantitative measurement of UV sensitivity is the “minimal
erythematous dose” (MED) which reflects how much UV is required to result in
skin inflammation. MED is generally calculated 24–48 h after UV exposure and is
assessed using clinical indications of inflammation—erythema (redness) and edema
(swelling)—as endpoints. Because eumelanin is an efficient UV blocker, more UV
is generally needed to “burn” skin of dark pigmentation as compared to
light-colored skin, and MED will accordingly be higher in dark-skinned individuals
(Fig. 7.3).

The capacity to “tan” after UV exposure is an important physiologic cutaneous
reaction to UV exposure. This adaptive pigmentary response is a well-regulated
mechanism that is recruited into action following exposure to UV. It involves the
proliferation of melanocytes and keratinocytes as well as increases in the production
and accumulation of eumelanin in the epidermis. In this way, the skin protects itself
against further UV insult. The tanning response is dependent on the function of the
MC1R (D’Orazio et al. 2006), and people with inherited loss-of-function MC1R
alleles tend to be particularly sun-sensitive. Thus, persons of skin phototypes I and
II are quick to sunburn, tend not to be able to tan and are at higher risk for
melanoma and other skin cancers when compared to people of higher Fitzpatrick
phototype.
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7.7 UV Radiation

UV radiation is a common and pervasive environmental carcinogen. Humans
receive UV from ambient sunlight and increasingly from artificial UV sources such
as indoor tanning devices. Though UV offers important health benefits including
cutaneous production of vitamin D from cholesterol precursors (Holick 2008),
excess exposure to UV causes many health consequences including photoaging,
wrinkling, inflammation and cancer (Krutmann et al. 2012). UV is part of the
electromagnetic spectrum, with wavelengths situated between the visible light and
gamma radiation. Most ambient sunlight that strikes the Earth’s surface is made up
of a blend of UV-A and UV-B radiation in an approximate 9:1 ratio. UV-A has the
longest wavelengths (315–400 nm) but the least energy of all UV. Nonetheless,
UV-A can penetrate deeply into the skin, well into the dermis. UV-B radiation

Fig. 7.2 Skin pigmentation, Fitzpatrick scale, MED and UV sensitivity. Skin complexion can be
described by Fitzpatrick phototype, with individuals of least pigmentation having phototype I and
persons of darkest complexion having phototype VI. Though pigmentation is determined by many
genes, skin complexion and UV responses are heavily regulated by the MC1R signaling and
epidermal eumelanin composition. Robust MC1R signaling leads to induction of cAMP in
melanocytes which promotes eumelanin production responsible for a vigorous tanning response
(adaptive pigmentation) and better protection from subsequent UV insults. Skin cancer risk,
including melanoma, is heavily influenced by skin pigmentation and MC1R signaling
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(280–315 nm) is the highest energy component of ambient sunlight and can also
penetrate into the skin and have significant physiologic impact on skin cells.

Indoor tanning and purposeful UV exposure represent an increasing risk factor
for melanoma. With the successful marketing and increasing commercial avail-
ability of indoor tanning, the regular use of indoor tanning salons has skyrocketed
in America. Whereas only 1 % of the US population had ever used a tanning bed
30 years ago, now over 25 % of Americans have used indoor tanning (Choi et al.
2010). The US tanning industry caters to nearly 30 million clients, employs roughly
100,000 workers and makes billions of dollars each year. Indeed, a significant
percentage of the population regularly seeks out artificial UV in the form of indoor
tanning with people starting to tan in adolescence and young adulthood. Because
the UV administered from such sources can be up to ten times more powerful than
ambient sunlight and can deliver both UVA and UVB radiation, indoor tanning

Fig. 7.3 Melanocortin—MC1R signaling axis. One of the most important ways in which the skin
protects itself from UV damage is through increasing its melanin content after UV exposure. This
process, commonly known as “tanning”, is regulated by the melanocortin signaling axis.
Melanocortins (a-MSH, ACTH) bind MC1R to activate adenylyl cyclase and stimulate cAMP
production. cAMP activates the CREB and Mitf transcription factor network and increases the
activity of PKA. Pigment enzymes such as tyrosinase are subsequently up-regulated and
eumelanin production in melanosomes is increased. Melanin is transferred to neighboring
keratinocytes to lay down a UV-protective layer of pigment in the epidermis. In the absence of
effective MC1R signaling (e.g. in persons with loss-of-function MC1R alleles), these pathways are
blunted and the skin does not tan effectively. Such individuals are also at higher risk for melanoma,
in part because of sub-optimal DNA repair which permits the accumulation of UV signature
mutations that contribute to malignant degeneration of melanocytes
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represents an increasingly important source of human UV exposure (Nilsen et al.
2011). Moreover, indoor tanning machines are poorly regulated and vary widely
with respect to UV composition and strength. Indoor tanning is now unequivocally
linked to increase risk of many forms of skin cancer including basal cell and
squamous cell carcinomas, the most commonly diagnosed skin cancers. With
respect to melanoma, lifetime risk increases by 75 % if people engage in artificial
tanning before the age of 35 years (Fisher and James 2010). Most experts conclude
the risks of indoor tanning and purposeful UV exposure far outweigh their potential
health benefits. Indeed, decreasing UV radiation exposure may be the single best
way to reduce incidence of melanoma and other skin cancers.

UV affects DNA directly through the absorption of UV energy by nucleotides in
the double helix as well as indirectly through the generation of free radicals and
subsequent oxidative damage to nucleotide bases in chromatin. The 5-6 double
bond of pyrimidines seems especially vulnerable to UV-induced cleavage. When
this occurs between neighboring cytosines or thymidines, abnormal covalent bonds
can result to form two major “photolesions”: [6,4]-photoproducts or cyclopyrim-
idine dimers. Each is highly mutagenic, mispairing with abnormal bases during
replication to cause permanent base changes in the genome to yield “UV signature
mutations” (particularly C-to-T transitions) (Brash 2015). Recently, UV photole-
sions have also been reported to be formed as a result of free radical damage even
after UV exposure has ended—so called “dark photolesions” (Premi et al. 2015).
A day’s worth of sun exposure may result in up to 100,000 UV photolesions in
every skin cell (Hoeijmakers 2009). Fortunately, melanocytes and other skin cells
have a DNA repair pathway—nucleotide excision repair (NER)—to fix UV pho-
todimers before they have the opportunity to result in a permanent somatic mutation
in the genome.

7.8 Cutaneous Responses to UV

The skin responds to UV with a coordinated series of physiologic changes to limit
cellular damage and to prevent further injury. Cutaneous response is proportional to
the UV dose realized by the skin and is determined by strength of UV radiation,
time of exposure and degree of photoprotection afforded by epidermal melanin. UV
penetration into the skin elicits a variety of cellular events including release of
cytokines, recruitment of immune cells, epidermal thickening and up-regulation of
pigment synthesis to protect the skin from further UV insult. Above a certain dose
threshold, UV induces inflammation, manifested by pain, erythema (redness) and
edema (swelling). UV-induced inflammation, commonly referred to as “sunburn,”
is mediated by a variety of cytokines, vasoactive and neuroactive mediators in the
skin. UV exposure causes an initial erythema that worsens over a period of 24–72 h
due to vasodilation mediated in part by nitric oxide production by keratinocytes.
Neutrophils infiltrate the dermis for several hours after UV exposure and promote
inflammation through degranulation and production of free radicals.
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The inflammatory response in the skin following exposure to UV radiation is
complex, involving induction of pro-inflammatory cytokines and induction of an
immunosuppressive phenotype. UV results in the production of TNF-alpha, IL-1b,
and IL-10 by keratinocytes and IL-1a/b, IL-6, IL-8, and TNFa by melanocytes
[reviewed in (Ullrich and Byrne 2012)]. These pro-inflammatory cytokines exert
paracrine and autocrine effects locally and systemically. Above a certain UV
threshold, keratinocytes die by apoptosis as manifested by the accumulation of
“sunburn cells” (apoptotic keratinocytes) in UV-exposed skin (Lippens et al. 2009).
UV induces a variety of other physiologic changes in the skin, including ker-
atinocyte proliferation and stratum corneum thickening. The hyperkeratosis phe-
notype is a protective mechanism to prevent damage from subsequent UV radiation
(Scott et al. 2012). Thus, UV causes a variety of physiologic changes in the skin,
many of which lead to inflammation, photoaging and cancer.

7.9 Melanocortin—MC1R Signaling Axis

One of the most widely recognized effects of UV exposure on the skin is the
up-regulation of melanin production, commonly referred to as “tanning”. The
tanning response occurs in two distinct stages: immediate pigment darkening and
delayed tanning. The initial darkening is due to redistribution of pre-formed mel-
anin granules while the delayed tanning response results from synthesis of new
melanin pigment. The melanization response is largely under the control of the
MC1R signaling cascade. There are three main known categories of MC1R ligands:
positive melanocortin agonists adrenocorticotropic releasing hormone (ACTH) and
alpha-melanocyte stimulating hormone (a-MSH), the negative agonist agouti sig-
naling protein (ASIP), and the neutral antagonist beta-defensin 3 (bD3). MC1R
agonists up-regulate melanin synthesis whereas MC1R antagonists either inhibit
MC1R signaling directly or compete with MC1R agonists for MC1R binding.

The two major melanocortins—ACTH and a-MSH—are cleavage products from
the pro-opiomelanocortin (POMC) protein. Besides basal POMC production by the
pituitary, POMC can be made in the skin and UV exposure promotes its expression
from keratinocytes in a cellular damage- and p53-dependent manner (Cui et al.
2007). The melanocortins bind to the MC1R with high affinity to promote a variety
of survival and differentiation events in melanocytes. The MC1R is a Gs

protein-coupled receptor (GPCR) and binding of MC1R by either ACTH or a-MSH
activates adenylyl cyclase to induce cAMP second messenger generation. In turn,
cAMP accumulation leads to a variety of signaling events including stimulation of
the activity of protein kinase A (PKA) and increased expression and enhanced
activity of the cAMP responsive binding element (CREB) and microphthalmia
(Mitf) transcription factors (Yamaguchi and Hearing 2009). Many melanogenic
biosynthetic enzymes and regulators are influenced by cAMP signaling and
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the CREB and Mitf pathways including tyrosinase, dopachrome tautomerase,
and pmel17. Similar to other GPCRs, the MC1R has seven transmembrane
helical domains with an extracellular N-terminus and intracellular C-terminus
(Garcia-Borron et al. 2005).

The MC1R is a highly polymorphic protein with many variants (Kennedy et al.
2001), some of which are associated with the red hair color (RHC) phenotype
(Box et al. 1997). Of the alleles associated with the RHC phenotype, there are those
that are strongly associated with RHC (‘R’ alleles: D84E, R151C, R160 W, and
D294H) and those that are weakly associated with RHC phenotype (‘RHC’ alleles:
V60L, V92M, R163Q) (Duffy et al. 2004). Mutations in MC1R affect either MC1R
function or prevent relocation to the plasma membrane (Beaumont et al. 2005).
Individuals with loss-of-function MC1R polymorphisms are highly susceptible to
developing melanoma for at least three reasons: (1) they burn easily and accumulate
a greater degree of UV damage, (2) they cannot repair UV damage as efficiently and
are more susceptible to UV-induced mutations, and (3) they cannot tan and
therefore do not protect their skin from future exposure to UV radiation.
Pharmacologic manipulation of the MC1R signaling axis in individuals with
defective MC1R signaling is a potential mechanism to prevent UV-induced damage
and melanoma development.

7.10 MC1R Antagonists

There are two major proteins that bind to MC1R and antagonize MC1R signaling
and downstream cAMP accumulation: agouti signaling protein (ASIP) and
beta-defensin 3 (bD3). ASIP is a potent MC1R antagonist, decreasing basal MC1R
signaling and antagonizing melanocortin effects on melanocytes by functioning as a
competitive inhibitor to a-MSH (Sviderskaya et al. 2001). Binding of ASIP to
MC1R causes a decrease in the pigment enzymes levels of tyrosinase related
protein 1 and 2 and a decrease in tyrosinase activity, all of which diminishes
eumelanin production (Suzuki et al. 1997). The effects of ASP (the mouse homolog
to human ASIP) on pigment are evident in mice with the lethal yellow mutation in
ASP that overexpress agouti and exhibit a blonde pheomelanotic coat color as a
result (Jordan and Jackson 1998). Importantly, the effect of ASIP on mouse coat
color is dependent on a functional MC1R confirming agouti’s role as an MC1R
regulatory ligand (Ollmann et al. 1998).

bD3, like ASIP, antagonizes melanocortin signaling through MC1R. bD3 is a
member of the defensin family, a group of small antimicrobial proteins that exhibit
innate antibacterial and antifungal properties (Arnett and Seveau 2011). In 2007,
Barsh and coworkers determined that in addition to its role in the immune response,
bD3 could affect pigmentation through interactions with MC1R. The group
determined that black coat color of certain dog breeds was due to dominant
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overexpression of the canine homolog of bD3 (CBD103) rather than loss-
of-function MC1R mutations (Candille et al. 2007). Although the role of bD3 at
MC1R remains somewhat controversial with one report suggesting it may act as a
weak MC1R agonist (Beaumont et al. 2012), most experimental results suggest that
bD3 functions as a neutral MC1R antagonist (Swope et al. 2012; Jarrett et al. 2015).
Thus, unlike ASIP which down-regulates ligand-independent MC1R signaling,
bD3 appears to act as competitive inhibitor for both the melanocortins and ASIP
and therefore regulates skin pigmentation. The induction of bD3 following
inflammatory stimuli is well established (Kaiser and Diamond 2000), however, the
regulation following UV exposure is unclear. In vivo exposure of human subjects to
UV radiation resulted in an increase in bD3 gene and protein expression (Glaser
et al. 2009), however these results were not confirmed in an ex vivo setting sug-
gesting the damage response initiated by UV radiation was not sufficient to induce
bD3 expression (Wolf Horrell and D’Orazio 2014). The induction of the inflam-
matory response may be critical for the induction of bD3 following UV radiation
which may be relevant in the setting of sunburns: if cutaneous bD3 expression is
upregulated with UV exposure, it may compete with melanocortin-MC1R inter-
actions and inhibit induction of MC1R-mediated UV protective pathways.

7.11 Nucleotide Excision Repair (NER)

Skin cells repair UV-induced DNA damage through a highly coordinated genome
maintenance pathway known as the nucleotide excision repair (NER) pathway.
The NER pathway repairs bulky DNA lesions that distort the double helical back-
bone and/or interfere with transcription (Nouspikel 2009). It repairs lesions with
high fidelity, reliant on the undamaged complementary strand for specificity and
invoking at least eight essential proteins that function coordinately to carry out NER.
We understand NER’s importance by observing the natural history of xeroderma
pigmentosum (XP) patients who lack NER because of inherited homozygous loss of
any one of the eight essential NER factors: XPA, ERCC1, ERCC3 (XP-B), XPC,
ERCC2 (XP-D), DDB2 (XP-E), ERCC4 (XP-F), ERCC5 (XP-G) and POLH.
Although rare, XP is a UV hypersensitivity syndrome largely characterized by
progressive skin degenerative changes in UV-exposed areas. Because they lack NER
and cannot reverse DNA photodamage, XP patients are profoundly UV sensitive,
burning easily with minimal sun exposure and developing disfiguring skin changes
in childhood including abnormal pigmentation, cutaneous telangiectasias, scarring
and atrophy. Their risk of melanoma and other skin cancers is roughly 3 logs higher
than unaffected patients, with premalignant and true skin cancers frequently
occurring in childhood—decades before their peak in the general population—
despite their best attempts to avoid UV (DiGiovanna and Kraemer 2012).

NER is a complex pathway regulated by many more proteins than simply the
eight core NER factors, and the reader is referred elsewhere for an in-depth review
of NER (Scharer 2013). In general, NER can conceptualized in discreet stages.
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DNA damage is recognized either because it physically distorts the double helix or
because it interferes with RNA polymerase in actively transcribed genes. In either
case, a multiprotein repair complex is recruited to the damaged site where the
damaged strand is isolated, unwound, stabilized and nicked on either side of the
damage. A 25–30 mer oligo containing the damage is excised and the resultant gap
is filled in by DNA polymerase using the undamaged complementary strand as a
template. Finally, DNA ligase seals the nicks to restore the DNA to its original
undamaged state in a manner designed to preserve fidelity of sequence (Fig. 7.4).

Fig. 7.4 Nucleotide excision repair (NER) pathway. At least eight core NER factors function in a
coordinated manner to identify bulky DNA lesions, excise a 25–30 mer oligonucleotide harboring
the damage and replace the excised region using the complementary strand to ensure fidelity of
process. Note this is a highly simplified model of NER that does not show many accessory factors
that regulate the repair process

7 Melanocortin 1 Receptor (MC1R) and Cutaneous UV Responses 167



While NER’s importance to UV resistance and protection from malignancy is most
clearly evident in XP patients, it is becoming evident that less penetrant NER
polymorphisms may also impact cancer risk in the general population (Li et al.
2013). Since melanoma is heavily influenced by UV damage and mutagenesis, it
follows that efficiency of NER is an important melanoma determinant.

7.12 MC1R and NER

NER efficiency is increased in melanocytes that have been stimulated by the
MC1R/cAMP pathway. This was first demonstrated in human primary melanocyte
lines wherein the clearance of UV photoproducts was improved by stimulating cells
with melanocortins (Hauser et al. 2006). The benefit of MC1R was subsequently
shown in whole skin of a congenic mouse model of humanized skin. Specifically,
using K14-Scf transgenic mice that retain melanocytes in the interfollicular dermis
because of constitutive expression of Kit ligand (stem cell factor), we found that
repair of UV photoproducts was more efficient and more complete in Mc1r-intact
(vs.-defective) animals. Moreover, when forskolin, a skin-permeable adenylyl
cyclase stimulator, was applied to the skin of Mc1r-defective mice, their NER
efficiency was greatly enhanced (Jarrett et al. 2014), showing that pharmacologic
manipulation of cAMP in the skin could impact DNA repair of UV photolesions.
These proof-of-concept experiments confirmed the important contribution of MC1R
to NER in a genetically-defined system and, most importantly, suggested that NER
can be pharmacologically boosted in Mc1r-defective UV-sensitive and melanoma-
prone individuals.

Defining the mechanisms that link MC1R signaling to melanocytic DNA repair
responses has been an active area of investigation. Recently, we reported that the
key molecular event involved in MC1R-mediated augmentation of NER involves a
post-translational modification of the global cell damage response protein “ataxia
and rad3-related” (ATR) protein by PKA. We discovered that cAMP induction and
activation of PKA, either through conventional melanocortin-MC1R interactions or
through pharmacologic activation of adenylyl cyclase by forskolin, causes PKA to
phosphorylate ATR on a serine at position 435. This event does not impact
canonical ATR activation as defined by ATR-mediated phosphorylation of Chk1
and cell cycle arrest, but rather enhances the binding affinity of ATR for the
xeroderma pigmentosum A (XPA) protein to facilitate NER (Fig. 7.5). With cAMP
stimulation, XPA and pS435-ATR co-localize to UV photoproducts in a greatly
accelerated and enhanced manner and NER is much more efficient and complete
(Jarrett et al. 2014). Our group’s efforts to determine how pS435-ATR is regulated
and how it impacts NER are ongoing.

Melanocortin signaling may impact genome stability through other pathways
beside PKA-mediated ATR phosphorylation and XPA recruitment. MC1R signal-
ing, for example, promotes cellular antioxidant defenses, thereby endowing mela-
nocytes with an improved ability to resist UV-mediated oxidative and free radical
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injury (Kadekaro et al. 2012). Furthermore, the cAMP signaling pathway may
impact melanocytes by bolstering key DNA damage and repair factors besides XPA
and ATR. The Abdel-Malek group found that MC1R stimulation promoted XPC
expression, enhanced UV-induced phosphorylation of both ATR and ATM and
increased phosphorylation of histone cH2AX (Swope et al. 2014). Smith and
colleagues published that MC1R signaling resulted in increased expression of
NR4A subfamily of nuclear receptors which were recruited to nuclear photodamage
along with XPC and XPE (Jagirdar et al. 2013). Therefore the melanocortin-
MC1R-cAMP signaling axis represents a multifaceted inducible pathway to protect
melanocytes against UV injury and mutagenesis.

7.13 Future Directions: The Melanocortin-MC1R Axis
as an Exploitable Melanoma Prevention Strategy

Inherited loss-of-function MC1R polymorphisms are common in the population,
with some estimating up to 6–8 million Americans harboring double allele poly-
morphisms and millions more being hemizygous. Such persons tend to have fair
complexions, are UV-sensitive (sunburn easily) and a four-fold or higher risk of
melanoma (Kennedy et al. 2001). As we understand it, MC1R-mediated UV pro-
tection and melanoma resistance is proportional to the robustness of the cAMP
response downstream of MC1R signaling. cAMP signaling positions melanocytes
to resist UV damage and mutagenesis by stimulating production of melanin and by
enhancing DNA repair through improving the efficiency of nucleotide excision
repair (Fig. 7.6). In this way, persons with blunted MC1R signaling accumulate
more UV damage because of diminished eumelanin production and less innate UV
protection. Melanocytes in MC1R-defective individuals are also much less efficient
at repairing UV photodamage because of a lack of the MC1R NER “boost”. As a
result, cells accumulate more UV-induced mutations and are more prone to car-
cinogenic transformation.

Fig. 7.5 MC1R augmentation of NER. Elevated levels of the second messenger cAMP can result
from MC1R signaling (e.g. MSH), adenylyl cyclase activation (e.g. forskolin) or phosphodi-
esterase inhibition (e.g. rolipram). cAMP promotes the phosphorylation of ATR on the Ser 435
residue by PKA, which in turn facilitates ATR’s nuclear import and association with the key NER
factor XPA. Together, pS435-ATR and XPA translocate to sites of nuclear photodamage to
accelerate NER in melanocytes
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Since a variety of pharmacologic strategies exist to impact cAMP signaling, it
might be possible to reduce UV mutagenesis in melanocytes and reduce melanoma
risk by exploiting the MC1R signaling axis. We previously showed that topical
application of forskolin, a direct activator of adenylyl cyclase, rescued eumelanin
production in fair-skinned and UV-sensitive Mc1r-defective animals (D’Orazio
et al. 2006). This same animal model was used to show that topical application of
rolipram, a phosphodiesterase-4 inhibitor, similarly rescued dark melanization of
the skin (Khaled et al. 2010). In both cases, pharmacologic melanization of the skin
protected against UV damage. Thus skin-permeable agents the increase cAMP in
epidermal melanocytes are an effective way to mimic MC1R signaling in mela-
nocytes and protect the skin against UV injury. Most recently, we published that
topically-applied forskolin could also enhance clearance of UV photoproducts in
the skin of these mice, essentially enhancing the level of repair to that of animals
with intact Mc1r signaling (Jarrett et al. 2014). Together, these studies clearly prove
the feasibility of pharmacologic manipulation of the cAMP signaling axis and
subsequent protection of melanocytes against UV damage and mutagenesis.

Though applying general cAMP manipulators to the skin upregulates cAMP
levels in epidermal melanocytes, this approach lacks specificity to induce signaling
only in melanocytes. The effects of cAMP induction in other skin cells or in
off-target tissues through systemic absorption are complex and likely to impede
translational development. Melanocyte-directed approaches for cAMP stimulation
would greatly enhance the potential translational appeal of this approach. To that
end, targeted melanocyte-specific cAMP induction can be achieved through

Fig. 7.6 Exploiting the MC1R-cAMP signaling axis for UV protection and melanoma prevention.
Inducing cAMP in melanocytes, whether through up-regulating MC1R signaling with
melanocortin analogs, activating adenylyl cyclase or inhibiting phosphodiesterases, would be
expected to enhance pigment production and augment DNA repair, both of which would reduce
UV-induced mutagenesis and cancer risk
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melanocortin analogues such as those reported by Abdel-Malek and colleagues
(Abdel-Malek et al. 2006). Melanocortin effects would be expected to be restricted
to cells expressing melanocortin receptors such as MC1R on melanocytes. This
approach, while offering better melanocyte specificity, requires MC1R signaling
function to be intact in order for cells to respond to melanocortins by upregulating
cAMP. Persons with inherited defects in MC1R signaling—the very individuals
most at risk for UV sensitivity and melanoma development—would probably not
benefit much from melanocortin therapy since MC1R signaling is impaired. For
these individuals, perhaps the only way to trigger cAMP in melanocytes may be a
global pharmacologic approach. Clearly much more mechanistic and feasibility
work needs to be done to understand the risks and benefits of pharmacologic cAMP
manipulation in melanocytes and in the skin. Overall, however, the broad
melanocortin-MC1R signaling axis remains an attractive and potentially exploitable
pathway for the development of novel melanoma prevention strategies in at-risk
populations.
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Chapter 8
The Cutaneous Melanocyte as a Target
of Environmental Stressors: Molecular
Mechanisms and Opportunities

Laurent Marrot

Abstract Pigmentation is regarded as a natural way to protect skin against harmful
impact of UV from sunlight. In fact, prevalence of sunburn or skin cancer (carci-
noma and melanoma) is lower in individuals with dark skin, suggesting that mel-
anin is an efficient sunscreen. However, UV-induced melanoma generally originates
from pigmented cells or pigmented skin areas (nevi) and in vitro or in vivo data
have shown that melanin and/or its precursors could also be a source of
photo-oxidative stress. Pigmentation behaves thus like a two-edged sword. Despite
this adverse biological context, melanocytes generally persist a long time in skin
probably because of specific abilities to repair DNA, to manage oxidative stress and
to resist apoptosis. In addition to sunlight, melanocytes can also be targeted by
specific chemicals whose toxicity is linked to the melanogenic pathway. For
instance, activation of phase I metabolism through AhR pathway can stimulate
pigmentation whereas biochemical transformation of some phenols by tyrosinase
can trigger melanocyte death. In conclusion, due to its very peculiar physiology, the
melanocyte is a unique and delicate cell type in epidermis. Since its alteration can
give rise to melanoma, one of the most dangerous cancers, a specific protection is
required to ensure pigment cell homeostasis.
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8.1 Introduction

Skin pigmentation in humans is considered a natural protection against environ-
mental insults, particularly against the UV rays present in sunlight. Individuals with
dark skin originate from latitudes where radiation in the UVB spectrum, the most
harmful to reach the earth’s surface, is most intense. Since the prevalence of sun-
burn and skin cancer in these individuals is low, it seems highly probable that their
skin color is protective. Fair skinned individuals can adapt their pigmentation in
accordance with UVB exposure: tanning is a response to UV stress, aimed at
protecting skin from additional irradiation. The risk of skin cancer is significantly
increased in individuals with red hair who are unable to tan and who develop
erythema easily. The central player in this process is a highly specialized cell, the
melanocyte, which is amazing for many reasons. Amazing firstly because of its
embryogenic origin from the neural crest: melanoblasts, melanocyte precursor cells,
migrate away from the neuroepithelium to populate the skin and the hair follicles.
Amazing also because of its diverse localizations in the body: not only in the skin
and hair, but also in the iris of the eye, the cochlea of the inner ear, the heart, the
brain: Amazing finally because although it is supposed to provide skin protection, it
can give rise to melanoma, one of the most dangerous cancers. A central issue in the
pigmentation process is the production of melanins, biopolymers which are syn-
thesized from tyrosine in several successive enzymatic reactions in specialized
organelles named melanosomes. Paradoxically, melanin the “natural anti-UV sun-
screen” is not itself very photostable and is moreover the result of a biochemical
recipe which produces toxic compounds such as reactive quinones.

Melanocytes are located in a dispersed pattern at the dermal-epidermal junction
and each melanocyte interacts with around 40 keratinocytes in the basal and
suprabasal layers: this constitutes the “epidermal-melanin unit”. Once melanization
is completed, melanosomes are transferred to surrounding keratinocytes. Skin color
does not depend on the number of melanocytes which is comparable in different
skin phototypes, but rather on the number, size and distribution of melanosomes in
the epidermis. In keratinocytes, melanin granules have been shown to accumulate
over the nucleus, like a protective cap filtering out harmful UV radiation to prevent
the induction of mutagenic DNA damage. Interestingly, melanocytes are particu-
larly resistant to apoptosis, it is maybe why the limited epidermal population of
melanocytes remains in the skin for a long time despite a limited mitotic index.
Such a low renewal rate is an astonishing phenomenon considering that melano-
cytes are subject to several environmental aggressions. Their location deep in the
epidermis is only partially protective against solar UVB. Although the shorter solar
wavelengths of around 300 nm may be absorbed by keratin and melanin in the
stratum corneum and stratum granulosum, it is highly probable that wavelengths
over 310 nm penetrate significantly towards the dermal-epidermal junction.
Moreover, melanocytes are daily exposed to significant doses of UVA (from 320 to
400 nm) which can reach the dermis. UVA exposure can produce a strong oxidative
stress via photoactivation of endogenous chromophores, and even induces the
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production of mutagenic pyrimidine dimers (CPD). In addition to sunlight, mela-
nocytes have also to deal with chemicals derived either from the skin surface when
penetration is possible, or from systemic exposure through the blood. Chemicals
used for medical treatments, products present in food and drink must be considered,
as well as atmospheric pollutants which can enter the skin either from its surface
when barrier function is impaired or from the blood following diffusion from the
pulmonary alveoli.

This chapter deals firstly with the stress induced by sunlight in melanocytes in
fair-skinned individuals with a particular focus on the ambiguous role of melanin.
Then, the question of melanocyte susceptibility to chemicals will be addressed
through complementary examples, including that of post-inflammatory hyperpig-
mentation as a response to external insults.

8.2 The Melanocyte and Sunlight: A Cooperative
but High-Risk Relationship

8.2.1 UV-Induced Pigmentation as a Stress Response:
The Omnipresence of p53

8.2.1.1 Photodamage in Keratinocytes Triggers a Preventive
Paracrine Pathway Leading to Melanogenesis

The melanocyte-keratinocyte unit responds quickly to the impact of solar UV and
skin tanning relies mainly on a paracrine pathway where keratinocytes “commu-
nicate” their stressed status to melanocytes. In the early 1990s, the role of mela-
nocortins in human pigmentation, particularly α-MSH, was highlighted. α-MSH is
derived from the precursor peptide POMC (pro-opiomelanocortin) which is syn-
thesized in the epidermis and upregulated in response to exposure to sunlight.
Melanocytes express a specific cell surface α-MSH receptor: the melanocortin-1
receptor (MC1R) which, as a G protein-coupled receptor, transduces a signaling
pathway involving cAMP and protein kinase A (PKA). Pigmentation is mediated
by activation of microphthalmia-associated transcription factor (MITF), one of the
numerous pro-differentiation pathways controlled by MC1R. MITF modulates
expression of genes involved in melanin biosynthesis such as tyrosinase TYR, and
the tyrosinase related proteins TRP1 and TRP2 (DCT). This paracrine process
ensures a rapid response to UV stress, even before damage to melanocytes reaches a
critical level (for review, see García-Borrón et al. 2014; Cheli et al. 2009). The link
between UV damage in keratinocyte DNA and pigmentation was further docu-
mented in the 2000s, when pigmentation was linked to p53 activation. In ker-
atinocytes, the accumulation of DNA photodamage (mainly pyrimidine dimers
(CPD)) triggers the stabilization and activation of p53 through its phosphorylation.
This transcription factor controls the most important anti-genotoxic pathways:

8 The Cutaneous Melanocyte as a Target of Environmental Stressors 177



(i) cell cycle arrest and DNA repair are mobilized in order to prevent genomic
degradation or (ii) apoptosis, programmed cell death, eliminates highly damaged
cells. In the epidermis for instance, sunburn cells are apoptotic (for review see
Marrot and Meunier 2008). Cui et al. demonstrated that p53 stimulates the POMC
promoter and secretion by keratinocytes in response to UV. In fact, the tanning
response to UVB exposure is only minimally present in p53 knockout mice, thus
p53 functions as a sensor and effector of UV-induced pigmentation (Cui et al. 2007)
(Fig. 8.1).

The peptide endothelin-1 (EDN1) was also shown to be upregulated in murine
skin following UVB irradiation, and it interacts with specific G protein-coupled
receptors (endothelin receptor: ENDR). END1 stimulates melanogenesis, prolifer-
ation, dendricity and MC1R expression in melanocytes. It was recently shown that
UV-induced END1 expression in keratinocytes was directly and positively con-
trolled by p53 transcriptional activity. In fact, END1 was significantly downregu-
lated in the epidermis of p53 knockout mice (Hyter et al. 2012). Thus, END1 and
POMC/α-MSH may have a synergistic effect aiming at increasing melanocyte
activity in order to protect the epidermis from sunlight-induced genotoxic stress.
P53 may drive this pigmentary adaptive response (Fig. 8.2).

Fig. 8.1 Stressors targeting melanocyte: melanogenesis constitutes a peculiar additional source of
stress compared to other epidermal cells
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8.2.1.2 Melanogenesis: A Response also Directly Linked to DNA
Damage in Melanocytes

Melanogenesis can be upregulated in cultured melanocytes exposed to UV, even in
the absence of keratinocytes. In fact, intracellular signaling also contributes to the
pigmentary response and an unexpected link between DNA damage and melanin
production was reported some years ago. For instance, treatment of irradiated
melanocytes with a liposome-encapsulated DNA repair enzyme which accelerated
CPD excision stimulated melanogenesis (Gilchrest et al. 1993). The same team
observed that addition of the dinucleotide pTpT to culture medium was associated
with a pro-pigmenting effect which was confirmed in vivo after its application to
guinea pig skin (Eller et al. 1996). Since pTpT was able to mimic the DNA segment
excised during the repair of TT pyrimidine dimers, the authors speculated about the
influence of DNA damage on melanogenesis. They finally demonstrated that pTpT
targeted and disrupted structures of telomeres, leading to an artificial DNA damage
response in which p53 was activated. The tanning response was thus largely
mediated by p53: as proof, UV-induced pigmentation is reduced in p53 knockout

Fig. 8.2 Melanogenic paracrine pathways from keratinocytes in response to UV stress. Induction
of photodamage (CPD) activates p53 in keratinocytes, and p53 stimulates secretion of POMC
(which is cleaved to produce α-MSH) and endothelin-1 ET-1. ET-1/ENDR interaction triggers
signaling pathways inside melanocyte leading to differentiation (melanogenesis, dendricity).
α-MSH/MC1R interaction activates production of cAMP which in turn stimulates transcriptional
activity of MITF. MITF upregulates the expression of melanogenic enzymes: melanogenesis takes
place in melanosomes which are transferred to keratinocytes and protect their genomic DNA from
further UV exposures (tanning process)
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mice. Melanogenesis together with improved DNA repair can thus be considered a
SOS response by the skin against environmental genotoxicity and here again, p53
has a crucial influence (for review see Gilchrest et al. 2009).

8.2.2 Melanin: A Two-Edged Sword for Melanocytes

This concept of a two-edged sword was first proposed a few decades ago by Hill
et al. when they observed that melanin could generate a significant oxidative stress
under UV exposure (Hill et al. 1997). Several papers were published on this
paradoxical behavior of our natural sunscreen. Reports were first based on in vitro
experiments, but recent in vivo data confirmed that melanin could exacerbate UV
stress. A scientific consensus seems to emerge and it reconciles the Janus face of
pigmentation: cutaneous protection as a global process but a risk to the melanocyte
itself, particularly in fair skin exposed to UV.

8.2.2.1 Intrinsic Pro-oxidant Potential of Melanin and Its Precursors

Melanogenesis involves several oxidation reactions, which potentially produce
adverse biochemical effects (Fig. 8.3 and for review see Denat et al. 2014). For
instance, tyrosinase oxidizes tyrosine firstly into dopa and then into dopaquinone,
and this orthoquinone can react with nucleophilic compounds such as thiols or
amino groups. Moreover, the generation of superoxide anions in association with
tyrosinase activity has been reported in the literature (Koga et al. 1992; Tomita et al.
1984). Dihydroxy-indole (5,6-DHI) is oxidized into indolequinone and
dihydroxy-indole carboxylic acid (5,6-DHICA). DHICA is converted into the
corresponding quinone. Redox cycling from indoles to quinones can generate ROS
(ultimately hydrogen peroxide H2O2) as reported by Nappi and Vass (1996).
Polymerization of these quinones results finally in a black or brown eumelanin
pigment whereas production of the reddish-brown pheomelanin requires the
incorporation of cysteine: the resulting cysteinyldopa is converted into benzoth-
iazine derivatives. It was suggested that cysteine consumption in
pheo-melanogenesis may compete with glutathione synthesis and affect redox
homeostasis in melanocytes (Morgan et al. 2013). Melanogenesis takes place inside
melanosomes which ensures that toxic chemical intermediates are contained.
However, melanosomes displaying structural abnormalities with partial leakage of
their content were observed in dysplastic nevi and melanoma cells (Borovanský
et al. 1991; Meyskens et al. 2001). Similarly, the diffusion of H2O2 into cytoplasm
is highly probable, enabling the production of genotoxic hydroxyl radicals �OH.
Miranda et al. showed that the rate of chromosomal aberrations (sister chromatid
exchange) correlated with the concentration of tyrosine supplied to cultured mel-
anocytes: stimulation of melanogenesis could thus damage chromosomes (Miranda
et al. 1997). In line with this, Maresca et al. reported that catalase activity

180 L. Marrot



(enzymatic protection against H2O2) correlated with melanogenic intensity. This
natural protection against oxidative stress was thus required together with melanin
production (Maresca et al. 2008). In dysplastic nevi in which melanocytes are
hyperpigmented, melanosome sulphur and iron content was much higher than in
normal melanocytes and an oxidative imbalance was observed using a specific
probe for oxidative stress (Pavel et al. 2004). Smit et al. obtained similar results in
melanocytes from pigmented dysplastic nevi, where an unusually high level of
oxidative DNA damage was detected (Smit et al. 2008). Interestingly, a protective
role was proposed for the melanogenic enzyme dopachrome tautomerase
DCT/TRP2. TRP2 favors the production of DHICA (see Fig. 8.3), which is less
toxic than DHI and TRP2 was reported to increase glutathione levels in amelanotic
melanoma cells, providing protection against oxidative DNA damage and H2O2-
induced cytotoxicity (Michard et al. 2008). TRP2, as a direct player in melano-
genesis, could thus be the first “line of defense” against oxidative stress associated
with pigmentation.

Fig. 8.3 The mammalian melanogenic pathway. Tyrosine-hydroxylase and dopa-oxidase activ-
ities of tyrosinase transform tyrosine into dopaquinone. Dopaquinone either react with cysteine to
enter pheo-melanogenic pathway (red melanin) or is transformed into indole-quinone moieties to
enter eu-melanogenic pathway (black or brown melanin). TRP2/DCT tautomerase activity
prevents spontaneous decarboxylation of dopachrome which is converted into
dihydroxy-indole-carboxylic acid. Possible contributions to oxidative stress generation or to
impairment of redox homeostasis are mentioned in red in this scheme
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8.2.2.2 Melanin Photoreactivity: A Significant Source of Stress
in Melanocytes Exposed to Sunlight

Early studies indicated that tanning confers only limited sun protection (a protection
factor of less than 3 as reported by Cripps 1981), suggesting that melanin is not a
perfect sunscreen. Moreover, melanin photochemistry is intriguing and appears
sometimes to contradict its photoprotective role.

In Vitro Data

The phototoxicity of pheomelanin and its instability in the presence of UV light
were reported in the literature some time ago. These properties are consistent with
the vulnerability of individuals with red hair to sun damage (for review see
Napolitano et al. 2014). However, the production of ROS by synthetic or natural
black and brown pigments exposed to UV radiation has also been observed in vitro
(Tomita et al. 1984; Korytowski et al. 1987; Kipp and Young 1999). These
unexpected results were confirmed in cultured melanocytes irradiated with different
UV spectra, using DNA damage as a marker. Noz et al. used the comet assay,
which quantifies DNA breaks in individual cells, to compare the sensitivity of
melanocytes from dysplastic nevi, common nevi and normal skin to UVB-induced
DNA damage. The highest level of DNA damage (in the dark or under UVB) was
observed in dysplastic nevus cells, the most highly pigmented cell type used in the
experiments (Noz et al. 1996). Wenczl et al. obtained comparable data in
UVA-exposed cells in which melanogenesis had been previously increased by
adding tyrosine to the culture medium (Wenczl et al. 1998). Marrot et al. compared
DNA damage in human fibroblasts, in melanocytes from different donors and in
melanocytes activated by tyrosine. Here again, DNA damage induction correlated
with melanin content (Marrot et al. 1999). Kvam and Tyrrell showed enhanced
induction of 8-OHdG oxidative damage in the DNA of murine or human melanoma
cells, when melanogenesis was activated prior to UVA exposure (Kvam and Tyrrell
1999).

In Vivo Data

Whether those in vitro data reflect an in vivo reality has been a matter of debate,
since constitutive skin pigmentation unquestionably determines the incidence of
skin cancer. In fact, squamous cell carcinomas and melanomas are respectively 50
or 13 times more common in Caucasians than in African Americans (Halder and
Bridgeman-Shah 1995). In vivo, induction of DNA damage in the form of
pyrimidine dimers is inversely correlated with ethnic pigmentation (Bykov et al.
2000; Kobayashi et al. 2001) or with skin color as assessed by individual typology
angle (ITA) (Del Bino et al. 2006). However, could the resistance of dark skin to
DNA photodamage be attributable solely to pigmentation? A 2005 review
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discussed the prevention of DNA photodamage by melanogenesis and concluded
that the repair of DNA damage could correlate with skin phototype, i.e. repair
would occur more rapidly in the dark-skinned type IV than in the fair-skinned type
II (Agar and Young 2005). More recently, Miyamura et al. reported that
UVA-induced tanning did not confer significant protection against UVB-induced
pyrimidine dimers, and that other protective factors such as DNA repair might be
linked to skin pigmentation (Miyamura et al. 2011). The deleterious impact of
melanin in vivo was addressed by some results obtained using the Platyfish
Xiphophorus. The action spectra of UV and visible light in the induction of mel-
anoma were studied, and heavily pigmented hybrids appeared very sensitive to
tumor induction in the UVA spectrum. The authors considered that the photore-
activity of melanin may play a role in increasing the risk of UV-induced cancer
(Setlow et al. 1993). The action spectra of radical species generation by melanin in
Xiphophorus assessed by EPR and that of melanoma induction were comparable,
suggesting that ROS produced by pigment photoreactivity contributed to tumor
formation (Wood et al. 2006). Takeushi et al. compared the impact of UVB/UVA
radiation on the skin of black, yellow and albino mice (the hair follicles and the
inter-follicular epidermis). Although the level of pyrimidine dimers was similar in
the three mouse strains, UV-induced apoptosis was higher in the upper portion of
the hair follicles in most pigmented animals, suggesting that melanin acts as a
photocatalyst of ROS production in hair bulbs (Takeuchi et al. 2004). Yamaguchi
et al. compared levels of apoptotic cells in the epidermis of fair-skinned and
dark-skinned human volunteers exposed to erythemal UV doses. Seven-fold more
apoptotic cells were detected in dark skin, although DNA damage induction
(CPD) was lower than in fair skin (Yamaguchi et al. 2006). Recently, Noonan et al.
confirmed the capacity of melanin to increase the risk of melanoma in vivo through
generation of oxidative stress in melanocytes exposed to UVA. Using a HGF
transgenic mouse previously developed as a model for UV induced melanoma
(Noonan et al. 2001), they compared tumorigenesis in black and albino animals.
Melanoma induction by UVA required the presence of melanin (i.e. the frequency
of UVA-induced melanoma was higher in black mice than in albino ones) and UVA
exposure of pigmented animals was followed by significant formation of 8-oxo-dG
in melanocyte DNA (Noonan et al. 2012). Interestingly, in the skin of these
transgenic mice, melanocytes were not confined to hair follicles but were scattered
within the epidermis and dermis, and melanin transfer to keratinocytes was rela-
tively inefficient. Therefore, the UV protection provided by the upper epidermis
was limited, while melanin accumulated within melanocytes, where its presence
probably promoted the generation of a significant oxidative stress on exposure to
UVA. In a way, data obtained by Noonan et al. constituted an in vivo proof of
concept for in vitro experiments conducted on UVA-irradiated cultured melano-
cytes. Premi et al. recently reported the induction of CPD in melanocytes, in the
dark and several hours after exposure to UVA. This a priori improbable process
relies on a chemiexcitation pathway which begins with the generation of perox-
ynitrite from UVA-induced ROS and RNS (reactive nitrogen species). Melanin
precursors (or melanin degradation products) associated with peroxynitrite critically
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influence this process by catalyzing the formation of excited-state triplet carbonyl
residues in the vicinity of nuclear DNA. These carbonyl entities can then transfer
the required energy to pyrimidines for the formation of pyrimidine dimers in the
absence of light (Premi et al. 2015). UVA and melanin can thus also contribute to
the induction of UVB-like mutagenic lesions in melanocytes.

In conclusion, accumulating evidence suggests that melanogenesis combined
with exposure to sunlight may constitute a serious risk factor for the development of
skin cancer. Although this phenomenon mainly concerns lightly pigmented skin, it
may not be neglected in photoprotection strategies.

8.3 Melanocytes as Targets of (Bio) Chemical Toxicity

8.3.1 AhR Activators

The Aryl hydrocarbon Receptor (AhR) is a cytoplasmic transcription factor which is
activated by various chemical ligands (Fig. 8.4). It controls expression of some
cytochrome P450 enzymes including CYP1A1 and CYP1B1 which are involved in
the metabolism of compounds such as dioxin (TCCD), Polycyclic Aromatic
Hydrocarbons (PAH, e.g. benzopyrene), indocarbinols, flavonoids. As monooxy-
genases, CYP1A1 and B1 reduce the hydrophobicity of chemicals but can also
generate reactive metabolites (e.g. epoxides) which are either transformed into diols
and glucuronides or are conjugated to glutathione before excretion. UVB radiation
produces a tryptophan photoproduct, FICZ, which is also a very potent AhR activator
at concentrations in the picomolar range (Fritsche et al. 2007). Since AhR is present in
the epidermis, FICZ may constitute a chemical link between sunlight and skin
metabolism. AhR activation produces reactive and potentially mutagenic interme-
diates, it is thus suspected that this pathway may promote tumorigenesis. AhR is
expressed in all skin cells and may increase the development of carcinoma: the
incidence of benzopyrene-induced skin cancer is lower in AhR-/- knockout mice
(Shimizu et al. 2000). AhR is also expressed in melanocytes and may be responsible
for the hypermelanosis that is generally reported in individuals exposed to dioxin, a
powerful AhR activator. Dioxin or FICZ may stimulate melanin production in vitro
by increasing the activity of melanogenic enzymes (TYR and TRP1) in an
AhR-dependent process involving MITF (Luecke et al. 2010). Moreover,
UVB-induced pigmentation was reduced in AhR-/- mice compared to wild type
animals, confirming a possible involvement of AhR in tanning (Jux et al. 2011).
Pigmentation was also increased in melanocytes treated with cigarette smoke extracts
which contain PAH as potential AhR ligands (Nakamura et al. 2013) and in vivo,
smoking is associated with lip and gingival hyperpigmentation (Haresaku et al. 2007).
A paradoxical stress-induced depigmentation was reported in pityriasis versicolor, a
skin disease caused byMalassezia furfur, a lipophilic yeast which is one of the flora
resident on human skin. M furfur produces indole derivatives such as pityriacitrin,
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indirubin or malassezin, some of which are potential AhR ligands (for review see
Gaitanis et al. 2013). However, instead of triggering AhR-induced pigmentation,
malassezin displayed a potent melanocytotoxicity in vitro (mainly apoptosis) which
explains the occurrence of white spots in infected skin (Krämer et al. 2005). Zinc
pyrithione (ZnPT) is a microbiocidal agent used as a topical antimicrobial. It targets
Malassezia and thus behaves as an efficient antidandruff compound. Strikingly ZnPT
also displayed toxic effects in melanocytes in vitro: it induced high expression of the
stress marker HSP70, damaged genomic DNA and could finally trigger apoptosis
(Lamore et al. 2010).

Fig. 8.4 AhR and Nrf2 pathways. Cytoplasmic AhR is maintained inactive in a multiprotein
complex. Interaction with chemical ligands modifies AhR structure and facilitates its nuclear
translocation where it binds the specific sequence XRE (xenobiotic responsive element). As a
transcription factor, AhR controls expression of genes involved in phase I metabolism such as
CYP1A1/B1 (for review see Denison et al. 2011). Nrf2 is repressed by Keap1, which contains
thiol residues as redox sensors. After alteration of Keap1 conformation or after phosphorylation,
Nrf2 translocates into the nucleus and binds the specific sequence ARE (antioxidant responsive
element). Nrf2 controls and coordinates expression of a battery of genes encoding antioxidant and
detoxifying enzymes (for review see Niture et al. 2014). Coordination of both AhR and Nrf2
activations ensures safe metabolism of xenobiotics since toxic metabolites are neutralized and
excreted by Nrf2 pathway. In fact, a biochemical crosstalk between AhR and Nrf2 was recently
described (Kalthoff et al. 2010)
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8.3.2 Phenol Compounds as Chemicals
with Melanocyte-Specific Cytotoxicity

Melanocytes are generally resistant to the apoptosis induced by different kinds of
stress; however some phenol compounds can produce a targeted toxicity leading to
leukoderma, a vitiligo-like disease. Leukoderma symptoms include partial to
complete depigmentation of the skin areas in contact with damaging products due to
a significant decrease in the melanocyte population. Phenolic structures involved in
this toxic process can be found in pharmaceutical products, cosmetic ingredients
and food additives, such as for instance rhododenol (4-(4-hydroxyphenyl)-
2-butanol) and the corresponding raspberry ketone, 4-tertiary-butylphenol, hydro-
quinone monomethyl-ether. These compounds may penetrate melanosomes and
interfere with the melanogenic process as their structures resemble that of tyrosine.
They are transformed by tyrosinase/TRP1 into quinones which then generate a
strong oxidative stress through redox cycling and ROS production: in fact, the
stimulation of melanogenesis aggravates this cytotoxic process. Moreover, these
quinones bind protein thiol residues, some of which are essential for enzymatic
activities. This cytotoxic process further highlights the possibility of specific risks
associated with the melanogenic pathway (Manga et al. 2006; Ito et al. 2015;
Nagata et al. 2015).

8.3.3 Mediators of Inflammatory Stress Can Lead
to Hyperpigmentation

Post-inflammatory hyperpigmentation (PIH) appears as the hypermelanosis often
associated with acne, contact dermatitis or atopic dermatitis, but also results from
stresses such as phototoxic drug eruption, burns and even mechanical irritation. PIH
is manifested more commonly in dark skin as pigmented macules involving the
epidermis and sometimes the dermis. PIH can be stimulated by inflammatory
mediators such as endothelin-1 or stem cell factor, in addition to ROS or nitric
oxide released by inflammatory cells. Oxidation of arachidonic acid, a well-known
by-product of the inflammatory process, generates the leukotrienes LTC4 and
LTD4, the thromboxane TXB2 and the prostaglandins PGE1, PGE2 and PGF2α.
These factors stimulate melanocytes in vitro: dendricity is increased in treated cells
which transfer more melanin to surrounding keratinocytes. Various messengers
(cAMP, cGMP, diacylglycerol) and effectors (MAPK, PKC, PKA) are mobilized
and this complex network reflects the exquisite connection of melanocyte physi-
ology with general skin status (Lamel et al. 2013; for review Costin and Hearing
2007). Solar lentigo (SL) is sometimes considered an interesting PIH paradigm
exemplifying the connection between pigmentation and skin health (for review see
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Cardinali et al. 2012). SL appears as pigmented lesions in photodamaged skin,
which increase with chronological aging. The number of melanocytes in SL is
comparable to that in healthy skin, however hyperpigmentation affects the epi-
dermal basal layer. Pigmentary proteins/peptides (tyrosinase, POMC, endothelin-1
(ET-1) and its receptor (ETRB), stem cell factor (SCF)) as well as keratinocyte
growth factor (KGF) are locally upregulated. It is considered by experts that
melanogenesis is stimulated by local damage to skin resulting in the overproduction
of ET-1, SCF or KGF. SCF and KGF may constitute soluble factors secreted by
fibroblasts: sun-damaged dermis may thus contribute directly to hypermelanosis in
SL (Kovacs et al. 2010). Recently, UVA-mediated bystander stress produced in
melanocytes by keratinocytes or fibroblasts was shown to further increase oxidative
effects in pigment cells (Redmond et al. 2014). More generally, the influence of
dermis status on pigmentation is now well established and for instance photoaged
fibroblasts can contribute to local hyperpigmentation (Hedley et al. 2002; Duval
et al. 2014).

8.3.4 Drug-Induced Hyperpigmentation

A recent systematic review of 306 publications stated that it appears likely that
drug-induced hyperpigmentation is caused by only a limited number of compounds
(Krause 2013). The use of prostaglandin agonists in ocular treatment leads to
hyperpigmentation of periorbital skin, consistent with the pro-pigmenting impact of
prostaglandins in inflammation-induced hyperpigmentation. In line with this,
PGF2α analogs, such as for instance Latanoprost, were shown to stimulate skin
pigmentation after topical application in guinea pigs (Anbar et al. 2009). Some
other chemicals which do not produce harmful effects in the dark can be pho-
toactivated by UVA, and their phototoxicity sometimes triggers hyperpigmentation.
Psoralens have been extensively studied in this regard as 8-methoxy-psoralen (8-
MOP) and in particular 5-methoxy-psoralen (5-MOP) are used in combination with
UVA exposure (PUVA therapy) to repigment vitiligo lesions. This pigmentary
response is probably linked to skin damage through genotoxic activation of p53. In
fact, under UVA exposure, 8MOP or 5MOP induce DNA adduct formation
(mono-adducts and crosslinks) leading to p53 mutation: moreover p53 regulates
tyrosinase gene expression (Gasparro 2000; Khlgatian et al. 2002). There is
insufficient space to cite all the data published on modulation of pigmentation by
various drugs (antibiotics such as fluoroquinolones or minocycline; amiodarone,
phenothiazine), particularly on exposure to sunlight: here again, pigmentation
appears closely linked to skin stress (for review see Dereure 2001).
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8.4 Melanocyte-Specific Defensive Capabilities

Despite the limited number of melanocytes in the epidermis and their low mitotic
index, and despite chronic exposures to sunlight and to other environmental
stressors, skin pigmentation generally persists throughout life. A resistance to
apoptosis may be one explanation for this striking longevity, which carries an
associated risk of damage accumulation ultimately leading to senescence or
transformation. Moreover, recent data suggest that pigment cells can improve their
ability to repair DNA damage and to manage oxidative stress.

8.4.1 αMSH/MC1R Improves Anti-genotoxic Protection

MC1R activates the main pathway controlling UV-induced pigmentation.
Fortunately, the MC1R-cAMP response also facilitates repair of DNA photodam-
age by enhancing nucleotide excision repair in melanocytes. Stimulation of MC1R
contributes to p53 serine-15 phosphorylation mediated by the cAMP/PKA pathway.
The resulting stabilization and activation of p53 improves DNA repair within
melanocytes (Kadekaro et al. 2012). It was recently proposed that MC1R-cAMP
signaling could even act upstream of the repair process by allowing PKA-mediated
phosphorylation of ATR. ATR interacts with the XP repair factor to form a com-
plex at sites of DNA photolesions and this accelerates excision repair of damaged
DNA (Jarrett et al. 2014). In order to maintain the melanocyte population in skin,
α-MSH also inhibits UV-induced cell death by increasing levels of the
anti-apoptotic protein Bcl2. In fact, Bcl2 is a target for the transcription factor MITF
which is activated by the MC1R-cAMP pathway. This mechanism could explain
why melanocytes can survive acute UV doses and persist in photoexposed skin for
decades (Böhm et al. 2005; Kadekaro et al. 2005). Overexposure to sun is generally
associated with increased melanoma genesis but the molecular mechanisms
involved remain unclear. Some oncogenes are frequently mutated in melanoma
caused by chronic irradiation or non-chronic acute UV exposures (C-KIT and
BRAF respectively). The risk of melanoma increased for BRAF mutants in a
context of MC1R variants (Fink and Fisher 2013) or when p53 was also mutated
(Viros et al. 2014). These results further highlight the influence of MC1R and p53
in the prevention of melanocyte transformation.

8.4.2 Adjustment of Endogenous Antioxidants

In the last decade, the transcription factor Nrf2 has aroused increasing interest
because of its central role in controlling cellular redox homeostasis. In normal
conditions, Nrf2 is maintained inactive as a protein complex with its repressor
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protein Keap1. In response to oxidative stress or in the presence of electrophiles,
oxidation of Keap1 cysteine residues and/or Nrf2 phosphorylation leads to complex
dissociation (Fig. 8.4). Nrf2 translocates into the nucleus where it interacts with the
specific DNA ARE sequence (antioxidant responsive element). This pathway
upregulates the expression of several downstream genes involved in antioxydation,
preservation of glutathione homeostasis and detoxification. In our laboratory, we
compared basal expression in the dark of around 200 genes involved in skin
metabolism in melanocytes and keratinocytes in coculture (same culture medium)
from the same donors (same genetic background). Most genes were expressed
equally but some interesting differences could be observed as shown in Table 8.1
(Denat et al. manuscript in preparation). Higher levels of expression of NQO1/2,
catalase and ferritin in melanocytes could be linked to a specific need for protection
against quinones or H2O2 generated during melanogenesis.

Nrf2 is activated by UV (mainly UVA) or by natural electrophilic chemicals
such as sulforaphane or lipoic acid. Interestingly, the panel of overexpressed genes
in cells from the same donors differs between keratinocytes and melanocytes: for
instance HO-1 is always upregulated in pigment cells (Marrot et al. 2008). In line
with this, a recent study showed that downregulation of Nrf2 in immortalized
human melanocyte cell line increased sensitivity to oxidative stress whereas
upregulation of Nrf2 protected melanocytes from H2O2 toxicity. HO-1 was the most
efficient Nrf2 downstream gene involved in this protection pathway (Jian et al.
2011). More recently, the same team observed that the Nrf2 pathway was impaired
in melanocytes in vitiligo, and thus HO-1 expression was significantly reduced.
This inability to adjust antioxidant status could explain the high sensitivity to H2O2

(Jian et al. 2014). In skin explants exposed to UVA or to 4 tertiary-butylphenol

Table 8.1 Relative expression of antioxidant genes in melanocytes and keratinocytes

Overexpression in
Melanocyte (M)

Overexpression in
Keratinocyte (K)

Quinone
detoxification

NQO-1 (×20)
NQO-2 (×3)

_

ROS
detoxification

Catalase (×4)
Ferritin-FTL (×3)
HO-1 (×7)

GPX-2 (×3)
GPX-3 (×14)

ROS/RNS NOX4 (×43) NOS-1 (0 in M)

Glutathione
metabolism

GST-A4 (×2)
GST-M2 (×37)
GST-M3 (0 in K)

GCLC (×4)
GGT1 (×4)

Cells from the same donor (same genetic background) were co-cultured in two chambers separated
by a membrane in the same dish (same culture medium). Duplicate experiments were performed
with cells from two different donors. Messenger RNAs from melanocytes and keratinocytes were
extracted separately and analyzed by quantitative RT-PCR. This table shows antioxidant genes
overexpressed in one cell type versus the other. For instance, melanocytes displayed a higher
expression of genes involved in protection against melanogenesis related oxidative stress (NQO1/2
against quinones, catalase and ferritin against H2O2 toxicity)
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(a melanocytotoxic compound), Ellasuity et al. showed that HO-1 was upregulated
in melanocytes. This result was confirmed in cultured cells, and HO-1 overex-
pression may protect melanocytes from UVB-induced cytotoxicity (Elassiuty et al.
2011).

Importantly, α-MSH drives increased Nrf2 expression which in turn upregulates
target genes such as HO-1, GCL or GST, and therefore α-MSH is also linked to
antioxidant protection in melanocytes. Moreover, α-MSH also abolishes the inhi-
bitory effect of UVB on Nrf2 therefore maintaining melanocyte capacity to manage
oxidative stress even under high levels of exposure to sunlight (Kokot et al. 2009).

8.5 Conclusion: Molecular Opportunities

Melanocytes undoubtedly play a crucial role in the response of the skin to the
environment. Paradoxically, melanocytes are present in skin in limited numbers,
their basal proliferation rate is low, they are thought to remain active for decades,
the process of melanogenesis carries risks for these cells, and their transformation
leads to melanoma. Melanocyte protection is thus of huge importance and current
knowledge offers several molecular opportunities. The avoidance of sunlight seems
indispensable particularly when there is active melanogenesis. In order to ensure
protection of the melanocyte genome against sunlight-induced DNA damage
(pyrimidine dimers and oxidative breakage), photostable and broad-spectrum sun-
screen formulations which provide significant UVA absorption are required (Marrot
et al. 1999; Jean et al. 2001). Antioxidants are also generally recommended in
photoprotection and a comprehensive approach to prevention might be secured by
activation of the endogenous defenses controlled by Nrf2. Interestingly, it was
recently reported that Nrf2 could also regulate melanogenesis by modulating the
PI3 K/Akt signaling pathway or by reducing melanogenesis induced by UVA (Shin
et al. 2014; Chaiprasongsuk et al. 2016) whereas NQO1, one the Nrf2 downstream
genes, behaves as a positive regulator of the pigmentation process (Choi et al.
2010). Nrf2 is involved in the phase II detoxification process and interacts with
other stress-related pathways such as AhR or NFkB (Hayes and Dinkova-Kostova
2014). Moreover, some Nrf2 inducers can kill melanoma cells but not normal
melanocytes (Qiao et al. 2012): chemoprevention targeting melanocytes might thus
be a promising strategy for skin protection against UV and toxic chemicals.
Activation of the MC1R-cAMP pathway seems to be a very interesting way to
prevent stress and also to repair damage in melanocytes responding to α-MSH. In
fact, since MC1R is linked to Nrf2, α-MSH signaling may represent a valuable
general preventive pathway. Once photodamage is induced, stimulation of DNA
repair could be of huge interest as an anticancer approach since it has been reported
that DNA repair capacity in melanoma patients is reduced. Melanocortin analog
peptides have been reported to counteract the photodamaging effects of UV in vitro,
sometimes better than α-MSH itself. However, their efficiency ex vivo (in human
skin explants) or in clinical trials remains to be demonstrated: penetration of
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peptides into the deep epidermis is a difficult challenge (for review see
Abdel-Malek et al. 2014). Another possibility would be to capitalize on natural
α-MSH production by stimulating the production of p53 in keratinocytes in a way
that is safe for the cell. Some chemical activators which interact with mdm2, the
natural p53 repressor protein, have been studied for several years. For instance, the
compound nutlin-3 can potentiate p53 activity in melanocytes in vitro (Kadekaro
et al. 2012), and can reduce CPD and apoptosis in mouse skin in vivo (Lerche et al.
2010), even if its ability to decrease sunlight-induced carcinogenesis is not yet
established (Lerche et al. 2012).

In conclusion, the protection of melanocytes is a concern that is relevant to
cosmetic goals (tanning or lightening) as well as to therapeutic applications (vi-
tiligo, melanoma). Knowledge in this field is increasing and suggests that skin
pigment cells have a unique physiology and require very specific care.
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Chapter 9
The Role of Epidermal p38 Signaling
in Solar UV Radiation-Induced
Inflammation: Molecular Pathways
and Preventive Opportunities

Jin Mo Park and Yasuyo Sano

Abstract Excessive exposure to sunlight poses a multitude of health risks, ranging
from sunburn and premature skin aging to impaired immunity and skin cancer.
Ultraviolet radiation is the component of sunlight that gives rise to these detrimental
consequences. Inflammation is a key process underlying both acute skin damage
and the long-term deleterious effects exerted by ultraviolet radiation. The protein
kinase p38a, the most widely expressed p38 isoform in mammalian tissues, is
activated by and mediates cellular responses to environmental stress such as
ultraviolet radiation. Recent studies have shown that p38a signaling in epithelial
cells of the skin, or keratinocytes, is essential for ultraviolet radiation-induced skin
inflammation; mice with keratinocyte-specific p38a ablation exhibit a marked
decrease in vascular changes, neutrophil infiltration, and other manifestations of
inflammation. Mechanistically, p38a signaling drives the expression of a multitude
of keratinocyte genes with a known function in inflammation. Small-molecule p38a
inhibitors hold potential for suppressing ultraviolet radiation-induced skin inflam-
mation and pathology, particularly if administered topically. A deeper under-
standing of the signaling events upstream and downstream of p38a in keratinocytes
will help devised effective strategies for preventing the detrimental effects of solar
ultraviolet radiation.
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9.1 UV Radiation-Induced Skin Inflammation and
Pathology

The stratified epithelium of the skin, or the epidermis, is a singular tissue in which
cells are directly exposed to solar ultraviolet radiation (UVR). Epithelial cells
constituting the epidermis—keratinocytes—elicit changes in intracellular signaling
and gene expression in response to UVR exposure. These responses not only
produce cell-autonomous effects such as the senescence, differentiation, and death
of keratinocytes, but also lead to inflammation and other non-cell-autonomous
consequences with local and systemic impacts. UVR-induced inflammation in itself
is a protective response, promoting the repair of UVR-damaged skin and affording
heightened antimicrobial defense until disrupted epidermal barrier function is
restored. If not dampened or terminated in a timely manner, however, inflammation
produces deleterious effects ranging from sunburn and impaired T cell immunity to
premature skin aging and skin cancer (Yaar and Gilchrest 2007; Hart et al. 2011;
Elmets and Athar 2013).

Ultraviolet B radiation (UVB), 290–315 nm in wavelength, is a component of
sunlight that mainly contributes to the formation of cyclobutane pyrimidine dimers
(CPD) and (6-4) pyrimidine-pyrimidone photoproducts (6-4PP) in DNA (Pfeifer
and Besaratinia 2012). In addition, UVB-induced reactive oxygen species results in
the generation of oxidized nucleosides in DNA, with the most prominent products
being 8-hydroxy-2′-deoxyguanosine (8-OHdG), which tautomerizes to 8-oxo-7,8-
dihydro-2′-deoxyguanosine (8-oxo-dG) (Pfeifer and Besaratinia 2012). Similar
photoproducts and oxidized nucleosides can be formed in RNA. Ultraviolet A
radiation (UVA), 315–400 nm in wavelength, is not as effective as UVB in forming
CPD and 6-4PP, but able to generate reactive oxygen species and oxidized
nucleosides (Pfeifer and Besaratinia 2012). Photons of UVB have a limited pene-
tration into the skin and can only inflict direct damage on epidermal cells.
Keratinocytes incurring DNA lesions undergo apoptosis, which is characterized by
caspase activation and the fragmentation and condensation of chromosomal DNA.
Presumably depending on the extent of DNA damage, UVR-exposed keratinocytes
may also undergo necrosis, bringing about plasma membrane leakage and passive
release of intracellular molecules (Caricchio et al. 2003). There are multiple forms
of necrotic cell death, including RIPK3-dependent necroptosis and caspase-1/11-
dependent pyroptosis. It remains to be determined which form of necrosis is
involved in the death of UVR-damaged keratinocytes.

UVR-damaged skin exhibits the cardinal signs of inflammation: redness (ery-
thema), swelling (edema), heat, and pain. Erythema and edema are attributable to
vasodilation and vascular leakage, respectively. In addition, the inflammatory
response to UVR entails neutrophil infiltration and epidermal hyperplasia (acan-
thosis). All of these acute conditions resolve as the injury heals and inflammation
subsides. Chronicity of UVR-induced inflammation, on the other hand, leads to
longer-lasting or even permanent tissue anomalies (e.g. loss of dermal elastic fibers,
hyperplastic and dysplastic lesions) that are associated with tissue aging, and herald
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non-melanoma and melanoma skin cancer. Prevention of excessive and prolonged
inflammatory responses in UVR-exposed skin is therefore thought to be important
for not only alleviating the immediate skin-damaging effects of solar radiation but
also mitigating its long-term sequelae. Table 9.1 summarizes well-established
molecular markers for detecting tissue changes associated with UVR-induced skin
inflammation.

9.2 Activation of p38 Signaling by UV Radiation

Reversible protein phosphorylation mediated by protein kinases and phosphatases is
crucial to signal transduction. The mitogen-activated protein kinase pathways
mediated by ERK, JNK and p38 family members play a pivotal role in linking

Table 9.1 Tissue changes associated with UVR-induced skin inflammation

Cytological,
histological, and
functional feature

Markers and assays Underlying
molecular process

DNA lesions Cyclobutane pyrimidine dimer (CPD) DNA photoproduct
formation

(6-4) photoproduct (6-4PP) DNA photoproduct
formation

8-Hydroxy-2′-deoxyguanosine (8-OHdG)/
8-oxo-7,8-dihydro-2′-deoxyguanosine
(8-oxo-dG)

Nucleoside
oxidation

Epidermal cell death TUNEL Apoptotic DNA
fragmentation

Cleaved caspase-3 Caspase activation

Acanthosis Keratin K14/K5 Basal layer-specific
keratin

Ki67 Cell proliferation

BrdU incorporation DNA synthesis

Neutrophil infiltration Gr-1/Ly6G Neutrophil-specific
surface molecule

Neutrophil elastase Neutrophil-specific
enzyme

Myeloperoxidase Neutrophil-specific
enzyme

Edema and vascular
leakage

Skin thickness Edema formation

Tissue coloration by intravenously injected
dye (e.g. Evans blue)

Vascular
permeability
increase

Epidermal
permeability

Transepidermal water loss Epidermal barrier
disruption
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extracellular stimuli to cellular responses during the inflammatory response. The
protein kinase p38a is the most abundant and ubiquitously expressed among the four
mammalian p38 isoforms (p38a, p38b, p38c, and p38d). p38awas discovered based
on its binding affinity for a group of anti-inflammatory compounds (Lee et al. 1994)
and also due to its activation by environmental stress and pro-inflammatory stimuli
(Han et al. 1994; Rouse et al. 1994; Freshney et al. 1994). Therefore, the involve-
ment of p38a signaling in inflammatory responses seemed apparent from the
moment of its discovery. p38a signaling is activated by UVR in organisms ranging
from single-celled eukaryotes to mammals (Price et al. 1996; Iordanov et al. 1997;
Degols and Russell 1997; Han et al. 1998). In keeping with the extent of UVB
penetration into the skin, UVB-induced p38 activation in mouse skin is confined to
epidermal cells (Sano and Park 2014).

A multitude of inflammation-related signaling pathways involve p38 as an intra-
cellular module: p38 activity is induced in response to pro-inflammatory cytokines,
microbial products, and injurious environmental insults. It remains obscure what
upstream events connect UVB irradiation with the p38 signaling module. Certain
biochemical signatures of UVR-damaged epidermis likely trigger a signaling cascade
that culminates in p38 activation. Besides generating photoproducts and oxidized
nucleosides in nucleic acids, UVR catalyzes various other chemical reactions, pro-
ducing cholecalciferol (Holick 1981), cis-urocanic acid (De Fabo and Noonan 1983),
and 6-formylindolo[3,2-b]carbazole (Fritsche et al. 2007), among others. These
products, serving as signatures of UVR exposure, may initiate epidermal signaling
processes leading to p38 activation. Numerous studies have shown that sensors for
such signature molecules are required for inducing inflammatory responses in
UVR-exposed skin although the implication of p38 in those specific settings remains
to be determined. Table 9.2 provides a list of sensors for photoproducts, oxidized cell
components, and other signatures associatedwithUVR exposure that may function as
cues for inflammatory responses. These sensors include receptors of the innate

Table 9.2 Cellular sensors for molecular signatures of UVR exposure that serve to induce
inflammatory responses

Receptor protein Molecules or events sensed Reference

Innate immune receptors

NLRP3 inflammasome Intracellular Ca2+ Feldmeyer et al. (2007)

Toll-like receptor 3 UVB-damaged noncoding RNA Bernard et al. (2012)

Toll-like receptor 4 HMGB1 Bald et al. (2014)

STING Oxidized DNA Gehrke et al. (2013)

Nuclear receptors

Aryl hydrocarbon receptor 6-Formylindolo[3,2-b]carbazole Fritsche et al. (2007)

Vitamin D receptor 1a,25-Dihydroxyvitamin D3 Biggs et al. (2010)

Miscellaneous

Serotonin receptor 5-HT2A Cis-urocanic acid Walterscheid et al. (2006)

Ion channel TRPV4 Unknown Moore et al. (2013)
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immune system that detect microbe- and tissue damage-associatedmolecules, nuclear
receptors for lipophilic ligands, and other functionally heterogeneous proteins.

The p38 signaling pathway impinges on gene expression. Among the substrate
proteins phosphorylated by p38 or its downstream protein kinases (e.g. MAP
kinase-activated protein kinases, or MKs) are DNA-binding transcription factors,
transcriptional coactivators and corepressors, nucleosomal constituents, and regu-
lators of mRNA stability and translation. The MKs functioning downstream of p38
include MK2 and MK3, mitogen- and stress-activated kinase 1 (MSK1) and MSK2,
and MAPK-interacting kinase 1 (Mnk1) and Mnk2 (Arthur and Ley 2013). p38 and
its MKs exert modulation upon substrate proteins via phosphorylation-dependent
changes in their activity, turnover, and subcellular location. Several studies have
reported UVR-responsive MK activation in cultured keratinocytes and mouse
epidermis (Chen and Bowden 1999; Nomura et al. 2001; Kim et al. 2005b;
Terazawa et al. 2015), yet it remains to be determined whether MKs play an
indispensable role in relaying p38-transmitted signals in UVR-exposed cells and, if
so, how they contribute to UVR-induced skin inflammation.

9.3 The Effects of Loss of p38 Signaling on Skin
Inflammation

The embryonic lethality of p38a-null mice (Tamura et al. 2000; Adams et al. 2000;
Allen et al. 2000; Mudgett et al. 2000) precluded the investigation of the effects of
p38a deficiency using mouse models of inflammation. These limitations hampered
advances in understanding the physiological role of p38a in adult skin until condi-
tional p38a knockout mice were generated inwhich p38a gene ablationwas restricted
to specific cell types in skin. Small-molecule inhibitor studies revealed that p38
inhibition alleviated skin inflammation and pathology in mice exposed to UVB
(Hildesheim et al. 2004; Kim et al. 2005b), providing key evidence linking p38
signaling and UVB-induced inflammation in mammalian skin. These studies, how-
ever, left unclear which p38 isoform mediates the effects of UVB and in which cell
type p38 signaling serves this function. Moreover, the off-target effects of p38 inhi-
bitors (Godl et al. 2003; Karaman et al. 2008) limited the interpretation of the results.

Genetic ablation of p38a in skin cells provided definitive evidence for its role in
UVB-induced inflammatory responses. Mice with keratinocyte-specific ablation of
p38a expression exhibited marked decreases in inflammation-associated tissue
changes following UVB exposure: loss of p38a in keratinocytes prevented
UVB-induced vasodilation, vascular leakage, neutrophil infiltration, and acanthosis
(Kim et al. 2008; Sano and Park 2014). Despite these effects, p38a-deficient ker-
atinocytes incurred UVB-induced DNA lesions and apoptosis to extents comparable
to wild-type cells (Sano and Park 2014), indicating that p38a did not play a significant
role in generating or repairing UVB-inflicted damage but served to initiate or amplify
inflammatory responses following the damage. In contrast to keratinocyte-specific
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p38a knockout mice, mice lacking p38a in myeloid cells, such as macrophages and
neutrophils, developed more severe skin inflammation upon UVB exposure (Kim
et al. 2008), illustrating that p38a exerted both pro-inflammatory or anti-inflammatory
functions in UVB-induced inflammation depending on the cell type in which it is
expressed and functioning. In addition to epithelial cells, themouse epidermis harbors
hematopoietic-derived cells, Langerhans cells and dendritic epidermal T cells, which
can be accessed by photons of UVB and thus have potential to mount direct cellular
responses to solar UVR.Ablation of p38a expression in these cell types, however, did
not affect UVB-induced skin inflammation (Sano and Park 2014). Taken together, the
findings from conditional p38a knockout studies showed that p38a signaling served
to promote inflammation in the epithelial compartment of UVB-exposed epidermis
(Fig. 9.1). Synthetic or natural chemical agents that interfere with p38a signaling in
keratinocytes but not myeloid cells likely suppress UVB-induced skin inflammation
as well as prevent the pathology it brings about.

9.4 Molecular Targets of p38 Signaling in the Skin
Epithelium

Consistent with the important role of epithelial p38a signaling in evoking inflam-
matory responses in UVR-exposed skin, p38a signaling has been shown to drive
the expression of UVR-inducible genes in keratinocytes. A DNA microarray

UVR

p38α

Cytokines / Chemokines / Vascular effectors 

Epidermis

Vascular leakage (edema) 
Vasodilation (erythema) 

Neutrophil infiltration 

Dermis

Inflammation
Acute tissue damage 
Tissue aging 
Tumorigenesis 
Impaired T cell immunity 

Fig. 9.1 UVR-induced
inflammatory responses in the
skin epidermal
keratinocyte-derived factors
play a key role in
UVR-induced
p38a-dependent skin
inflammation, which not only
causes acute tissue damage
but also exerts long-term
detrimental effects such as
tissue aging, tumorigenesis,
and impaired immunity
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experiment that compared gene expression in wild-type and p38a-deficient mouse
keratinocytes revealed that the expression of numerous inflammation-related genes
was induced by UVB and dependent on p38a signaling (Sano and Park 2014). The
p38a target genes thus identified, as summarized in Table 9.3, included those
representing the following functional categories: eicosanoid-synthesizing enzymes,
cytokines, chemokines, growth factors, antimicrobial proteins, proteolytic
enzymes/inhibitors, and cornified envelope components. This gene repertoire
accounts for attenuated inflammation in mice lacking p38a in keratinocytes. Most
importantly, cyclooxygenese-2 (COX-2) and the chemokine CXCL2, both encoded
by p38a target genes, have established roles in vasodilation/vascular leakage and
neutrophil infiltration, respectively. Other genes whose expression in keratinocytes

Table 9.3 p38a target genes expressed in mouse keratinocytes

Functional category Gene Gene product

Eicosanoid biosynthesis Ptgs2 Cyclooxygenase-2 (COX-2)

Alox12b Arachidonate 12-lipoxygenase (12R-LOX)

Cytokine and growth factor
signaling

Csf2 Granulocyte-macrophage colony stimulating
factor (GM-CSF)

Il1a Interleukin-1A (IL-1a)

Il1f5 IL-1 family, member 5 (IL-1F5)

Il1f6 IL-1 family, member 6 (IL-1F6)

Areg Amphiregulin

Ereg Epiregulin

Hbegf Heparin-binding EGF-like growth factor
(HB-EGF)

Leukocyte recruitment Cxcl2 Chemokine (C-X-C motif) ligand 2

Cxcl3 Chemokine (C-X-C motif) ligand 3

Ccl3 Chemokine (C-C motif) ligand 3

Antimicrobial defense Defb3 Defensin-b3

Lcn2 Lipocalin-2

S100a8 S100 calcium binding protein A8

S100a9 S100 calcium binding protein A9

Proteolysis Mmp13 Matrix metallopeptidase-13

Spink5 Serine peptidase inhibitor, Kazal type 5

Slpi Secretory leukocyte peptidase inhibitor

Cornified envelope formation Lce Late cornified envelope (multiple members)

Sprr Small proline-rich protein (multiple members)

Cnfn Cornifelin

Flg Filaggrin

Lor Loricrin

Tgm1 Transglutaminase-1

9 Epidermal p38 in Solar UV Radiation-Induced Inflammation 203



depends on p38a may also participate in UVR-induced inflammation, and con-
tribute to other aspects of inflammation-associated skin pathology (Fig. 9.2).

COX-2 is a key enzyme driving the biosynthesis of prostaglandins, eicosanoid
lipid messengers that serve pleiotropic inflammation-related functions. Unlike its
paralog, COX-1, whose expression is largely constitutive, COX-2 is transcrip-
tionally induced in response to inflammatory stimuli. COX activity is inhibited by
what is collectively known as non-steroidal anti-inflammatory drugs (NSAIDs).
Pharmacological COX-2 inhibition by NSAIDs or COX-2-selective inhibitors has
been shown to suppress UVB-induced skin inflammation in mice and humans
(Takiwaki et al. 1994; Wilgus et al. 2000). Furthermore, COX-2-null mice and mice
lacking COX-2 expression in keratinocytes exhibited decreases in edema, acan-
thosis, and other signs of inflammation following UVB exposure (Sano and Park
2014; Jiao et al. 2014). These findings, obtained from both pharmacological inhi-
bition and genetic ablation studies, highlight COX-2 as a key mediator of
UVR-induced inflammation that functions downstream of p38a in keratinocytes.

9.5 Synthetic and Natural Compounds Inhibiting
p38 Signaling

Numerous small-molecule compounds inhibiting p38a alone or both p38a and p38b
have been investigated in clinical settings. These clinical studies evaluated the efficacy
of p38 inhibitors against rheumatoid arthritis, chronic obstructive pulmonary disease,

phosphorylation functional activity 
protein stability 
subcellular location 

Target genes (COX-2, CXCL2, etc.)

UVR 

p38

Protein kinases (MKs)  
Transcription factors 

Fig. 9.2 UVR-induced intracellular signaling and gene expression in keratinocytes p38a serves as
a key signal transducer for UVR-induced gene expression. p38a phosphorylates and thereby
modulates the activity, stability, and subcellular location of downstream protein kinases and
transcription factors that are crucial for target gene expression. This modulation likely involves
both positive and negative regulatory effects (solid arrows and dotted lines, respectively) resulting
from phosphorylation by p38a
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Crohn’s disease, and inflammatory pain (Arthur and Ley 2013). In several of these
studies, p38a inhibition showed some efficacy but resulted in adverse effects including
hepatic, dermatologic, and gastrointestinal toxicity (Salgado et al. 2014). These unde-
sired effects may arise from disrupting the homeostatic or anti-inflammatory functions
of p38a. In keeping with this idea, loss of p38a in certain cell types gives rise to
abnormal tissue homeostasis or uncontrolled inflammatory reactions in mice (Ventura
et al. 2007; Otsuka et al. 2010; Caballero-Franco et al. 2013). In particular, p38a
signaling in myeloid cells has been shown to exert anti-inflammatory functions in
various modes of inflammation including UVR-induced skin inflammation (Kim et al.
2008;Ritprajak et al. 2012;Gumaet al. 2012).These regulatory functions rely, at least in
part, on p38a/MSK-dependent anti-inflammatory gene expression in macrophages
(Kim et al. 2008). Therefore, while pharmacological p38a inhibition may produce
favorable effects onUVR-inflamed skin via interferencewith epithelial p38a signaling,
this benefit could beoffset or outweighedbydetrimental effects resulting fromperturbed
p38a function in myeloid cells. Topical inhibitor treatment may provide some selec-
tivity; epidermal keratinocytes would have better access to topical p38a inhibitors than
myeloid cells, which mainly exist in the dermis.

Whereas synthetic small-molecule inhibitors often achieve a state of complete
loss of target function with their potent inhibitory effects, inhibitors derived from
natural sources are likely to exert more moderate inhibition and spare residual target
function. This may be advantageous when p38a is considered as a target for pre-
venting UVB-induced inflammation: ideally, natural compounds or extracts should
be able to inhibit p38a signaling to such as extent as to suppress inflammatory
responses but not to ablate it so completely as to perturb the beneficial physiological
functions served by p38a. Numerous plant- and microbial-derived compounds have
been identified that suppress p38 signaling and exert anti-inflammatory effects
in vivo (Kim et al. 2005a; Kalhan et al. 2008; Sur et al. 2008; Paul et al. 2009;
Yogianti et al. 2014).

Not all of the p38 pathway inhibitors identified in a cell culture-based screening
platform would suppress UVR-induced skin inflammation and pathology when
topically administered. The epidermal permeability barrier poses a major obstacle
for the delivery of chemicals via topical route (Schmieder et al. 2015), and impedes
dermatological applications of otherwise promising bioactive agents. Besides,
relaxed target specificity is inherent with nearly all natural bioactive agents; most of
them likely affect signaling pathways other than the intended target and may pro-
duce undesired physiological effects. All in all, in order to be used for the pre-
vention of sunlight-induced skin pathology, p38a inhibitors should meet multiple
criteria: they should be amenable for transepidermal delivery and effectively sup-
press UVR-induced skin inflammation, yet without disrupting beneficial physio-
logical functions through on-target or off-target mechanisms. These criteria should
be considered at the outset of efforts to test or screen candidate molecules.
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9.6 Future Perspectives

Recent progresses in understanding the signaling mechanisms essential for
UVR-induced inflammation have brought new opportunities to prevent the harmful
effects of solar radiation. Inhibition of epithelial p38a signaling, a key molecular
event driving inflammatory responses in UVR-exposed skin, has emerged as a
means of realizing such opportunities. Several unanswered questions still remain,
however, about the p38a-dependent epithelial response to UVR. First of all, it is
unclear how p38a activity is switched on in epidermal cells following UVR
exposure. Specifically, the nature of biochemical signals that serve as cues for p38a
activation remains to be determined: is it photoproducts, oxidized molecules, or
signatures of stressed or injured cells (e.g. molecular “patterns” associated with
senescent, dying or dead cells) that trigger the signaling cascade? Questions also
exist about the mechanisms by which p38a signaling drives the induction of COX-2
and other inflammatory mediators in keratinocytes. The role of MKs and tran-
scription factors functioning downstream of p38a in this response has not been
rigorously investigated. Finally, the precise role of UVR-inducible p38a target
genes in inflammation remains to be established. Besides COX-2 and CXCL2,
many other keratinocyte genes are expressed in a p38a-dependent manner, but their
contribution to UVR-induced skin inflammation is not immediately apparent. There
will be greater opportunities to devise effective strategies for preventing the detri-
mental effects of solar UVR as these knowledge voids are filled.
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Chapter 10
UV-Induced Chemokines as Emerging
Targets for Skin Cancer
Photochemoprevention

Scott N. Byrne and Gary M. Halliday

Abstract The ultraviolet (UV) radiation contained in sunlight is a complete car-
cinogen because it can damage DNA, suppress anti-tumour immunity and enhance
metastasis of skin cancers. A major way in which UV affects cancer cells and
anti-tumour immunity is by modulating the expression of cytokines and chemo-
kines. Knowing this has allowed us to develop and deploy revolutionary biologics
that target these UV-induced molecules. This so called “photochemoprevention”
can involve topical or oral intervention by biologically active compounds that
prevent or repair the damage caused by UV radiation. Many of the successful
photochemoprevention strategies involve protection from UV induction of
chemokines and cytokines. This chapter will discuss which cutaneous
cytokines/chemokines are affected by UV exposure and highlight the ways in which
targeting these molecules is providing us with new therapeutic options for pre-
venting and treating skin cancer.
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10.1 Introduction

Exposure to solar ultraviolet (UV) radiation is the prime cause of skin cancer. UV
initiates skin carcinogenesis by damaging DNA while simultaneously suppressing
adaptive immunity to enable UV-induced tumours to evade immunological
destruction (Halliday 2005). UV also promotes the growth and metastasis of
established skin cancers (Bald et al. 2014). A major way in which UV affects
cancer cells and anti-tumour immunity is by modulating the expression of cyto-
kines. In so doing, sunlight can influence all of the key events required for car-
cinogenesis including tumour initiation, promotion, immune evasion, invasion and
metastasis. Revelation of the biological mechanisms responsible for UV radiation
causing the skin damage that leads to skin cancer is revealing photochemopre-
vention strategies. Photochemoprevention is topical or oral intervention by bio-
logically active compounds that prevent or repair the damage caused by UV
radiation. UV-induced cytokines are a promising new molecular target for
photochemoprevention.

Cytokines are secreted proteins that exert their biological effects by binding to
specific cell-surface receptors. They can act locally in an autocrine and/or paracrine
manner, or systemically to affect distant cells in an endocrine manner. Solar
ultraviolet (UV) radiation (280–400 nm), particularly UVB (280–320 nm), is well
known for its capacity to modulate the expression of cytokines in the skin including
interleukin (IL)-1 (Kupper et al. 1987), IL-6 (Chung et al. 1996), IL-4, IL-10 and
tumour necrosis factor (TNF) (Rivas and Ullrich 1994) as well as IL-33 (Byrne
et al. 2011). Cytokines that modulate the chemotaxis of cells are commonly referred
to as chemotactic cytokines, or chemokines. More than 50 different chemokines
have been identified that bind specific G protein coupled receptors (Griffith et al.
2014). By establishing chemokine gradients, these small proteins can recruit
receptor-expressing cells to sites of inflammation and tissue damage. Chemokines
also play a key role in the homeostatic control of cellular traffic (Zlotnik and Yoshie
2012). More recently, the traditional chemoattractant view of chemokines has
expanded to include an appreciation that some chemokines, especially C-X-C-motif
ligand 12 (CXCL12/Stromal cell derived factor (SDF)-1α), play important roles in
cell growth and differentiation (Zlotnik 2006). It is now recognised that a major way
UV suppresses immunity and promotes skin-carcinogenesis is by altering the
expression of chemokines and their receptors. The arrival of new biologics that
target both cytokines/chemokines and their receptors is allowing for the develop-
ment of new therapeutic options and approaches for preventing and treating skin
cancer.
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10.2 Cutaneous Cytokines/Chemokines Affected by UV
Exposure

10.2.1 TNF Family Members

One of the earliest cytokines identified as being involved in UV-induced immune
suppression and skin carcinogeneis was tumour necrosis factor-α (TNF) (Oxholm
et al. 1988; Kock et al. 1990). Exposure to UV can trigger the production of TNF
from keratinocytes (Kock et al. 1990), or the release of pre-formed TNF from
dermal mast cells (Alard et al. 1999). UV-induced TNF plays a key role in cuta-
neous immune suppression, in part by affecting the prevalence and activity of
dermal mast cells (Hart et al. 1998) as well as altering the migration of
immunoregulatory epidermal Langerhans cells (LC) to skin-draining lymph nodes
(Vermeer and Streilein 1990; Yoshikawa et al. 1992; Moodycliffe et al. 1994).
While polymorphisms in TNF correlate with the ability of UV to cause skin cancer
(Vincek et al. 1993), this may not be mediated via TNF-suppression of anti-tumour
immunity (Allen et al. 1998). TNF acts locally in the skin as a growth factor and
immune modulator as well as a potent chemoattractant for neutrophils (Malaviya
et al. 1996). Indeed, IL-4-producing immune regulatory neutrophils are rapidly
(within 24 h) recruited to sites of UV-exposure in humans (Teunissen et al. 2002).
This recruitment may also be mediated by UV-induced IL-8 (CXCL8) (Singh et al.
1995; Strickland et al. 1997), a well known neutrophil chemoattractant (Ribeiro
et al. 1991).

TNF-α is just one of 19 currently identified TNF family members. More
recently, TNFSF11; better known as Receptor activator of NF-κB ligand (RANKL),
was shown to be upregulated in UV-exposed skin (Loser et al. 2006). Epidermal
expression of RANKL is driven in part by UV-induced 1,25-dihydroxyvitamin D3

(1,25(OH)2D3), the active form of vitamin D3. Like TNF itself, RANKL activated
immune regulatory LC migrate to local skin draining lymph nodes where they
mediate the induction of CD4+CD25+ regulatory T cells (TRegs). Other TNF family
members including TNFSF4 (OX40 Ligand) (Yoshiki et al. 2010), TNFSF5 (CD40
Ligand) (Ito et al. 2003) and TNFSF18 (GITR Ligand) (Maeda et al. 2008) are also
upregulated by UV. In contrast to activation of these TNF family members, UVB
has also been shown to downregulate other TNF family members and their
receptors, particularly TNFSF6 (CD95/Fas Ligand) and TNFSF10 receptors
(TNF-related apoptosis-inducing ligand or “TRAIL” receptors) (Bachmann et al.
2001). Indeed, TRAIL is expressed in normal skin, but not chronically
sun-damaged skin or non-melanoma skin cancer (Ständer and Schwarz 2005).
Considering the important role of these TNF family members in mediating apop-
tosis this may be a mechanism by which UV contributes to skin carcinogenesis.
Thus, TNF and its related family members are a key cytokine/chemokine targeted
by UV that leads to immune suppression and carcinogenesis. Anti-human TNF
monoclonal antibodies are being used to treat a range of inflammatory conditions
including rheumatoid arthritis and psoriasis. This TNF-targeting pharmacological
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agent, and others like it (Table 10.1), may also prove useful in the prevention and
treatment of skin cancer.

10.2.2 IL-1 Family Members

Interleukin (IL)-1 is another pro-inflammatory cytokine that is released in skin and
into the circulation upon UV-exposure (Gahring et al. 1984; Kupper et al. 1987;
Oxholm et al. 1988; Schwarz et al. 1988; Konnikov et al. 1989; Kondo et al. 1994).
UV kinetically up-regulates not only the expression of IL-1α (early) and IL-1β
(later) (Kondo et al. 1994) but also the IL-1 receptor (Grewe et al. 1996).
Simultaneously, UV reduces keratinocyte expression of the natural IL-1 antagonist,
IL-1F3 (IL-1ra) (Lew et al. 1995). This combination of events significantly

Table 10.1 Biologics that target established and emerging UV-induced cytokines/chemokines

Cytokine/Chemokine Pharmacological
agent

Description/Mode of action

TNF Etanercept
(Enbrel)

Fusion protein of the Fc portion of IgG1 and the
extracellular domain of the TNF receptor (p75)

Adalimumab
(Humira)

Fully humanized anti-TNFα monoclonal antibody

Denosumab
(Prolia, XGEVA)

Fully humanized anti-RANKL monoclonal
antibody

IL-1 Anakinra
(Kineret)

Recombinant IL-1 receptor antagonist (IL-1Ra)

DZ13 cJUN-mRNA targeting DNAzyme

SB-485232 Recombinant human IL-18 (currently in Phase II
clinical trials) (Golab and Stoklosa 2005)

Soluble IL-33
receptor (sST2)

IL-33 “decoy” receptor (acts to inhibit IL-33
activity)

Allopurinol
(Zyloprim)

Structural isomer of hypoxanthine and inhibitor of
xanthine oxidase. Blocks uric acid production and
hence may inhibit formation of the NALP3
inflammasome required for bioactive IL-1 family
members

IL-6 Tocilizumab
(Actemra)

Fully humanized anti-IL-6R monoclonal antibody

CXCL12 AMD3100
(Mozobil)

CXCR4 antagonist

PAF Rupatadine Dual histamine (H1) and PAF receptor antagonist

S1P K6PC-5 a short-chain pseudo-ceramide that directly
activates sphingosine kinase 1

CCL5 Maraviroc
(Selzentry)

CCR5 antagonist
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increases the bioavailability and inflammatory activity of IL-1, which can trigger
LC migration to the lymph nodes independently of TNF (Byrne et al. 2001) and
reduce IL-2 and enhance IL-4 production (Araneo et al. 1989). In this way
UV-induced IL-1 contributes to immune suppression by affecting TReg activation,
effector T cell proliferation and differentiation. Surprisingly, via its downstream
effects on endogenous TNF release, IL-1 is also known for its ability to enhance
UV-induced apoptosis independently of the UV dose (Kothny-Wilkes et al. 1999).
Immune suppressive prostaglandin (PG)-E2 is also synthesised in response to
UV-induced IL-1 (Pentland and Mahoney 1990). Thus, the founding member of the
IL-1 superfamily makes a major contribution to UV-induced apoptosis, inflam-
mation, immune suppression and skin carcinogenesis. It will be interesting to see if
novel approaches including DNAzymes that inhibit the downstream targets of
IL-1-mediated inflammation (Fahmy et al. 2006) can be used to prevent and treat
skin cancer. Indeed, catalytically cleaving c-JUN mRNA with the DNAzyme DZ13
cures mice of transplanted UV-induced skin tumours (Cai et al. 2012). In Phase I
clinical trials of patients with nodular basal-cell carcinoma, DZ13 was safe and
even resulted in a decrease of histological tumour depth in more than half of those
treated (Cho et al. 2013).

IL-1F4 (IL-18) is another member of the IL-1 super family that is activated by
UV via a reactive oxygen-mediated process (Cho et al. 2002). In contrast to IL-1α
and IL-1β, IL-18 does not enhance apoptosis, inflammation or immune suppression.
Rather, IL-18 can reduce the DNA damage caused by UV (Schwarz et al. 2006)
meaning it may work in a similar way as IL-12 (Schwarz et al. 2002) to protect
from UV-immune suppression and carcinogenesis. Indeed, loss of IL-18 is a marker
of UV-induced melanoma in pre-clinical animal models and humans (Hacker et al.
2008).

IL-33 is a recently described IL-1 family member upregulated by UVB and
implicated in immune suppression and skin tumour immune evasion (Byrne et al.
2011). Inflammatory doses of UVB, but not UVA led to a dramatic increase in the
expression of IL-33 both in keratinocytes and CD45 negative dermal cells.
IL-33-expressing dermal cells become surrounded by mast cells and neutrophils
whose chemoattraction to and activation within UV-exposed skin is likely to have
been mediated by IL-33 (Alves-Filho et al. 2010; Hueber et al. 2011; Enoksson
et al. 2012). UV-induced platelet activating factor (PAF) is partly responsible for
the upregulation of IL-33 whereas blocking IL-33 with neutralising antibodies
prevents UV-immune suppression (Byrne et al. 2011). UV-induced skin tumours
that evade immunological destruction (but not those destroyed by the anti-tumour
immune response) also produce large amounts of IL-33. Together this provides
compelling evidence that UV-induced IL-33 is a key player in UV-immune sup-
pression and carcinogenesis. Whether targeting IL-33 is clinically beneficial
requires the development of novel anti-IL-33 reagents.

Three other new IL-1 family members include IL-36, IL-1F7 (IL-37) and
IL-1F10 (IL-38) (Garlanda et al. 2013). While IL-36 and IL-37 expression is altered
in psoriatic skin (Keermann et al. 2015), it remains to be determined whether
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expression of these newly described IL-1 family members are affected by UV
exposure.

A feature of the induction of biologically active IL-1 family members is the
post-translational caspase-1-mediated cleavage and activation of the pro-forms of
the cytokines. This often involves multiple signals leading to the formation of the
NALP-3 inflammasome, which is crucial for generating active caspase-1 (Arend
et al. 2008). UV does activate the inflammasome (Feldmeyer et al. 2007), which is
consistent with an important role for biologically active IL-1, IL-18 and IL-33 in
UV-induced inflammation and immune suppression. The molecular triggers for
inflammasome formation are not entirely clear but may involve UV-induced uric
acid (Leighton et al. 2013) and extracellular ATP (Park et al. 2010). These two
extracellular compounds are already well known conspirators in NALP3 inflam-
masome activation (Iracheta-Vellve et al. 2015). Importantly, biological agents
including Allopurinol (Table 10.1) and nicotinamide are already in clinical use and
can interfere with uric acid formation and prevent ATP loss respectively. They
provide us with novel therapeutic agents that could be used to reduce the detri-
mental affects of UV-induced IL-1 family members.

10.2.3 IL-6 Family Members

Members of the IL-6 cytokine family [IL-6, IL-11, IL-27, IL-31, IL-35 and
Leukaemia Inhibitory Factor (LIF), amongst others (Garbers et al. 2012)] exert their
diverse biological effects by binding to a common signal transducing receptor
component called glycoprotein (gp)130 (Taniguchi and Karin 2014). IL-6 is rapidly
upregulated in UV-exposed skin (within 6 h) (Scordi and Vincek 2000; Nishimura
et al. 1999; Abeyama et al. 2000) and is now recognised as a powerful modulator of
UV-induced inflammation (Nishimura et al. 1999) and UVA-mediated immune
protection (Reeve et al. 2009). The molecular trigger for IL-6 production and
release may involve IL-1β and/or hypoxia inducible factor (HIF)-1α (Cho et al.
2012). IL-11 is also upregulated by UV, albeit at slightly later time points (120 h
post UV exposure) (Scordi and Vincek 2000). IL-11 reduces apoptosis in
UVB-irradiated mouse skin (Scordi et al. 1999). In this way UV-induced IL-6 and
IL-11 may act to restore homeostasis following exposure to an inflammatory dose
of UVB.

LIF is constitutively expressed at cutaneous sites in humans (Paglia et al. 1996)
and can be upregulated by UV in both mouse (Scordi and Vincek 2000) and human
skin (McKenzie 2001). UV-upregulated LIF may contribute to skin carcinogenesis
by promoting keratinocyte proliferation (Hu et al. 2000), suppressing adaptive
immune responses (Akita et al. 2000) and/or enhancing the activity of dermal mast
cells (Tanaka et al. 2001). Consistent with this hypothesis, expression of LIF
mRNA was significantly elevated in squamous cell carcinomas compared with
normal skin (Szepietowski et al. 2001).
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10.2.4 Stem Cell Factor (SCF)

Stem Cell Factor (SCF; also known as mast cell growth factor and c-Kit ligand) is a
growth factor that has since been shown to modulate the migration of cKIT+ cells.
Indeed, SCF-mediated recruitment of cKIT+ mast cells drives inflammation and
immune suppression in the tumour environment (Huang et al. 2008). Mice exposed
to a relatively low dose [1 minimal erythemal dose (MED)] of UVB significantly
upregulated the expression of SCF in the skin (Kligman and Murphy 1996). UVB
also upregulates SCF in human skin (Hachiya et al. 2001; Baba et al. 2005). Being a
potent mast cell growth factor (Grabbe et al. 1994) and chemoattractant (Meininger
et al. 1992; Nilsson et al. 1994), this upregulation in SCF is thought to explain the
increase in mast cell density observed in UV-exposed skin sites of mice (Kligman
and Murphy 1996; Sarchio et al. 2014; Byrne et al. 2008) and humans
(Grimbaldeston et al. 2003, 2006; Kim et al. 2008). SCF is also involved in acti-
vating c-Kit+ melanocytes to increase skin pigmentation (Hachiya et al. 2001). In
this way UV-induced SCF may act not only as a chemoattractant for immune
modulating, tumour-promoting mast cells, but also as a powerful driver of mela-
nocyte growth and differentiation, as well as melanoma migration and metastasis.

10.2.5 C-C Motif Chemokine Family Members

The most abundantly expressed chemokine in skin is C-C motif ligand 27 (CCL27;
previously known as Cutaneous T cell-Attracting ChemoKine or “CTACK”)
(Morales et al. 1999). Binding of CCL27 to its receptor CCR10 is a major way in
which CCR10+ cells, particularly memory T cells, home to the skin. Epidermal
CCL27 levels are, perhaps not surprisingly, abnormally elevated in patients with
Mycosis fungoides, the most common form of cutaneous T-cell lymphoma (Fujita
et al. 2006; Goteri et al. 2012). Paradoxically, successful treatment of Mycosis
fungoides patients with interferon (IFN)-α and Psoralen+UVA (PUVA) upregulated
CCL27 (Goteri et al. 2009) suggesting that alterations to CCL27 levels may not be
efficaciously associated. In the skin of lupus erythematosus patients UVB induces
the release and subsequent “leakage” of CCL27 from the basal epidermis into the
papillary dermis (Meller et al. 2005). This UV-triggered CCL27 release in turn
up-regulates the expression of the inflammatory chemokines CCL5, CCL20,
CCL22, and CXCL8 (Meller et al. 2005). This may explain part of the mechanism
by which exposure to UV elicits the cutaneous eruptions associated with lupus
erythematosus. In contrast to these observations in human skin diseases, mouse
models show that exposure to UV has minimal impact on cutaneous CCL27 levels
(Merad et al. 2002). It should be noted these previous studies were performed using
254 nm UVC that is unlikely to be physiologically relevant.

UV-upregulation of CCL5 (previously known as Regulated upon Activation,
Normal T cell Expressed and Secreted or RANTES) was responsible for a rise in
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mast cell numbers within UV-exposed skin (Van Nguyen et al. 2011). This would
be consistent with a more recent report showing that cutaneous CCL5 is partly
responsible for the recruitment of mast cell progenitors into human papilloma virus
infected-skin (Bergot et al. 2014). This is important as in addition to UV, HPV may
be a risk factor for the development of non-melanoma skin cancer (Dubina and
Goldenberg 2009). As previously mentioned, increased CCL5 is likely to explain
not only the high numbers of mast cells found in UV-exposed and HPV-infected
skin, but may be an important factor in immune suppression and carcinogenesis
(Sarchio et al. 2012). Human melanoma expression of CCL5 is associated with
enhanced tumour formation in nude mice (Mrowietz et al. 1999), which may
explain, at least partially, the recruitment of Th17 to human tumours (Su et al.
2010). Antagonising any, or all of the receptors for CCL5 including CCR1, CCR3
and CCR5 (Zlotnik and Yoshie 2012) may therefore offer a unique approach to
chemoprevent the immune modulating and carcinogenic effects of UV-induced
CCL5. Indeed, a number of pharmacological strategies are being explored (Pease
and Horuk 2009a, b) although many of the drugs developed to target specific
chemokine receptors have met with limited success. There are two possible
explanations for this. The first is that a large variety of different cells types,
including dendritic cells, monocytes/macrophages, T and B cells, NK cells and
mast cells express CCR1, CCR3 and/or CCR5 (Zabel et al. 2015). The second is
that in addition to CCL5, these receptors are known to bind at least a dozen other
chemokines (with varying affinity) (Zabel et al. 2015). Thus, antagonising che-
mokine receptors to chemoprevent skin cancer comes with a number of caveats
including potential off-target effects and built-in redundancies. Maraviroc may be
the exception (Table 10.1). Initially developed as a drug that blockes HIV entry and
dissemination (Gulick et al. 2008), this highly specific CCR5 antagonist has also
proven effective at blocking lymphocyte chemotaxis in graft versus host disease
(Reshef et al. 2012). It remains to be determined whether Maraviroc could be
deployed as a chemopreventative agent in patients at high risk of developing
aggressive UV-induced skin cancers.

10.2.6 CXCL12/SDF-1α

C-X-C motif chemokine ligand 12 (CXCL12; previously stromal derived factor
(SDF)-1α) is involved, either directly or indirectly, in the growth and metastasis of a
number of different tumours including those of the breast (Müller et al. 2001;
Yasuoka et al. 2008), esophagus, colon, ovaries (Sun et al. 2010) and skin (Müller
et al. 2001; Murakami et al. 2002; Basile et al. 2008). Human melanomas that have
metastasised to lymph nodes are also positive for the CXCL12 receptor, CXCR4
(Robledo et al. 2001). Indeed, for human metastatic melanoma (Scala et al. 2005)
and aggressive non-melanoma skin cancers in particular (Basile et al. 2008), high
levels of CXCR4 correlate with poor prognostic outcomes. Recently, primary
cutaneous melanomas were shown to express both CXCR4 and CXCL12 (Mitchell
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et al. 2014) while human cutaneous squamous cell carcinomas (SCC), but not head
and neck SCC (Clatot et al. 2015) also express the second CXCL12 receptor;
CXCR7. This probably enables skin tumours to receive pro-survival signals from
CXCL12 (Hu et al. 2014). Thus, human UV-induced skin cancers are positive for
all three members of the CXCL12 chemokine family.

CXCR4-expressing cells migrate towards CXCL12 and UV alters this chemo-
kine axis to direct the traffic of mast cells into and away from exposed skin (Byrne
et al. 2008). Indeed, UV upregulates both CXCR4 and CXCL12 in murine (Sarchio
et al. 2014) and human skin (Lee et al. 2013). Pharmacological interfering with
UV-induced CXCL12 using the novel CXCR4-antagonist AMD3100 (brand names
Mozobil and Plerixafor; Table 10.1) exposed the CXCL12 chemokine axis as a key
mediator of UV-immunosuppression (Byrne et al. 2008) and skin carcinogenesis
(Sarchio et al. 2014). AMD3100 is currently in clinical use as a stem cell mobilising
agent (De Clercq 2009). There is significant potential therefore for this highly
specific CXCR4 antagonist to be deployed as a novel photochemopreventative
measure in human skin cancer patients.

10.2.7 Lipid Mediators

Most conventional cytokines/chemokines are proteins that require translation and
transcription. Unless these cytokines are pre-made and stored in “ready-to-release”
granules, as is the case for dermal mast cells, this production process can take many
hours to manifest. UV can exert almost immediate biological effects by altering the
production of a number of biologically active lipids (Kendall et al. 2015). Many of
these lipid mediators of inflammation are produced in response to UV-induced
reactive oxygen species and include platelet activating factor (PAF) receptor ago-
nists (Travers et al. 2010), sphingosine 1 phosphate (S1P) (Uchida et al. 2010) and
products of arachidonic acid metabolism such as prostaglandin (PG)-E2 (Chen et al.
1996; Pentland and Mahoney 1990).

UV-induced PAF (and other PAF-receptor agonists) first came to the attention of
skin tumour biologists when it was revealed to be a potent immune suppressant
(Walterscheid et al. 2002). Mice treated with a PAF receptor antagonist were
resistant to the carcinogenic effects of UV, thus confirming a role for PAF in
UV-carcinogenesis (Sreevidya et al. 2008). More recently, PAF has been shown to
contribute to UV-carcinogenesis by interfering with nucleotide excision repair
(Sreevidya et al. 2010). UV-induced PAF plays a particularly important role in
inducing both cell cycle arrest (Puebla-Osorio et al. 2015) and epigenetic modifi-
cations (Damiani et al. 2015) in mast cells. PAF is also responsible for upregulating
the CXCR4 on dermal mast cells that facilitates their migration to skin-draining
lymph nodes (Chacón-Salinas et al. 2014). Thus, drugs that antagonise PAF
receptors in the skin will be particularly important pharmacological agents in any
future chemopreventative strategies. A number of promising candidates exist
(Table 10.1) that have even progressed to clinical trials in other inflammatory
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diseases including allergic rhinitis (Solans et al. 2008) and acquired cold urticaria
(Metz et al. 2010). It remains to be determined whether such drugs display
chemopreventative properties against skin cancer.

The hydrolytic conversion of pro-apoptotic ceramide to sphingosine in the skin
allows for subsequent phosphorylation to S1P by sphingosine kinase 1. This is
important because S1P was shown to protect keratinocytes from UVB-induced cell
death (Uchida et al. 2010). UV-induced changes to S1P levels could also affect the
maturation and migration of numerous cells including dendritic cells (Czeloth et al.
2005; Lamana et al. 2011), mast cells (Olivera and Rivera 2005) and T cells,
especially those destined to be retained at cutaneous sites as resident memory T
cells (Mackay et al. 2015). Pharmacologically targeting Cer-Sphingosine-S1P in
skin is likely to be beneficial in skin cancer chemoprevention because sphingosine
kinase 1 activators like K6PC-5 have been shown to reduce photo-damage in mice
(Park et al. 2008) (Table 10.1).

UV irradiation of human skin explants also produces a dose-dependent increase
in PGE2 (Pentland et al. 1990), another major inflammatory product of arachidonic
acid metabolism. PGE2 is a potent immune suppressant that is upregulated, in part,
by PAF (Walterscheid et al. 2002), MCP-1 and CCL5 (Conti and DiGioacchino
2001). UV-induced PGE2 is a major inflammatory mediator of UV alterations to the
bone marrow microenvironment (Ng et al. 2010), exerting its immune suppressive
actions by signalling through the PGE2-EP4 receptor (Soontrapa et al. 2011). While
dendritic cells are a major immune cell target of UV-induced PGE2 (Scandella et al.
2002; Luft et al. 2002; Legler et al. 2006), recruitment of regulatory T cells is also a
possible explanation for why PGE2 is immune suppressive (Karavitis et al. 2012).

Conversion of arachidonic acid to PGE2 by the enzyme cyclo-oxygenase-2
(COX-2) is a key pathway leading to inflammation via the production of cytokines
and chemokines (Liang et al. 2003a, b). It’s perhaps not surprising therefore that a
UV-induced increase in COX-2 is a major mechanism by which UV raises PGE2

levels in the skin (Buckman et al. 1998).

10.2.8 Targeting PGE2 by Modulating Cyclo-Oxygenase-2
(COX-2) Expression

Inhibitors of cyclo-oxygenase-2 (COX-2), including celecoxib, reduce photocar-
cinogenesis in mice (Fischer et al. 1999), clearly indicating the importance of
UV-induced cytokines and chemokines in skin responses to UV (Halliday 2005).
PGE2 has affects additional to cytokine and chemokine induction that influence skin
carcinogenesis, including immunosuppression and enhancement of tumour cell
proliferation and invasion (Elmets et al. 2014). More than 90 % of human malig-
nant melanomas expressed COX-2 with two-thirds expressing moderate to strong
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levels (Denkert et al. 2001). Moreover, production of PGE2 by melanoma cells is
important for their invasion in vitro (Denkert et al. 2001). Hence, therapeutic
strategies that target COX-2 are likely to be beneficial in skin cancer chemopre-
ventation. To that end, a double-blind placebo-controlled randomized trial com-
pared oral celecoxib with placebo for 9 months of treatment in 240 subjects (Elmets
et al. 2010). While celecoxib did not decrease the incidence of actinic keratosis at
9 months, at the end of the treatment period, the number of SCC and BCC was
significantly reduced by celecoxib treatment and remained about 60 % lower at
2 months after completion of treatment.

Polyunsaturated fatty acids (PUFA) such as eicosapentaenoic acid (EPA) are
essential fatty acids that can be provided from the diet, particularly marine animals
such as oily fish. EPA competes with arachidonic acid for cyclooxygenases
including COX-2 with EPA-derived products having less inflammatory effects and
arachidonic acid-derived products. In this way polyunsaturated fatty acids such as
EPA reduce COX-2 mediated inflammation and influence UV-induced cytokine
production (Pilkington et al. 2011). EPA reduces UVB-induced IL-8 production by
skin cells (Storey et al. 2005) and so is likely to inhibit the dermal recruitment of
immune suppressive neutrophils. Supplementation of the diet of humans with
omega-3 PUFAs including EPA significantly decreased lipopolysaccharide-induced
production of the chemokines CCL5 and MCP-1 (Monocyte Chemotactic
Protein-1) by peripheral blood mononuclear cells (Hung et al. 2015). This is
important as both these chemokines have been shown to drive PGE2 production
(Conti and DiGioacchino 2001). In human clinical trials dietary EPA has been
shown to alter the skin response to UV radiation with less pro-inflammatory
products being produced (Pilkington et al. 2014). This results in protection from
UV-induced immunosuppression in humans (Pilkington et al. 2013). Therefore
modulation of COX-2 activity affects chemokine and cytokine production, affecting
skin responses to UV radiation.

10.3 Promising New Photochemopreventative Agents

The major biological mechanisms that lead to skin cancer are UV-induced genetic
damage, immunosuppression, and dysregulation of cell cycle control. Chemokines
and cytokines are key regulators of these processes and are often targeted by or
contribute to successful photchemopreventitive strategies. Strategies that enhance
repair of damaged DNA, or prevent DNA damage from occurring, or prevent
photoimmunosuppression, or enable cells to undergo cell cycle arrest to enhance
the time available for DNA repair would all be expected to reduce the incidence of
skin cancer.
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10.3.1 Nicotinamide

Nicotinamide (NAM) is an amide form of vitamin B3 and there is a wealth of
evidence that it is photochemoprotective. NAM and nicotinic acid, an alternate
form of vitamin B3, reduces UV-induced immunosuppression and carcinogenesis
in mice (Gensler 1997; Gensler et al. 1999). NAM (5 % cream) applied topically
prior to or following solar-simulated UV, as well as NAM taken orally for 1 week
prevented immunosuppression in humans. However the minimal erythemal dose
(MED) was not changed by NAM. Therefore NAM protects from immunosup-
pression but not sunburn in humans. NAM’s negligible absorbance, and protective
capacity when applied after UV, indicates that it does not act as a sunscreen. Gene
chip analysis indicated protection from UV downregulation of energy metabolism,
complement and apoptosis pathways (Damian et al. 2008; Yiasemides et al. 2009).
This was confirmed by Park et al. (2010) who showed that NAM protects from
UV-induced blockade of glycolysis and ATP depletion but had no effect on reactive
oxygen species (ROS) production in human keratinocytes. Thus NAM protects
from the energy crisis that occurs in human keratinocytes following exposure to
UV. This ability of NAM to normalise ATP production in UV irradiated skin is
consistent with its known biochemical function as the primary precursor of ni-
cotinamide adenine dinucleotide (NAD), which has a key function in ATP pro-
duction. It is not clear how this normalisation of cellular energy pathways affects
chemokine production but considering its ability to prevent UV immunosuppres-
sion it is likely that NAM would normalise UV-induced changes in cytokine and
chemokine production.

Normalisation of ATP levels in UV exposed skin is likely to have many effects in
chronically UV exposed skin, which is only beginning to be explored. DNA repair is
increased by NAM in UV exposed human keratinocytes and melanocytes. The
comet assay incorporating lesion specific excision enzymes was used to show that
NAM increases repair of both cyclobutane pyrimidine dimers (CPDs) and
8-oxo-7,8-dihydro-2′-deoxyguanosine (8oxoG). Repair of both UV-induced CPDs
and 8oxoG also occurred at a more efficient rate in ex vivo human skin treated with
NAM as determined by immunostaining (Surjana et al. 2013; Thompson et al. 2014).
Enhancement of the rate of repair of genetic damage would be expected to reduce the
incidence of UV-induced mutations and therefore protect from UV-induced skin
cancer. DNA repair is regulated by cytokines, with IL-12 having been shown to
enhance DNA repair (Schwarz et al. 2002) but interactions between cytokine
expression, ATP normalisation with NAM and DNA repair have not been ade-
quately explored. NAM has been demonstrated to inhibit inflammatory cytokines
(Ungerstedt et al. 2003). CD34(+) cells have increased migration to CXCL12 in the
presence of NAM (Peled et al. 2012), and it also reduces expression of IL-6, IL-10,
monocyte chemoattractant protein-1 and TNF mRNA in UV-irradiated keratinocytes
(Monfrecola et al. 2013). It therefore appears that NAM plays a role in regulation of
cytokine or chemokine expression, or their receptors, which could be involved in the
photochemoprotective effects of this vitamin.
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NAM reduces the incidence of skin cancer in humans. In two randomised
double-blinded controlled phase II trials 500 mg NAM taken orally for 4 months
once or twice per day significantly reduced the incidence of actinic keratosis
(AK) by 29 and 35 % respectively (Surjana et al. 2012). These studies were rela-
tively small with 41 patients in the once per day and 35 in the twice per day studies.
AK are pre-malignant lesions that may progress into SCC and therefore this study
indicated that NAM may be chemopreventive for skin cancer. This was directly
investigated in a recent phase III, double-blind, randomized controlled trial where
386 participants who had a history of at least two NMSC received either 500 mg
NAM or placebo twice per day in a 1:1 ratio for 12 months (Chen et al. 2015). In
this study oral NAM significantly reduced the rate of new histologically confirmed
NMSC by 23 % (P = 0.02). When the new NMSC were divided into BCC and
SCC, the rates of reduction in the NAM group were similar but failed to achieve
statistical significance due to the smaller number of skin cancer types. In these
studies NAM was found to be safe with no side effects that could be attributed to
this vitamin. It is also inexpensive, stable and readily available from stores selling
vitamins. It therefore appears to be an effective and ideal chemopreventive agent.

10.3.2 Vitamin D

UV irradiation of 7-dehydrocholesterol results in production of the active vitamin D
hormone, 1,25 dihydroxyvitamin D3 (1,25(OH)2 D3) in the skin (Bikle 2012). 1,25
(OH)2 D3 is important for bone and muscle health and is also an adaptive photo-
protective response in the skin. 1,25(OH)2 D3 applied topically to mouse skin after
each UV exposure reduced the number of mice in which tumours developed and the
average number of tumours per mouse as well as increasing the time required for
skin cancers to appear (Dixon et al. 2011). 1,25(OH)2 D3 reduces the level of CPDs
in keratinocytes exposed to UV radiation in a dose and time-dependent dependent
manner. UV-induced NO levels in keratinocytes were also reduced by 1,25(OH)2
D3 while p53 levels were increased. As a NO synthase inhibitor, like 1,25(OH)2 D3,
reduced CPD levels, these events may be related and it is possible that 1,25(OH)2
D3 inhibition of NO levels could reduce oxidative damage to DNA repair enzymes,
thus enhancing repair of UV-induced genetic damage (Gupta et al. 2007). Further
evidence for this comes from studies showing that 1,25(OH)2 D3 additionally
reduces UV-induced oxidative and nitrative DNA damage as well as CPDs and that
treatment with nitric oxide donors results in the formation of all of these types of
DNA damage in the absence of UV (Gordon-Thomson et al. 2012). Similar results
were obtained using ex vivo human skin and in vivo in humans showing that the
protective role of 1,25(OH)2 D3 occurred not only in isolated keratinocytes, but also
in whole skin and in humans (Song et al. 2013; Damian et al. 2010). UV-induced
NO can combine with ROS to produce peroxynitrite, which can cause oxidation
and nitrosylation of not only DNA but also DNA repair enzymes. 1,25(OH)2 D3–
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induced reduction in NO production could therefore enhance DNA repair, reducing
the levels of DNA damage.

1,25(OH)2 D3 regulates pro-inflammatory cytokine and chemokine production in
a variety of cell types (Svensson et al. 2015; Wang et al. 2015; Huang et al. 2015).
NO can also regulate chemokine expression, depending on cell type and conditions
(Kim et al. 2003; Tanese et al. 2012; Trifilieff et al. 2000). It is possible that 1,25
(OH)2 D3 may contribute to UV regulation of chemokines in a NO dependent
manner however more work is required to clarify the roles of these molecules and
whether this contributes to the photoprotective effects of 1,25(OH)2 D3.

10.3.3 Botanicals with Anti-inflammatory Activity

Agents found in botanical products have been shown to provide protection from the
damaging effects of UV. The goji berry, Lycium barbarum, reduces UV-induced
inflammatory oedema and immunosuppression in mice, possible due to its
antioxidant activity (Reeve et al. 2010). Isoflavonoids, commonly found in plants,
such as equol, protect from many of the damaging effects of UV, including
inflammation, immunosuppression and photocarcinogenesis. In mice, protection by
equol is inhibited by estrogen receptor antagonism suggesting that signaling
through this receptor by equol is responsible for its photoprotective activity
(Widyarini et al. 2006). Studies in knockout mice showed that this photoprotection
is due to signaling via estrogen receptor-β which regulates UV control of pro-
duction of a number of cytokines, including IFN-γ IL-12 and IL-10 (Cho et al.
2008). Antioxidant effects also contribute to the protective activity of equol
(Widyarini et al. 2012). In humans a synthetic derivative of equol has been shown
to protect the immune system from UV (Friedmann et al. 2004). The honeybee
product propolis is another example of a photoprotective botanical that normalizes
UV regulation of cytokines. Propolis corrects UV-induced overexpression of IL-10
and IL-6, and depletion of IL-12 (Cole et al. 2010).

Grape seed proanthocyanidins are another bioactive botanical that protects from
UV-induced skin carcinogenesis. This is in part mediated by protecting the immune
system and correcting UV induced changes in the cytokines IL-10 and IL-12 and
increasing CD8+ T cell production of IFN-γ and IL-2 (Katiyar 2015). Silymarin, a
plant flavonoid, protects from photocarcinogenesis and UV-induced immunosup-
pression. Injection of mice with neutralizing anti-IL-12 abrogated the protective
effect of silymarin on immunosuppression indicating that it works at least in part by
regulation of UV effects on cytokines (Meeran et al. 2006). Polyphenols from green
tea significantly reduces skin carcinogenesis in UV irradiated wild type but not
IL-12 knockout mice indicating that green tea polyphenols are photoprotective by a
mechanism that includes regulation of IL-12. The proinflammatory cytokines TNF,
IL-6 and IL-1β were also reduced in mice fed these polyphenols (Meeran et al.
2009). Green tea polyphenol supplementation of the diets of humans for 12 weeks
has been shown to reduce the UV-induced sunburn response (Rhodes et al. 2013).
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10.4 Summary and Conclusions

Decades of photobiological research into how chemokines and cytokines modulate
UV damage have collided with the development of revolutionary biologics that
serendipitously target these molecules. Successful photochemoprevention involves
protection from UV induction of chemokines and cytokines, although other path-
ways are likely to also be involved. Photochemoprevention offers huge potential for
skin cancer prevention and there has been considerable research to develop effec-
tive, safe and inexpensive photochemopreventive agents to be used in conjunction
with strategies that shield from UV radiation such as sunscreens, sun avoidance and
protective clothing. It is hoped that photochemoprevention combined with UV
shielding will reduce the incidence of skin cancer further than what can be achieved
by UV shielding alone. Adding at least some of these photochemopreventive
approaches to our suite of established skin cancer preventive measures will be
particularly important in individuals at high risk of developing aggressive
UV-induced metastatic skin cancers.
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Chapter 11
TLR3 and Inflammatory Skin Diseases:
From Environmental Factors to Molecular
Opportunities

Risa Tamagawa-Mineoka, Mayumi Ueta and Norito Katoh

Abstract Toll-like receptors (TLRs) are cellular sensors designed to recognize
pathogens. TLR3 recognizes viral double-stranded RNA, which is a molecular
pattern produced by most viruses. Interestingly, there is increasing recognition of
the role of TLR3 in non-infectious inflammatory diseases as well as viral infections.
In addition, TLR3 recognizes not only exogenous threats such as virus but also
endogenous host molecules associated with tissue injury. TLR3 is expressed on
various cell types including keratinocytes, Langerhans cells, mast cells, and
fibroblasts in the skin. Recent findings show that upon stimulation of TLR3 with
exogenous or endogenous ligands, these cells are closely involved in the patho-
genesis of infectious or inflammatory skin diseases such as viral infections or
allergic and irritant contact dermatitis. Furthermore, TLR3 signaling is associated
with barrier repair after tissue injury and itching sensation in the skin. Therefore,
TLR3 may serve as a new therapeutic target for inflammatory skin diseases.
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11.1 Introduction

Toll-like receptors (TLRs) are pattern recognition receptors which play important
roles in both innate and adaptive immune responses (Ishii and Akira 2008; Kawai
and Akira 2011). At least 11 different TLRs have been identified and are expressed
on both immune and non-immune cells. TLR signaling leads to the activation of
nuclear factor κB, interferon-regulatory factor, and their target genes that induce the
production of various antimicrobial and proinflammatory cytokines (Fig. 11.1).

Skin consists of a three-layer structure: the epidermis, dermis, and subcutaneous
tissues. TLRs are expressed on various cell types in the skin (Fig. 11.2). The most
important epidermal cells expressing TLRs include keratinocytes, which express
TLRs 1-6, 9, and 10 (Baker et al. 2003; Ermertcan et al. 2011) and Langerhans

Endosome

TLR3

Nucleus

Membrane
TLR4 TLR5 TLR2/1

or
TLR2/6

TRAM

RIP1TRIF

TRAF6

TAK1

IKKεTBK-1
IRF-3

MAPKs
NEMO

IKKα IKKβ

IκB
NF-κB

IRF-7

MyD88

IRAK-1 IRAK-4

Endosome

TLR7/8
or

TLR9

MyD88

IRAK-1 IRAK-4

TRAF6

IRF-3 AP1 IRF-7

Type I interferon Type I interferonInflammatory cytokines

TLR3

Fig. 11.1 TLR signaling pathway. Upon stimulation with ligands, TLR1, 2 and 4-9 recruit
MyD88, IRAKs and TRAF6. And TLR signaling diverges at TRAF6 to two different pathways to
produce inflammatory cytokines. TLR3 utilizes TRIF for the activation of the TRIF-dependent
pathway to produce type I interferons and inflammatory cytokines
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cells, which express TLRs 1-6, 8, and 10 (Renn et al. 2006; Ermertcan et al. 2011).
In the dermis, resident cells such as mast cells and fibroblasts also express TLRs
(Jang et al. 2012; Taves and Ji 2015).

TLR3 recognizes viral double-stranded RNA and polyinosinic:polycytidylic acid
(Poly(I:C)), a mimic of viral double-stranded RNA, which is a molecular pattern
produced by most viruses (Ishii and Akira 2008; Kawai and Akira 2011). It is
reported that epithelial cells such as ocular surface (cornea and conjunctiva) epithelial
cells (Ueta et al. 2005) and retinal pigment epithelial cells (Kleinman et al. 2008)
expressed TLR3 on their cell surface and that among TLRs 1-10, TLR3 is the most
intensely expressed TLR ocular surface epithelial cells (Ueta et al. 2005).
Interestingly, there is increasing recognition of the role of TLR3 in non-infectious
inflammatory skin diseases as well as viral infections. The aim of this chapter is to
review the involvement of TLR3 signaling in the pathogenesis of skin infectious and
inflammatory skin diseases.
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Keratinocyte
TLRs 1-6,9,10Langerhans cell

TLRs 1-6,8,10

Fibroblast
TLRs 1-10

Epidermis
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TLRs 2-4,7,9

Mast cell
TLRs 1-7,9

Fig. 11.2 TLR expression in the skin. Skin consists of a three-layer structure: the epidermis,
dermis, and subcutaneous tissues. TLRs are expressed on several cell types including
keratinocytes, Langerhans cells, melanocytes, mast cells, and fibroblasts in the skin
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11.2 Skin Infectious Diseases

The skin directly contacts with the outside environment, therefore, it has numerous
opportunities to interact with various pathogens such as virus. TLR3 has an
important role in immune responses to commonly encountered viral infections in
various organs including the skin. Verruca vulgaris and molluscum contagiosum
are common viral skin infectious diseases (Lowy and Androphy 2003a, b). Verruca
is a benign proliferation of the skin that results from infection with human papil-
loma virus. A subset of human papilloma virus has been associated with the
development of epithelial malignancies (Lowy and Androphy 2003a, b). On the
other hand, molluscum contagiosum is a wart that forms as a result of infection by
molluscum contagiosum virus (Lowy and Androphy 2003a, b). In the skin lesions
of both diseases, epidermal TLR3 expression is greatly elevated with increased
expression of interferon-β and tumor necrosis factor-α, compared with that of
normal skin (Ku et al. 2008). This finding suggests that TLR3 signaling is asso-
ciated with the immune and inflammatory responses against such common viral
infections in the skin.

Herpes virus infection is also a common viral infection of the skin. In herpes
simplex virus (HSV)-1 encephalitis, HSV-1 infects epithelial cells in the oral and
nasal mucosa and progresses to the central nervous system via the trigeminal or
olfactory nerves (Whitley 2006). It has been reported that patients deficient in TLR3
increase spreading of HSV-1 infection from keratinocytes to cranial nerves (Zhang
et al. 2007; Mørk et al. 2015). In addition, there are mutations in the TLR3 sig-
naling pathway including IRF3 and TRIF molecules in patients with herpes simplex
encephalitis (Andersen et al. 2015; Mørk et al. 2015). These findings suggest that
TLR3 signaling is closely related to suppression of expanding HSV infection.

11.3 Allergic and Irritant Contact Dermatitis

Allergic contact dermatitis (ACD) is a common allergic inflammatory skin disease
characterized by pruritic eczematous lesions, and depends on the delay-type
hypersensitivity reaction. The contact hypersensitivity response consists of two
phases: sensitization and elicitation. In the sensitization phase of ACD, cutaneous
dendritic cells ingest antigens that have penetrated into the skin, migrate to draining
lymph nodes, and then present the antigens to naïve T cells. This process leads to
the clonal expansion of antigen-specific T cells that can be recruited to the skin. It
has been demonstrated that the sensitization process of the contact hypersensitivity
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response is not impaired in TLR3-deficient mice (Nakamura et al. 2015). Although
dendritic cells and lymphocytes, which play a key role in the sensitization process,
express TLR3 (Applequist et al. 2002), lack of TLR3 hardly affects the maturation,
migration and antigen presentation of dendritic cells and proliferation of lympho-
cytes (Nakamura et al. 2015). These findings suggest that TLR3 signaling may not
be closely related to the sensitization process of the contact hypersensitivity
response.

The inflammatory responses in the elicitation phase of the contact hypersensi-
tivity response depend on both antigen-dependent and -independent mechanisms
(Grabbe and Schwarz 1998; Honda et al. 2013). Upon reexposure to haptens,
antigen-specific T cells are stimulated by cutaneous antigen-presenting cells, secrete
a variety of mediators, and induce activation of several cell types in the skin. On the
other hand, keratinocytes are stimulated directly with haptens in an
antigen-nonspecific manner, and then release numerous mediators such as cytokines
and chemokines (Sebastiani et al. 2002; Honda et al. 2013). These reactions also
affect each other, leading to increase of the inflammatory responses. It has been
shown that the inflammatory responses in the elicitation phase of ACD are reduced
in TLR3-deficient mice (Nakamura et al. 2015). In addition, this phenomenon is
accompanied by decreased release of cytokines such as tumor necrosis factor-α,
interleukin (IL)-1α and IL-1β and chemokines such as interferon-γ-inducible pro-
tein 10 (IP-10) and regulated on activation, normally T-cell expressed and secreted
(RANTES) in the inflamed skin (Nakamura et al. 2015), that play a crucial role in
the elicitation phase of ACD (Dufour et al. 2002; Watanabe et al. 2007; Canavese
et al. 2010). Furthermore, the cytokines and chemokines including IP-10 and
RANTES, which are important for inflammatory responses, are secreted from
epithelial cells and fibroblasts by stimulation with a exogenous TLR3 ligand, poly
(I:C) (Ueta et al. 2005, 2009, 2010; Kato et al. 2007; Farina et al. 2010). It has been
demonstrated that no significant difference of the function of dendritic cells and
lymphocytes between TLR3-deficient and wild-type mice (Nakamura et al. 2015).
Taken together, these findings suggest that TLR3 signaling may be involved in the
elicitation phase of ACD via release of cytokines and chemokines from ker-
atinocytes and fibroblasts (Fig. 11.3).

In contrast to ACD, irritant contact dermatitis is caused by the direct action of
chemical agents and shows non-antigen-specific cutaneous responses (Corsini and
Galli 1998). The irritant contact dermatitis reaction following application of irritant
agents is markedly decreased in TLR3-deficient mice, and is increased
inTLR3-transgenic mice, compared with that in wild-type mice (Nakamura et al.
2015). These findings indicate that TLR3 signaling is related to non-antigen-
specific cutaneous inflammation.
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11.4 Endogenous TLR3 Ligands

TLRs recognize not only exogenous threats such as the bacteria and virus but also
endogenous danger signals associated with cell necrosis and tissue damage
(Table 11.1) (Seong and Matzinger 2004; Tsan and Gao 2004; Taves and Ji 2015).
The skin suffers from outside hazards such as pathogenic microorganisms,
mechanical insults, toxic chemicals, and ultraviolet irradiation, leading to tissue
injury. In previous electron microscopic studies, necrosis of epidermal ker-
atinocytes and Langerhans cells has been shown to be seen in inflammatory skin
diseases such as allergic and irritant contact dermatitis (Willis et al. 1986, 1989).
Therefore, endogenous host molecules may release from cells damaged during the
inflammatory process in cutaneous diseases.

TLR3 could regulate allergic inflammation such as allergic conjunctivitis and
allergic contact dermatitis in the absence of an exogenous viral infection or TLR3
ligand (Ueta et al. 2009; Nakamura et al. 2015). It is reported that in the absence of
viral infection the TLR3 can amplify immune responses during acute inflammatory
processes, which may involve stimulation of TLR3 by endogenous RNA from
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stimulation
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Release of cytokines 
and chemokines
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Fig. 11.3 Possible roles of TLR3 in skin inflammation. Skin resident cells such as keratinocytes
release endogenous host molecules including RNA following inflammatory stimulation.
Subsequently, activation of TLR3 via endogenous ligands induces release of cytokines and
chemokines, leading to the development of skin inflammation
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necrotic cells (Cavassani et al. 2008). It is also possible that endogenous RNA from
tissue or cells might stimulate TLR3 in allergic inflammation.

It has been shown that RNA released from necrotic cells such as damaged
keratinocytes (Lai et al. 2009; Zhang et al. 2011; Bernard et al. 2012) and neu-
trophils (Cavassani et al. 2008) acts as a ligand for TLR3 in several cell types such

Table 11.1 TLR ligands

TLR Exogenous ligands Endogenous ligands References

TLR1/TLR2 Tri-acyl lipopeptides
(bacteria)

Unknown Takeuchi et al. (2002)

TLR2/TLR6 Lipoprotein/lipopeptides
(various pathogens)
Lipoteichoic acid
(bacteria)
Zymosan (fungi)

Heat shock proteins
(HsP60, HsP70, Gp96)
High mobility group
box 1 protein
(HMGB1)

Vabulas et al. (2001, (2002a, b),
Asea et al. (2002), Park et al.
(2004), Kawai and Akira
(2011)

TLR3 Double-strand RNA
(virus)
Poly (I:C) (synthetic)

mRNA Alexopoulou et al. (2001),
Karikó et al. (2004)

TLR4 Lipopolysaccharide
(gram-negative bacteria)

Heat shock proteins
(HsP60, HsP70, Gp96)
Fibrinogen
Surfactant protein-A
Fibronectin extra
domain A
HMGB1
Heparin sulfate
Soluble hyaluronan
β-defensin 2

Poltorak et al. (1998), Shimazu
et al. (1999), Ohashi et al.
(2000), Okamura et al. (2001),
Smiley et al. (2001), Vabulas
et al. (2001, 2002a, b), Asea
et al. (2002), Biragyn et al.
(2002), Bulut et al. (2002),
Dybdahl et al. (2002), Guillot
et al. (2002), Johnson et al.
(2002), Termeer et al. (2002),
Park et al. (2004), Kawai and
Akira (2011)

TLR5 Flagellin (bacteria) Unknown Hayashi et al. (2001)

TLR7 Single-stranded RNA
(virus)
Imiquimod (synthetic)
Resiquimod (R848)
(synthetic)
PolyURNA (synthetic)

Self-RNA
MicroRNA

Diebold et al. (2004), Heil et al.
(2004), Kawai and Akira
(2011)

TLR8 Single-stranded RNA
(virus)
Resiquimod (R848)
(Synthetic)

Self-RNA
MicroRNA

Heil et al. (2004), Kawai and
Akira (2011)

TLR9 CpG DNA (bacteria,
virus)
Hemozoin (plasmodium)

Self-DNA Kawai and Akira (2011)

TLR10 Unknown Unknown

TLR11 Profilin-like protein
(toxoplasma, bacteria)

Unknown Yarovinsky et al. (2005)
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as keratinocytes (Karikó et al. 2004; Cavassani et al. 2008; Lai et al. 2009; Zhang
et al. 2011; Bernard et al. 2012). In addition, it has been demonstrated that
ultraviolet-damaged self RNAs or ultraviolet-damaged keratinocytes are detected
by TLR3 (Bernard et al. 2012). Furthermore, ultraviolet B irradiation increases
cytokine production in the skin and affects the cutaneous inflammatory responses in
a TLR3-dependent manner. These findings suggest that RNA released from cells
damaged in inflammation can activate TLR3 on various cell types in the skin,
leading to the development of non-infectious cutaneous inflammation.

11.5 Skin Barrier Repair

TLR3 signaling is involved in barrier repair after skin injury. Activation of TLR3
by endogenous ligands such as noncoding double-stranded RNA increases the
expression of various key genes that are associated with permeability repair,
including the ATP-binding cassette subfamily A, member 12 (ABCA12), gluco-
cerebrosidase, acid sphingomyelinase, serine palmitoyltransferase, glucosylce-
ramide synthase, and transglutaminase 1 (Borkowski et al. 2013). In addition,
activation of TLR3 increases the number of lamellar bodies and keratohyalin
granules in keratinocytes, which contain important molecules such as profilaggrin
in the formation of skin barrier (Borkowski et al. 2013). It has been also demon-
strated that the ability of mice to repair the skin barrier after ultraviolet B irradiation
is delayed in TLR3-deficient mice (Borkowski et al. 2014). Furthermore, the
products of ultraviolet B-damaged keratinocytes increase the expression of
ABCA12, glucocerebrosidase, acid sphingomyelinase, and transglutaminase 1
(Borkowski et al. 2014). These findings suggest that TLR3 signaling via endoge-
nous ligands such as double-stranded RNA is required for skin barrier repair after
skin injury.

11.6 Itching

Itching is a sensation that provokes a desire to scratch, and is the main symptom of
several skin inflammatory diseases, such as atopic dermatitis, contact dermatitis,
and xerosis. Patients with these diseases often scratch their skin due to severe
itching. Itch-scratch cycles result in further skin damage that exacerbates the
symptoms. Itching signals are transmitted from the periphery to the brain via the
dorsal horn by primary sensory neurons and spinothalamic tract neurons.

In the periphery, skin resident cells such as keratinocytes and mast cells can
release numerous mediators including nerve growth factor (NGF), histamine,
serotonin (5-hydroxytryptamine), and proteinase, which trigger itch sensation
(Kuraishi 2013). Keratinocytes and mast cells are the main sources of NGF (Ikoma
et al. 2006). In a dry skin-induced itch mouse model, the expression of NGF is
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elevated in the skin, followed by increased intradermal nerve fibers (Tominaga et al.
2007). Interestingly, lack of TLR3 inhibits the increase of NGF expression and
scratching behaviors in dry skin (Liu et al. 2012). Epithelium-derived cytokine,
thymic stromal lymphopoietin (TSLP), which is deeply involved in the development
of inflammatory responses in atopic dermatitis (Kabashima 2013), act directly on a
subset of primary sensory neurons and induce itch sensation (Wilson et al. 2013).
Because activation of TLR3 induces the release of TSLP from epithelial cells (Ueta
et al. 2009), TSLP secreted from keratinocytes may not only promotes inflammatory
responses but also activates primary sensory neurons via TLR3 signaling in the
lesions of atopic dermatitis. Taken together, these findings suggest that skin resident
cells such as keratinocytes may release several mediators such as NGF and TSLP via
TLR3 signaling and contribute to the itch signaling pathway in the periphery
(Fig. 11.4).
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Fig. 11.4 Possible roles of TLR3 in itching signals. In the periphery, skin resident cells such as
keratinocytes and mast cells secrete various mediators such as NGF and TSLP, which can trigger
itch sensation, in a TLR3-dependent manner. In addition, activation of TLR3 in primary sensory
neurons can affect itching signals
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Itch signals in the dorsal horn are also important for pruritus. TLRs such as
TLR3, TLR4, and TLR7 are expressed in sensory neurons in dorsal root and
trigeminal ganglions (Wadachi and Hargreaves 2006; Diogenes et al. 2011; Liu
et al. 2010, 2012). TLR3 is expressed mostly by small-sized primary sensory
neurons in dorsal root ganglions that express transient receptor potential subtype V1
and gastrin-releasing peptide. It has been demonstrated that lack of TLR3 sup-
presses histamine-dependent itching induced by intradermal injection of compound
48/80, via histamine release from mast cells. In addition, administration of
histamine-independent pruritogens also reduces scratching behaviors in
TLR3-deficient mice (Liu et al. 2012). These findings suggest TLR3 in primary
sensory neurons is involved in itching signals (Fig. 11.4). Therefore, TLR3 may
serve as a new therapeutic target for pruritus.

11.7 Stevens-Johnson Syndrome (SJS)/Toxic Epidermal
Necrolysis (TEN)

SJS and TEN are severe, acute multisystem inflammatory diseases of the skin and
mucous membranes. These disorders are characterized by rapidly expanding,
irregular macules and involvement of more than one mucosal site (oral, conjunc-
tival, and anogenital), and are closely related, differing only in the extent of body
surface area involved (Fritsch and Ruiz-Maldonado 2003). Both are closely related
to infectious agents and/or drugs. Although the pathophysiological mechanisms of
SJS/TEN is not fully established, previous findings have suggested that genetic and
environmental factors including the human leukocyte antigen haplotype are asso-
ciated with the onset of SJS/TEN (Fritsch and Ruiz-Maldonado 2003).

Interestingly, the association between the onset of SJS/TEN with severe ocular
complications (SOC) and TLR3 signaling has been reported (Ueta et al. 2007,
2012). It is also reported that about 80 % of the Japanese SJS/TEN with SOC
patients have developed SJS/TEN within several days after treatment for the
common cold (Ueta et al. 2014) and that focusing on the cold medicine related
(CM-) SJS/TEN with SOC, the significant association with TLR3 remains (Ueta
et al. 2015). Interestingly, EP3, one of the receptors for PGE2, SNPs also signifi-
cantly associated with CM-SJS/TEN with SOC (Ueta et al. 2015) and PGE2 acts at
EP3 and negative regulates mucocutaneous inflammation induced by TLR3 (Ueta
et al. 2012). Moreover, cold medicine such as NSAIDs (e.g., ibuprofen and loxo-
profen) and cold medicine ingredients (e.g., acetaminophen) have the suppressive
effect of the production of prostanoid, including PGE2.

Therefore, the pathogenesis of CM-SJS/TEN with SOC may be possibly asso-
ciated with the innate immune system including TLR3 signaling.
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Chapter 12
Sirtuins and Stress Response in Skin
Cancer, Aging, and Barrier Function

Yu-Ying He

Abstract Sirtuins (SIRT1-7) are mammalian counterparts of the yeast silent
information regulator 2 (Sir2) and are a family of NAD-dependent protein
deacetylases and ADP ribosyltransferases. Sirtuins regulate numerous pathways in
metabolism, aging and cancer. They are critical modulators in the cellular response
to metabolic, oxidative, or genotoxic stress. Recent advances have demonstrated the
pivotal role of sirtuin proteins in aging and a wide range of diseases including
cancer in many organs. Skin is the essential barrier protecting organisms against
environmental insults and minimizing water loss from the body. New evidence in
mouse models and in vitro systems has illustrated that sirtuins have important roles
in skin physiology, in the barrier function, aging, and diseases such as skin cancer.
This review summarizes recent advances in understanding how sirtuins regulate the
skin stress response in skin cancer, aging, and barrier integrity at the molecular,
cellular, and organismal levels, and in how modulating sirtuins may help prevent or
treat skin cancer, skin barrier defects, and other skin diseases.

Keywords Sirtuins � SIRT1 � SIRT2 � SIRT3 � SIRT6 skin cancer � Skin aging �
Skin barrier � UV � DNA repair

12.1 Introduction and Overview on Sirtuins

Sirtuins (SIRT1-7) are NAD-dependent proteins with the enzymatic activity of
deacetylases and ADP ribosyltransferases (Blander and Guarente 2004; Haigis and
Guarente 2006; Haigis and Sinclair 2010; Michan and Sinclair 2007; Saunders and
Verdin 2007). They are mammalian counterparts of the yeast silent information
regulator 2 (Sir2). Since SIRT1 was first discovered about 15 years ago, there have
been major breakthroughs in understanding the critical roles of sirtuins in
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physiology and pathology (Blander and Guarente 2004; Haigis and Guarente 2006;
Haigis and Sinclair 2010; Michan and Sinclair 2007; Saunders and Verdin 2007).
Sirtuins regulate a wide variety of proteins in the nucleus, cytosol and mitochon-
dria. They are crucial regulators of tissue homeostasis and adaptation under
metabolic, oxidative, or genotoxic stress. Using animal models, recent advances
have demonstrated the illuminating roles of sirtuins in DNA repair, telomere
integrity, metabolism, survival, inflammation, cell differentiation and stem cell
biology in many human diseases including cancer and age-related diseases (Blander
and Guarente 2004; Chalkiadaki and Guarente 2015; Haigis and Guarente 2006;
Haigis and Sinclair 2010; Michan and Sinclair 2007; Saunders and Verdin 2007;
Sebastian and Mostoslavsky 2015) (Fig. 12.1). Based on the molecular and cellular
targets identified, sirtuins are considered to have important roles in skin cancer and
age-related skin diseases (Serravallo et al. 2013). Indeed, using mouse models and
in vitro systems, recent studies have illustrated critical roles of sirtuin proteins in the
skin stress response, homeostasis, and skin diseases. This review focuses on recent
advances in understanding the important roles of sirtuins at the molecular, cellular
and organismal levels in the skin stress response and their function in skin cancer,
aging, and barrier integrity.

12.2 Sirtuins in Skin Cancer

Skin cancer is the most common cancer in the US. In 2012, more than 5.4 million
cases of nonmelanoma skin cancer were treated in over 3.3 million people (Rogers
et al. 2015). The incidence of skin cancer continues to rise at an alarming rate. The
average annual number of adults treated for skin cancer increased from 3.4 million
in 2002–2006 to 4.9 million in 2007–2011 (Guy et al. 2015). Both genetic alter-
ations and environmental risk factors play important roles in the pathogenesis of all
three types of skin cancer—basal cell carcinoma, squamous cell carcinoma, and

Sirtuins 
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Stem cells 
Metabolism 

Telomeres 
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DNA repair 

Fig. 12.1 Sirtuins regulates numerous cellular functions in stress response and homeostasis
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melanoma. In particular, important genetic alterations may be oncogenic or tumor
suppressive; these may increase cell survival and proliferation, impair DNA repair
and checkpoint activation, and induce inflammation in vivo (Bowden 2004; Cleaver
2005; Sundaresan et al. 2012). Targeting these molecular pathways has been
demonstrated to hold promise for skin cancer prevention (Bowden 2004; Ratushny
et al. 2012).

12.2.1 SIRT1 Has a Dual Role in Skin Cancer

Sirtuin 1 (SIRT1) is a proto member of the mammalian sirtuin family. It has been
revealed that SIRT1 regulates various pathways in metabolism, aging, and cancer
(Avivar-Valderas et al. 2011; Blander and Guarente 2004; Chalkiadaki and
Guarente 2015; Haigis and Guarente 2006; Haigis and Sinclair 2010; Michan and
Sinclair 2007; Saunders and Verdin 2007). Over the past decade, SIRT1 has
attracted enormous attention due to its beneficial role in cell metabolism and sur-
vival in in vitro and in vivo animal studies (Avivar-Valderas et al. 2011; Blander
and Guarente 2004; Chalkiadaki and Guarente 2015; Haigis and Guarente 2006;
Haigis and Sinclair 2010; Michan and Sinclair 2007; Saunders and Verdin 2007).
Both histone and non-histone targets of SIRT1 have been identified, including
FOXO, p53, PGC-1a, NF-jB, and PPARc (Blander and Guarente 2004; Brooks
and Gu 2009; Michan and Sinclair 2007). Accumulating evidence suggests that the
role of SIRT1 in cancer is complex. It remains under debate whether SIRT1 acts as
a tumor suppressor or as an oncogene in many cancers (Brooks and Gu 2009; Deng
2009; Haigis and Sinclair 2010).

In skin cancer, ultraviolet radiation (UV) serves as the major risk factor by
causing damage to the DNA and other molecules in the cells. By promoting
deacetylation of xeroderma pigmentosum protein A (XPA) (Fan and Luo 2010) and
promoting the expression of xeroderma pigmentosum C (XPC) (Ming et al. 2010),
SIRT1 promotes nucleotide excision repair, which removes UV-induced DNA
damage (Fig. 12.2). In addition, SIRT1 is down-regulated in UV-associated human
skin cancers from Caucasian patients (who are at highest risk) (Ming et al. 2010),
suggesting that in these cancers it is a tumor suppressor. In addition, UV radiation
down-regulates SIRT1, and inhibiting SIRT1 increases p53 acetylation (Cao et al.
2009). The small molecule in grapes, a SIRT1 activator called resveratrol, reduces
skin cancer development in mice treated with UVB radiation or chemical car-
cinogens (Aziz et al. 2005; Boily et al. 2009). Interestingly, the chemopreventive
effect of resveratrol seems to depend on SIRT1 (Boily et al. 2009).

To elucidate the precise function of SIRT1 in cancer development in vivo, we
have created mice with a keratinocyte-specific SIRT1 deletion and monitored tumor
development following chronic UVB irradiation. Partial loss of SIRT1 increases
UVB-induced tumorigenesis, while complete loss of SIRT1 decreases UV-induced
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tumorigenesis, which is consistent with its role in promoting UVB-induced DNA
damage repair and suppressing UVB-induced p53-mediated apoptosis (Ming et al.
2015a) (Fig. 12.2). These findings support a gene-dose-dependent role of SIRT1 in
skin cancer in mice.

12.2.2 SIRT1 Is Oncogenic in Melanoma Cells

In addition to non-melanoma skin cancer, SIRT1 also plays an important role in
melanoma. SIRT1 is found to be overexpressed in human melanoma and its small
molecule inhibition imparts an anti-proliferative response via p53 activation
(Wilking et al. 2014) (Fig. 12.2). SIRT1 regulates the level of many proteins,
including p53 target genes (Singh et al. 2014; Wilking et al. 2014). In melanoma
cells SIRT1 is regulated by the transcription factor MITF and promotes melanoma
cell growth and survival (Ohanna et al. 2014). These studies indicate that SIRT1 has
an oncogenic role, and inhibiting SIRT1 may improve anti-melanoma therapy.
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Fig. 12.2 SIRT1, SIRT2, and SIRT6 regulate DNA repair, survival, differentiation, and
inflammation during tumorigenesis and each has distinct roles in skin tumorigenesis and cancer
pathology
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12.2.3 SIRT2 Is a Tumor Suppressor in Skin

SIRT2 is a member of the mammalian sirtuin family. As compared with other
sirtuins, SIRT2 is localized primarily in the cytoplasm. It regulates multiple
physiological processes by deacetylating several proteins, including alpha-tubulin
(North et al. 2003) and FOXO1 (Jing et al. 2007); it also deacetylates histone H4 at
lysine 16 (Vaquero et al. 2006). In addition, SIRT2 modulates the mitotic depo-
sition of H4K20 methylation and suppresses skin tumorigenesis (Serrano et al.
2013) (Fig. 12.2). SIRT2 also plays an important role in other cancers. In gliomas,
melanomas, and gastric carcinomas, SIRT2 protein and RNA levels are decreased
(de Oliveira et al. 2012). Using mice with SIRT2 ablation, we have shown that
SIRT2 suppresses skin tumorigenesis, and suggest that SIRT2 promotes ker-
atinocyte differentiation and suppresses tumor cell stemness in association with
down-regulating keratin 19 (Ming et al. 2014b). Knockdown of SIRT2 increased
the level of K19, but did not affect UVB-induced DNA damage repair and apop-
tosis. K19 has been considered to be a putative marker for epidermal stem cells in
the hair follicle bulge (Michel et al. 1996). As loss of differentiation is known to
promote tumorigenesis (Aymard et al. 2011; Kim et al. 2012), our data indicate that
inhibition of SIRT2 may promote tumor growth in skin through inhibition of dif-
ferentiation and increasing stemness (Ming et al. 2014b; Wang et al. 2014)
(Fig. 12.2).

12.2.4 SIRT6 Is an Oncogene in Skin

SIRT6 is a member of the sirtuin family and an anti-aging protein important for
many aspects of organismal health (Lombard et al. 2008; Sebastian et al. 2012a;
Tennen and Chua 2011). At the molecular and cellular level, SIRT6 regulates
multiple molecular pathways to modulate gene transcription, glucose homeostasis,
DNA repair, and telomere integrity (Lombard et al. 2008; Sebastian et al. 2012a;
Tennen and Chua 2011). As a positive regulator of genomic integrity, SIRT6 is
predicted to act as a tumor suppressor. Indeed, it is found to suppress tumorigenesis
in the intestine and liver in mice (Marquardt et al. 2013; Min et al. 2012; Sebastian
et al. 2012b). However, a recent study showed that SIRT6 promotes transforming
growth factor-b1 (TGF-b1)/H2O2/HOCl-mediated enhancement of hepatocellular
carcinoma cell tumorigenicity by suppressing cellular senescence (Feng et al.
2015). TGF-b1/H2O2/HOCl up-regulates SIRT6 to inhibit cellular senescence
(Feng et al. 2015). In addition, SIRT6 has been implicated as an oncogene in skin
cancer (Lefort et al. 2013) and prostate cancer (Liu et al. 2013). It seems that its
function may be tissue- and context-dependent.

Using mice with skin-specific SIRT6 ablation, we found that skin-specific
SIRT6 deletion inhibits skin tumorigenesis. SIRT6 promotes the expression of the
pro-inflammatory and pro-survival protein COX-2 through suppressing AMPK
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signaling, an energy-sensing pathway, and increases cell survival and proliferation
(Ming et al. 2014a) (Fig. 12.2). UVB induces SIRT6 expression through activating
the AKT pathway. SIRT6 is up-regulated in human squamous cell carcinoma (Ming
et al. 2014a). SIRT6 also inhibits keratinocyte differentiation and is suppressed by
microRNA-34a, which can also promote skin tumorigenesis (Lefort et al. 2013)
(Fig. 12.2). These findings demonstrate that SIRT6 is an oncogene in skin.

12.3 Sirtuins in Skin Aging

Sirtuins have been shown to reduce the aging process in a broad range of organisms
including mammals (Guarente 2013). Sirtuin activation can inhibit the progression
of aging diseases, including neurodegeneration, diabetes, cardiovascular diseases
and many types of cancer (Guarente 2013; Haigis and Sinclair 2010).

12.3.1 SIRT1 in Skin Aging

Using transgenic mice moderately overexpressing SIRT1 under its own regulatory
elements (Sirt1-tg), a recent study showed that old Sirt1-tg mice present lower
levels of DNA damage, decreased expression of the ageing-associated gene
p16Ink4a, better general health, and fewer spontaneous carcinomas and sarcomas.
Sirt1-tg mice show improved wound healing, providing direct proof of the
anti-aging activity of SIRT1 in mammalian skin and other tissues (Herranz et al.
2010) (Fig. 12.3). Loss of SIRT1 accelerates retinoic acid-induced embryonic stem
cell differentiation by increasing CRABPII acetylation and thus cellular retinoic
acid signaling (Tang et al. 2014). It is possible that SIRT1 is critical for adult stem
cell maintenance in the skin as well. SIRT1 is down-regulated in later passage
fibroblasts (Kim et al. 2015). In dermal fibroblasts, SIRT1 suppresses the expres-
sion of matrix metalloproteinases 1 and 3 (MMP1 and MMP3) under basal con-
ditions or exposure to interleukin 1beta (Ohguchi et al. 2010) (Fig. 12.3),
suggesting that SIRT1 inhibits the aging process in the dermis at the basal level and
under inflammation conditions and that agents targeting SIRT1 may reduce the
production of MMPs and thereby slow down the skin aging process.

12.3.2 SIRT6 Has a Potential Role in Skin Aging

SIRT6 regulates various molecular pathways in genomic stability, metabolism, and
aging. SIRT6 knockout mice have displayed genomic instability and several phe-
notypes of accelerated premature aging (Mostoslavsky et al. 2006). Overexpressing
SIRT6 extends lifespans in male mice but not in female mice (Kanfi et al. 2012).
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Ablation of neural SIRT6 causes obesity in mice (Schwer et al. 2010). SIRT6 is a
protein deacetylase that deacetylates Histone H3 lysine 9 (H3K9), required for
telomere maintenance (Michishita et al. 2008; Tennen and Chua 2011). It sup-
presses NF-kB by interacting with the NF-kB RELA subunit and deacetylating
H3K9 to delay the signs of aging (Kawahara et al. 2009), and it blocks IGF-AKT
signaling to protect against development of cardiac hypertrophy (Sundaresan et al.
2012). It regulates glucose homeostasis (Kim et al. 2010; Xiao et al. 2010),
repressing HIF1a (Zhong et al. 2010) and activating acetyltransferase GCN5
(Dominy et al. 2012). In addition, SIRT6 regulates double strand break
(DSB) repair through recruiting SNF2H to DNA strand breaks, (Toiber et al. 2013),
deacetylating the DSB resection protein CtIP (Kaidi et al. 2010), activating PARP1
under oxidative stress (Mao et al. 2011), and stabilizing DNA-dependent protein
kinase (McCord et al. 2009). SIRT6 reverses the decline of homologous recom-
bination repair during replicative senescence (Mao et al. 2012).

SIRT6 may have a role in skin aging as well. SIRT6 promotes reprogramming of
induced pluripotent stem cells from human dermal fibroblasts (Sharma et al. 2013),
and also regulates skin aging by modulating collagen metabolism in dermal
fibroblasts (Baohua and Li 2012) (Fig. 12.3). SIRT6 is down-regulated in later
passage fibroblasts (Kim et al. 2015). In addition, in keratinocytes SIRT6 loss
accelerates keratinocyte differentiation and senescence (Kawahara et al. 2009;
Lefort et al. 2013) (Fig. 12.3).
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Fig. 12.3 SIRT1 and SIRT6 regulate keratinocyte and fibroblast functions in response to stress
and homeostasis

12 Sirtuins and Stress Response in Skin Cancer and Aging 257



12.4 Sirtuins in Keratinocyte Differentiation, Stress
Response, and Skin Barrier Function

Skin is the essential barrier protecting organisms against environmental insults
including infectious pathogens, chemicals and UV radiation, and minimizing water
loss from the body. As the most abundant cells forming the epidermis, keratinocytes
proliferate and differentiate to form an impermeable barrier. Defects in the skin
barrier have an active role in the pathogenesis of several chronic inflammatory skin
diseases, including atopic dermatitis (Elias 2008; Elias and Schmuth 2009; Elias
and Wakefield 2011; Jin et al. 2009).

12.4.1 SIRT1 Loss Disrupts Skin Barrier Function

Previously SIRT1 has been shown to promote differentiation of normal human
keratinocytes in vitro (Blander et al. 2009), suggesting a possible role in barrier
function and thus the development of atopic dermatitis (AD). Using mice with
epidermis-specific SIRT1 deletion, we showed that SIRT1 is critical for skin barrier
integrity (Ming et al. 2015b). Epidermis-specific SIRT1 ablation causes AD-like
skin lesions in mice, and mice with the epidermal SIRT1 deletion are sensitive to
percutaneous challenge by the protein allergen ovalbumin. In normal human ker-
atinocytes and mouse skin, SIRT1 knockdown or genetic deletion down-regulates
the barrier molecule filaggrin, and regulation of filaggrin expression by SIRT1
requires the deacetylase activity of SIRT1. SIRT1 also promotes the activation of
the aryl hydrocarbon receptor (AhR), and the AhR ligand benzo[a]pyrene
(BaP) restores filaggrin expression in SIRT1-inhibited cells (Fig. 12.4). As com-
pared with normal human skin, SIRT1 is down-regulated in the lesions of atopic
dermatitis as well as non-atopic dermatitis (Ming et al. 2015b). Interestingly, loss of
filaggrin in flaky-tail mice reduced SIRT1 expression (Nakai et al. 2012)
(Fig. 12.4), suggesting that SIRT1 and filaggrin form a positive feedback loop in
maintaining the availability of both proteins and thus skin barrier function. These
findings demonstrate a critical role of SIRT1 in the skin barrier function, which may
open up new opportunities to use SIRT1 as a pharmacological target for AD
prevention and therapy.

12.4.2 SIRT3 in Keratinocyte Differentiation and Stress
Response

Dysregulation in the balance of reactive oxygen species homeostasis may play a
role in keratinocyte differentiation. SIRT3 is a mitochondrial sirtuin deacetylase and
found to be a tumor suppressor (Chalkiadaki and Guarente 2015). A recent report
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has shown that SIRT3 suppresses the generation of mitochondrial reactive oxygen
species during keratinocyte differentiation (Bause et al. 2013) (Fig. 12.4). SIRT3
expression is down-regulated during keratinocyte differentiation, in parallel with an
increase in mitochondrial superoxide levels. Loss of SIRT3 in keratinocytes
increased superoxide levels and promoted the expression of differentiation markers,
whereas overexpression decreased superoxide levels and reduced the expression of
differentiation markers (Bause et al. 2013). In human cells with mitochondrial
dysfunction caused by a pathogenic mtDNA mutation, increased intracellular ROS
levels might modulate the expression of Sirt3, which deacetylates and activates the
mitochondrial enzyme F(o)F(1)ATPase (Wu et al. 2013). Therefore targeting
SIRT3 may help treat mitochondrial disorders. Ozone also decreases the levels of
SIRT3 (McCarthy et al. 2013). Ozone is an environmental pollutant that has
detrimental effects on human health. Understanding the role of SIRT3 in the epi-
dermal response to ozone can help prevent or treat skin diseases associated with
ozone exposure (Syed and Mukhtar 2013).

12.5 Conclusion and Future Perspectives

As summarized, in a wide range of experimental models, recent overwhelming
evidence has connected the role of sirtuins in stress response in associating with
skin cancer, aging, and skin barrier dysfunction. The sirtuin members have different
roles in response to genotoxic UV stress, oxidative stress, and metabolic stress at
the molecular, cellular and organismal levels. In the past decade multiple small
molecular modulators targeting SIRT1 have been discovered and tested in meta-
bolism stress response and cancer. There is growing interest in applying those small
molecule sirtuin modulators in skin diseases. However, specific small molecular
modulators for most of the sirtuin enzyme are still lacking or limited. Targeting
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Fig. 12.4 SIRT1 and SIRT3 regulate keratinocyte differentiation and stress response and SIRT1
is required for skin barrier integrity
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specific sirtuins is necessary to achieve the desired preventative or therapeutic needs
for a particular pathological condition. It is also critical to identify new regulatory
and functional roles of sirtuins in the skin and to expand our knowledge of the
functions of sirtuins in skin cancer, aging and barrier function. This may provide a
wealth of new preventive and therapeutic opportunities for skin cancer and
age-related or barrier-related diseases.
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Chapter 13
Cutaneous Opioid Receptors and Stress
Responses: Molecular Interactions
and Opportunities for Therapeutic
Intervention

Hanane Chajra

Abstract Opioid receptors (µ opioid receptor, δ opioid receptor, κ opioid receptor,
orphan opioid-like nociceptin receptor and opioid growth factor receptor) and their
endogenous ligands (β-endorphins, enkephalins, and dynorphins) are not only
expressed in central and peripheral nervous systems but also in others tissues
and especially in the skin. Indeed, recent studies on the complex cutaneous opioid
system involving several receptors and ligands (—endogenous or exogenous such
as morphine or naltrexone—) have shown that it is not only in charge of pain and
itching control sensations but also in wound healing phases (inflammation, pro-
liferation and maturation), skin homeostasis, and skin ageing. In this chapter,
published findings on the cutaneous opioid system concerning the treatment of skin
pain, itching, wound healing, homeostasis, and ageing will be discussed. Based on
the current knowledge of the cutaneous opioid system open opportunities for
medical and cosmetic applications will be suggested.

Keywords Skin � Opioid receptors � Delta opioid receptor � Kappa opioid
receptor � Mu opioid receptor � Zeta opioid receptor � Wound healing � Itching �
Ageing � Homeostasis

13.1 Introduction

The human skin is a complex and large organ covering the whole body. Skin is a
multi-layered tissue composed of a stratified and non-vascularized epithelium
called epidermis. The dermis, a vascularized connective tissue, is tucked away
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between the epidermis and the hypodermis. The skin contains also appendages
including hair follicles, sebaceous glands, and finally sweat glands penetrating
deeply into the hypodermis. Skin functions are critical for human being survival
(Roosterman et al. 2006). The skin is able to maintain local and systemic home-
ostasis in an autonomous manner by reacting to environmental changes induced by
biological, chemical, and physical factors. Skin, by a close communication with
central nervous system and its own organized and independent neuro-immuno-
endocrine system, ensures body homeostasis (Roosterman et al. 2006; Arck et al.
2006). This organized neuro-immuno-endocrine system is composed first of resi-
dent and circulating cells of the epidermis and dermis, hypodermis and adnexal
structures expressing receptors. Second, it is composed by circulating molecules in
stress and unstress situations such as neuro-transmitters, neuro-hormones, hor-
mones, and cytokines. Skin cells also produce hormones, and neuropeptides
(Slominski et al. 1998; Skobowiat et al. 2011; Slominski 2003). These molecules
are able to activate cutaneous sensory nerve endings that then alert the brain in
stress situation. In this chapter, it will be focused only on cutaneous opioids
receptors. In skin, five classes of opioid receptor (OR) have been identified: mu
(μ, MOR) (Bigliardi et al. 1998), delta (δ, DOR) (Salemi et al. 2005), kappa
(κ, KOR) (Salemi et al. 2005), orphan opioid-like nociceptin receptor (NOP) and
opioid growth factor receptor also called zeta receptor (ζ, OGFR) (Zagon et al.
2009). MOR, DOR and KOR receptors belong to the G protein- coupled receptor
family (GPCR) and are located on the cell membrane. ζ receptor (zeta) is located
on the nuclear membrane. The orphan receptor is less studied than others opioid
receptors. All opioid receptors have been found in keratinocytes (Neumann et al.
2015), fibroblasts, melanocytes, sebocytes, immune cells and cutaneous sensory
nerve ending (Tachibana and Nawa 2005). They are all capable of mediating the
effects of endogenous opioids. Endogenous opioids are peptides resulting from the
conversion of three prohormones called proenkephalins (pro-Leu-enkephalin and
pro-Met-enkephalin) (Nissen and Kragballe 1997; Hughes et al. 1997), prodynor-
phin and pro-opiomelanocortin. Proenkephalins (PENK) and proenkephalin derived
peptides (Met- and Leu-enkephalin) (Slominski et al. 2011) and their receptors
are expressed predominantly in the suprabasal layer of the epidermis (Neumann
et al. 2015; Chajra et al. 2015).

Exogenous opioids such as morphine are also known to interact with these
opioid receptors. Because signalling involving opioid receptors in skin can
also affect cell differentiation, cell proliferation (Immonen et al. 2014) and cell
migration process (Slominski 2003), it is rightful to assume that opioid receptors
are involved in the regulation of skin homeostasis in response to stresses (trauma,
irradiation, chemical irritation, insects bites, viral and bacterial insults). In this
chapter, the last findings related to opioid receptors in medical (wound healing,
itching, pain relief, inflammation) and cosmetic fields (skin ageing) will be dis-
cussed in detail.
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13.2 Opioid Receptors and Skin Sensations

13.2.1 Pain (Algesia)

Somatosensory neurons are involved in pain transduction and itch (or pruritus)
sensations facilitating our detection of threats coming from external insults (insects,
toxic plants or chemical irritants) or perturbation of skin homeostasis resulting of
physiological abnormalities. Acute pain sensation and limited itching act as dan-
ger signals, providing a protection to the body (Luo et al. 2015).

Unfortunately, a persistent pain followed or not by itching sensation is often
debilitating. First-line therapies for chronic pain include prescriptions for common
µ opioid receptor agonists such as morphine and its various derivatives (tramadol,
oxymorphone, tapentadol, oxycodone, hydrocodone, fentanyl, buprenorphine)
(Trescot et al. 2008). Most of these treatments are provided orally to the patient
with the exception of fentanyl and buprenorphine), delivered via transdermal route.
Fentanyl is an effective and well-tolerated µ opioid agonist drug (DuragesicTM)
administrated by transdermal route for the treatment of chronic pain caused
by malignant and non-malignant diseases in children and in adult (Kornick et al.
2003). Transdermal fentanyl is a useful drug for cancer patients who are unable to
swallow or have gastrointestinal issues. Transdermal fentanyl is indicated only for
patients who require continuous opioid administration for the treatment of chronic
pain that cannot be managed with other medications. Buprenorphine is a
lipid-soluble drug also used in the management of chronic pain in cancer and
non-cancer suffering patients. It is a partial agonist to μ-opioid receptors, an
antagonist to κ-opioid receptors, an agonist to δ-opioid receptors and a partial
agonist at ORL-1 (nociceptin) receptors. Several side effects associated with
buprenorphine use include headache, dizziness, somnolence, constipation, dry
mouth, nausea, vomiting, pruritus and erythema (Kitzmiller et al. 2015).
Transdermal buprenorphine as transdermal fentanyl has significant potential for
managing chronic pain. In addition to increased convenience and efficacy advan-
tages, they decrease tolerance. Compared with oral opioids, the advantages of
transdermal fentanyl include a lower incidence and impact of adverse effects (con-
stipation, nausea and vomiting), a higher degree of patient satisfaction, an improved
quality of life, an improved convenience and compliance resulting from adminis-
tration every 72 h, and finally a decreased use of rescue medication (Muijsers and
Wagstaff 2001). It has been shown that morphine topically applied at low dose on
two children suffering of epidermollysis bullosa (Watterson et al. 2004) induced a
decrease in pain sensation without the adverse effects provided by oral adminis-
tration. As described above, current treatment of chronic pain relies on the activation
of μ opioid receptors associated with side effects such as itching and scratching.
Though δ opioid agonists are described in scientific literature to be also potent
analgesics without induction of scratching (Trescot et al. 2008), there is no drug
approved on the market specifically covering this specific delta opioid receptor.
Some researchers are working on the combination of molecules having double
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activation µ and δ opioid receptors for pain control with less side-effect (Podolsky
et al. 2013). The anti-nociception molecular mechanism of opioids receptors
involved in analgesia is well described in literature (Jordan and Devi 1998).
Figure 13.1 is a summary of action of DOR and MOR agonists in pain control.

Interestingly, in contrast to animal studies, in human application, any tolerance
to opioids topically applied was recorded. These studies open the way to the
application of such therapeutic to other diseases involving pain such as burns, or
post-operative wounds (Stein and Kuchler 2013).

13.2.2 Itching

Persistent itching associated with scratching is frequently encountered in a variety
of inflammatory skin pathologies. Antihistamines and specifically histamine H1-
receptor blockers are commonly used as treatment for all types of persistent itching
resulting from renal and liver diseases, as well as from serious skin diseases such as
atopic dermatitis. Nevertheless, these antihistamines often lack efficacy in such
situations due to the fact that other receptors are involved in the itching process
such as opioid receptors, or thermoreceptors (Tominaga and Takamori 2014).

Fig. 13.1 Schematic representation of analgesia coupled or not with itching sensation after
activation of MOR (µ opioid receptor) or DOR (δ opioid receptor) by their respective agonists.
MOR agonist such as morphine induces analgesia with itch induction, whereas DOR agonist is
known to induce analgesia without itch induction
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In this review, we will focus only on opioid receptors and itching. Indeed, itching
is only mediated by µ opioid receptors (Ganesh and Maxwell 2007; Stander et al.
2002). In contrast to μ opioid agonists, κ opioid agonists and δ opioid agonists
inhibit scratching. Nalfurafine (κ opioid agonist) has been shown to inhibit
scratching in animal models (Schmelz 2009; Phan et al. 2012; Ko and Husbands
2009) and in patients suffering from uraemic pruritus. Nalfurafine is approved for
the treatment of chronic pruritus in Japan. Opioids act by the inhibition of the
release of inflammatory neuropeptides involved in itching such as substance P
(SP) and calcitonine gene related peptide (CGRP) (Stander et al. 2002). This
specificity is interesting as it has been shown that δ opioid receptors are not
involved in itching sensations and that κ opioid receptor is a target for limiting
itching, allowing their use in wound healing treatment or cosmetic indications such
as anti-ageing or pigmentation control. In fact, ageing and pigmentation are two
processes modulated by inflammation. Figure 13.2 is a summary of the mechanism
of action of opioid receptors in itching mediation or repression.

13.2.3 Inflammation

Cutaneous inflammation is a consequence of trauma, metabolic dysfunction (dia-
betes), genetic disease (psoriasis) or infection. Because classical (steroids and non-

Fig. 13.2 Schematic representation of itching induction or inhibition by opioid receptors (MOR,
DOR and KOR). MOR agonist induces itching sensation whereas MOR antagonist, DOR agonist
and KOR agonist inhibit itching sensation. The mechanism of itching inhibition is due to a
decrease in the release of neuropeptides such as CGRP and substance P
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steroidal anti-inflammatory drugs) and non-classical (inhibitors of janus kinases or
tumor necrosis factor) anti-inflammatory treatments currently used are either asso-
ciated with side effects (cushing syndrome, intestinal ulcers, cardiac disease or
potential tumor induction) or too expensive, the use of molecules interacting with
opioid receptors could be considered as a relevant alternative. Indeed, it has been
demonstrated that immune cells involving macrophages, lymphocytes and mono-
cytes express opioid peptides (pro-opiomelanocortin POMC and beta endorphin)
under inflammatory conditions (Busch-Dienstfertig and Stein 2010; Stein and
Kuchler 2012; Sharp 2006). Consequently, the use of opioids or inhibitor of opioids
degradation (Tominaga and Takamori 2014; Ganesh and Maxwell 2007) as potential
anti-inflammatory molecules could be promising alternatives in anti-inflammatory
drug discovery field (Stein and Kuchler 2013). Nevertheless, human studies
confirming that opioid peptides and receptors have powerful effects in anti-
inflammatory processes are lacking (Farley 2011; LeBon et al. 2009). Moreover,
chronic inflammation is often associated with pathologies and ageing (Tabas and
Glass 2013). As a consequence, targeting inflammation via opioid receptor activa-
tion could be very interesting as these receptors are also modulated with ageing.

13.3 Opioid Receptors and Cutaneous Tissue Wound
Healing

Usually, tissue injury is followed by the acute inflammatory phase, the proliferation
phase also called reepithelialisation phase, and the maturation phase. These 3 phases
encompass wound-healing process. It has been demonstrated in several animals’
studies that opioids topically applied on full thickness wound are able to help
the healing process at different steps. Table 13.1 summarises, the observed effects of
opioids topically applied on full thickness wound either in a normal or in a patho-
logical wound-healing situation. Opioid molecules most used in wound healing
animal studies were morphine and naltrexone (an exogenous antagonist ligand to μ
and ζ opioid receptor). Recently, Bigliardi et al. have tested an antagonist molecule
of the δ opioid receptor in normal and pathological wound mice model, naltrindole.
They conclude that topically applied naltrindole stimulates wound healing, with a
minimization of scarring. Likewise, the McLaughlin team has shown in non-diabetic
and diabetic rats an improvement of wound closure after topical application
of naltrexone. They confirmed an acceleration of re-epithelialization with less
contracture (McLaughlin et al. 2011).

Interestingly, topical application of opioids improved only two phases in the
wound healing process, the proliferative and maturation phases. In contrast, the
initiation phase of wound healing seems to be delayed by the use of opioids sug-
gesting that there is a specific time for their use in healing process. Chronic wounds
observed in psoriatic, or atopic dermatitis, or diabetic patents characterized by a
chronic impairment in wound healing process over express β endorphin,

270 H. Chajra



T
ab

le
13

.1
Su

m
m
ar
y
of

th
e
ro
le
s
de
sc
ri
be
d
in

lit
er
at
ur
e
fo
r
tw
o
op

io
id

m
ol
ec
ul
es

(m
or
ph

in
e
an
d
na
ltr
ex
on

e)
in

th
e
3
ph

as
es

of
th
e
w
ou

nd
he
al
in
g
pr
oc
es
s

W
ou

nd
he
al
in
g
ph

as
es

st
ud

ie
d
in

an
im

al
m
od

el
s
or

in
vi
tr
o

B
io
lo
gi
ca
l
ph

en
om

en
on

A
ct
io
n
of

op
io
id
s

R
ef
er
en
ce
s

In
fl
am

m
at
or
y
ph

as
e

In
fla
m
m
at
or
y
ce
lls

in
fi
ltr
at
io
n:

ne
ut
ro
ph

ils
,

m
on

oc
yt
es
,
eo
si
no

ph
ils
.

M
or
ph

in
e
do

se
-d
ep
en
de
nt
ly

re
du

ce
s
th
e

in
fi
ltr
at
io
n
of

ne
ut
ro
ph

ils
an
d
m
or
ph

in
e

de
cr
ea
se
s
lo
ca
l
cy
to
ki
ne
s
ex
pr
es
si
on

.

C
la
rk

et
al
.

(2
00

7)

Pr
o-
in
fla
m
m
at
or
y
ne
ur
op

ep
tid

es
se
cr
et
io
n

(s
ub

st
an
ce

P,
ta
ch
yk

in
in
,
ne
ur
ok

in
in

A
re
le
as
e)

an
d
m
od

ul
at
io
n
of

ne
ur
ok

in
in

re
ce
pt
or
.

M
or
ph

in
e
in
hi
bi
ts
th
e
pe
ri
ph

er
al

re
le
as
e
of

ne
ur
op

ep
tid

es
.

M
or
ph

in
e
al
te
rs

ne
ur
ok

in
in

re
ce
pt
or

ex
pr
es
si
on

.

R
oo

k
an
d

M
cC

ar
so
n

(2
00

7,
20

08
,

20
09

)

Pr
ol
if
er
at
iv
e

ph
as
e/
re
ep
ith

el
ia
lis
at
io
n/
gr
an
ul
at
io
n

tis
su
e
fo
rm

at
io
n

K
er
at
in
oc
yt
e
m
ig
ra
tio

n
an
d
pr
ol
if
er
at
io
n

M
or
ph

in
e
st
im

ul
at
es

ke
ra
tin

oc
yt
es

m
ig
ra
tio

n
an
d
ep
ith

el
ia
liz
at
io
n.

D
al
ar
gi
n
(O

pi
oi
d
pe
pt
id
e)

in
cr
ea
se
s

ep
ith

el
ia
liz
at
io
n.

B
ig
lia
rd
i-
Q
i

an
d
B
ig
lia
rd
i

(2
01

5)
Sh

ek
ht
er

et
al
.

(1
98

8)
K
uc
hl
er

et
al
.

(2
01

0)

C
ol
la
ge
n
sy
nt
he
si
s

M
or
ph

in
e
en
ha
nc
es

co
lla
ge
n
sy
nt
he
si
s.

N
al
tr
ex
on

e
en
ha
nc
es

co
lla
ge
n
fo
rm

at
io
n
an
d

m
at
ur
at
io
n.

Im
m
on

en
et

al
.

(2
01

3)
C
ha
ng

et
al
.

(2
01

0)
Sh

ek
ht
er

et
al
.

(1
98

8)

A
ng

io
ge
ne
si
s

N
al
tr
ex
on

e
st
im

ul
at
es

an
gi
og

en
es
is
.

Sh
ek
te
r
et

al
.

(1
98

8)

Fi
br
ob

la
st
s
m
ig
ra
tio

n,
pr
ol
if
er
at
io
n

N
al
tr
ex
on

e
st
im

ul
at
es

fi
br
ob

la
st
s
m
ig
ra
tio

n.
Im

m
on

en
et

al
.

(2
01

4) (c
on

tin
ue
d)

13 Cutaneous Opioid Receptors and Stress Responses 271



T
ab

le
13

.1
(c
on

tin
ue
d)

W
ou

nd
he
al
in
g
ph

as
es

st
ud

ie
d
in

an
im

al
m
od

el
s
or

in
vi
tr
o

B
io
lo
gi
ca
l
ph

en
om

en
on

A
ct
io
n
of

op
io
id
s

R
ef
er
en
ce
s

N
al
tr
in
do

le
st
im

ul
at
es

fi
br
ob

la
st
m
ig
ra
tio

n
in

vi
tr
o

B
ig
lia
rd
i-
Q
i

an
d
B
ig
lia
rd
i

(2
01

5)
Sh

ek
ht
er

et
al
.

(1
98

8)

FG
F-
2
an
d
FG

F-
7

N
al
tr
ex
on

e
in
cr
ea
se
s
ex
pr
es
si
on

of
FG

F-
2.

M
cL

au
gh

lin
et

al
.
(2
01

3)

M
at
ur
at
io
n

Fi
br
ob

la
st
s/
M
yo

fi
br
ob

la
st
s

N
al
tr
ex
on

e
in
cr
ea
se
s
m
yo
fi
br
ob

la
ts
ce
lls
.

R
oo

k
et

al
.

(2
00

8)
M
cL

au
gh

lin
et

al
.
(2
01

3)

272 H. Chajra



met-enkephalin and under-express µ opioid receptors (Bigliardi et al. 2003, 2009;
Bigliardi-Qi et al. 2006). These observations are complementary to those describing
an impairment of wound closure process observed in knock out mice model for δ
and κ opioid receptors (Bigliardi-Qi et al. 2006; Neuman et al. 2015). Stimulation of
keratinocytes migration by opioids from endogenous (Bigliardi et al. 2002, 2009;
Bigliardi-Qi and Bigliardi 2015) or exogenous origins (Wolf et al. 2009; Charbaji
et al. 2012) was reported in several studies, confirming this healing property.
Moreover, it has been shown on fibroblasts cultured in vitro using wound scratching
assay, a faster migration in presence of the DOR antagonist (naltrindole), and no
effect with the agonist SNC80 (Bigliardi-Qi and Bigliardi 2015). These data suggest
that there is an interaction between antagonist and agonist in the regulation of opioid
receptors activities. These results suggest that selective antagonists of these
receptors are promising targets to help wound healing process (Fig. 13.3).

The ζ opioid receptor is also an interesting target in wound healing strategies.
Indeed, this receptor is directly connected to cell growth control by the regulation of
p16 and p21 genes expression. The activation of this pathway stops the cell cycle
by an active negative feedback (Fig. 13.4) and an up regulation of this receptor
delays the wound healing process (McLaughlin et al. 2012). Naltrexone is an
antagonist for ζ opioid receptor: inhibits the activation of opioid growth factor

Fig. 13.3 Mechanism of action of antagonist molecules to opioid receptors in normal and
pathological wound healing process. DOR antagonists help the wound healing process by
increasing fibroblast migration, and no other effect has been demonstrated to date. MOR and
OGFR antagonists induce fibroblast migration, epidermis re-epithelialization, promote vascular-
ization and collagen synthesis. It is important to underline, when thinking about skin care, that all
antagonists improve the aesthetic quality of the wound with fewer scars
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(OGF)-OGF receptor (OGFR) pathway (McLaughlin et al. 2011; McLaughlin and
Zagon 2015), thus allowing the cell proliferation needed to repair the tissue.

All these data confirm the involvement of µ, κ, δ delta and ζ opioid receptors
and their specific ligands in normal and abnormal wound healing process at dif-
ferent steps, revealing their promising use in wound healing therapies. In contrast,
in hypertrophic scars, the over-expression of all opioid receptors was noticed
(Cheng et al. 2008, 2011).

13.4 Opioid Receptors and Skin Homeostasis

The epidermis is a biological and physical barrier involved in the maintenance of
skin homeostasis (Feingold and Elias 2014). Epidermis reacts to various external or
internal insults such as ultraviolet irradiation, pollution, chemicals, infection,
inflammation by more and more described system involving opioid receptors and
their specific endogenous ligands (Slominski and Wortsman 2000; Slominski et al.
2012). The control of epidermis thickness by opioids receptors was demonstrated on
knock-out animal models for µ, κ and δ opioid receptors (Bigliardi-Qi et al. 2007).
We have published results showing for the first time, on inflammatory human
reconstructed epidermises, a down regulation of δ opioid receptors, associated
with epidermis barrier function deficiencies (Chajra et al. 2015). Interestingly the
level of κ opioid receptor and its ligand dynorphin A were decreased in psoriatic
epidermis in comparison to healthy skin (Taneda et al. 2011). Psoriatic skin is an
inflammatory skin with known barrier function deficiencies. Under inflammatory
conditions, beta-endorphin expression (endogenous ligand to µ opioid receptor,

Fig. 13.4 Schematic representation of OGF/OGFR pathway: Once OGFR activated by its agonist
OGF or [Met5] enkephalin, the cell proliferation is decrease due to expression of p16 and p21
factors. In contrast, OGFR antagonist such as naltrexone competes with OGF molecule blocking
this activation pathway, allowing cell proliferation
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Glinski et al. 1994) was increased leading to down regulation of µ opioid receptor
associated with an increase of cytokeratin 16 expression a marker of psoriatic dif-
ferentiation (Bigliardi-Qi et al. 2000). The down regulation of µ opioid receptor
seen in this work is probably also due to oct-1 expression (Wei and Loh 2011).
Beta-endorphin is produced in epidermis but also in dermis after a stress such as
UVB irradiation (Skobowiat et al. 2013). Proenkephalin (PENK, endogenous ligand
of δ opioid receptor) was also stimulated under UV irradiation (Slominski et al.
2011). Proenkephalin is required, for apoptosis induction, in response to activation
or over-expression of p53 and nuclear factor κ B (NF-κB). The apoptosis is a
necessary mechanism for the maintenance of epidermis homeostasis and to trigger
an anti-tumor response (McTavish et al. 2007). Morphine gets also a potent cyto-
protective effects for oral epithelial cells against irradiation. So it could be possible
to extend this property to other opioids ligands. Our findings demonstrate also that
RubixylTM (δ opioid agonist) topically applied on inflammatory epidermis maintains
the expression of δ opioid receptor (or blocks its internalization) (Chajra et al. 2015).
They also show that it restores barrier function by the stimulation of epidermis
differentiation markers. Expression of δ opioid receptor is up-regulated either by
an agonist such as RubixylTM or SNC-80 or by antagonist such as naltrindole
(Bigliardi team’s patent). McLaughlin and Zagon (2012) introduced the principle of
a local axis of opioid growth factor OGF receptor (Fig. 13.4), acting also as a
homeostatic regulator of the epidermis. Proliferation and differentiation of ker-
atinocytes required in maintenance of epidermis homeostasis are tightly regulated by
cellular transcription factors, including activator protein-1 (AP-1), nuclear factor-κB
proteins and POU (Pit-Oct-Unc) transcription factors. Three POU transcription
factors (Oct-1, Oct-6, and Skn-1a) are expressed in the epidermis. Wei and Loh
(2002, 2011) demonstrated that opioid receptors are transcriptionally regulated by
proliferation and differentiation factors. For example, oct-1 down- regulates MOR
expression and AP-1 induces DOR expression, confirming its major role in cell
differentiation. c-Myc (a transcription factor coded by Myc gene) induces KOR
expression, whereas nuclear factor-κB induces MOR and DOR expression (Wei
and Loh 2011). Interestingly, it has been demonstrated that an agonist of δ opioid
receptor down regulates also skn-1a expression (Skn-1a also known as POU2F3),
helping the differentiation process as confirmed by keratin 10 expression. δ opioid
receptors modulate also keratinocyte proliferation and differentiation (Neumann
et al. 2015) via the activation of mitogen-activated protein kinase (MAPK) path-
way. It was found that Skn-1a was over-expressed in psoriasis skin in comparison to
normal skin, justifying the undifferentiated and proliferative phenotypes observed in
psoriatic keratinocytes (Takemoto et al. 2010). In cell such as macrophages,
monocytes, fibroblasts, keratinocytes, opioid receptors involved also MAPK path-
way ERK1/2 (Neumann et al. 2015; Jordan et al. 2000) or Phospholipase C path-
ways (Moore et al. 2007; Zollner and Stein 2007). Once activated MAPK pathway
ERK1/2 in turn activates several proteins such as c-fos, c-jun, c-myc, or stat3.
ERK1/2 is able to modulate cell proliferation or differentiation (Sharp 2006).
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In conclusion, µ, δ, and κ opioids receptors expression is modulated by
transcription factors expressed in normal or in pathologic conditions (such as AP-1,
nuclear factor-κB, c-Myc). Finally, all opioids receptors (µ, δ, κ and ζ) are crucial
in the control of skin homeostasis in normal or pathological conditions because they
are either directly regulated by major transcription factors or because they regulate
also major cell signalling pathways.

13.5 Opioid Receptors and Skin Ageing

Opioid receptors and especially δ opioid receptors could be beneficial targets in
anti-ageing strategies for skin cosmetic purposes. Indeed, it has been demonstrated
that a negative correlation exists between signs of aging (aged spots, wrinkles) and
DOR expression, with in particular DOR mRNA expression being decreased in
intrinsic ageing. It has been shown in vitro that melanocytes are impacted by DOR
modulation. Furthermore, an agonist of δ opioid receptor, naltrindole, upregulates
mRNA DOR expression. The interest of δ opioid ligand in skin anti-ageing cos-
metic field was confirmed by our research (Chajra et al. 2015) done in a double
blind clinical study performed on human volunteers showing clinical signs of
ageing (periocular and perilabial wrinkles). It is concluded that RubixylTM induces
a significant decrease in wrinkle depth. It must nevertheless be underlined
that RubixylTM is an agonist, whereas naltrindole is an antagonist for δ opioid
receptors. Both ligands have positive effects in anti-ageing strategies but the
mechanism underlying their efficacy is not clear. RubixylTM probably acts by
inhibiting the internalization of DOR whereas naltrindole acts by increasing DOR
expression.

13.6 Conclusion

This chapter demonstrates that all cutaneous opioid receptors (δ, κ, µ and ζ) are
involved in many biological situations such as skin sensations (pain, itching, and
inflammation), wound healing, skin homeostasis and skin ageing. This review
shows that opioid receptors ligands are very promising molecules for cosmetic or
medical applications. Nevertheless, the ideal molecule doesn’t exist and probably
the need of a combination of opioid receptors ligands (agonist and antagonists)
could be the best solution. The future development of efficient cosmetic or medical
treatment should be based on the understanding of the molecular mechanism of
action of each opioid receptor associated either with its agonist or antagonist ligand,
and triggering fewer drawbacks such as scratching.
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Chapter 14
Regulation of Cutaneous Stress Response
Pathways by the Circadian Clock: From
Molecular Pathways to Therapeutic
Opportunities

Elyse van Spyk, Milton Greenberg, Faraj Mourad and Bogi Andersen

Abstract The skin is a protective barrier that defends against harmful environ-
mental stressors such as solar radiation, chemical toxins, and pathogenic microbes.
Our environment is highly dynamic, with robust time-of-day dependent fluctuations
in temperature, solar radiation, and probability of injury and infections. In addition,
oxidative metabolism and cell-cycle progression in epidermal stem cells show
prominent diurnal rhythms. Accumulating evidence suggests that the skin’s circa-
dian clock optimizes its physiology to meet the demands of this changing envi-
ronment. The responsiveness of the skin to external stressors such as UVB radiation
from the sun, and toxic pollutants, is regulated in a circadian manner on multiple
levels. Furthermore, the robustness of inflammatory responses following injury,
infections, exposure to allergens, pollutants, and drugs is dependent on the time of
day in which exposure occurs. The diurnal variation in the responsiveness to
external stressors may be important for skin integrity and organismal health. We
speculate that such circadian gating may be important as constitutively high acti-
vation of stress response pathways could be deleterious for health; for example
constant high activity of the immune system could contribute to the development of
autoimmune diseases.
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14.1 The Circadian Clock and the Skin Stress Response

As a forefront barrier between us and the environment, the skin is exposed to
externally-derived insults, including ultraviolet B (UVB) radiation, toxic chemicals,
and pathogenic microbes. Within epidermal stem and progenitor cells, desyn-
chronization of oxidative/reductive metabolism and cellular division may facilitate
genomic damage, apoptosis and proteolysis, resulting in skin ageing and/or cancer
(Sancar et al. 2015; Plikus et al. 2015; Wilking et al. 2013; Stringari et al. 2015;
Pluquet et al. 2014). These external insults and perturbations in homeostasis acti-
vate the skin’s stress response pathways, triggering diverse activities such as DNA
damage repair, reactive oxygen species (ROS) extermination, and immune modu-
lation (Valacchi et al. 2012).

The body-autonomous circadian clock harmonizes an organism’s physiology
with the daily light/dark cycle caused by the earth’s rotation. Numerous physio-
logical processes, including organismal metabolism and the sleep-wake cycle, are
directly or indirectly regulated by an organism’s circadian rhythm. The clock is an
evolutionarily conserved mechanism—all phyla possess an internal clock with a
period of approximately 24 h—indicating that the clock optimizes fitness and sur-
vival. While earlier studies assumed that the circadian clock was a property of the
suprachiasmatic nucleus (SCN) only, work in the 1990s showed that most, if not all,
cells of the body have active clocks (reviewed in Mohawk et al. 2012; Dibner et al.
2010). Consistent with this idea, more recent work has demonstrated the existence of
a skin circadian clock (Lin et al. 2009; Tanioka et al. 2009) with important roles in
skin biology (reviewed in Plikus et al. 2015). In addition to functional experiments
in genetically modified mice, epidemiological research has illustrated the importance
of the circadian clock in promoting human fitness. Disturbed circadian rhythms
caused by abnormal lighting schedules, sleep deprivation, and aberrant feeding times
are thought to promote maladaptation and pathologies ranging from cancer to
metabolic diseases, as well as early ageing (Sancar et al. 2015; Pluquet et al. 2014;
Wilking et al. 2013; Kondratov et al. 2006; Sigurdardottir et al. 2012; Armstrong
et al. 2013; Lengyel et al. 2013; Libert et al. 2012).

Exposure to many external insults, including solar radiation and endogenous
cellular stresses, is highly diurnal. Therefore, it is reasonable to propose a stress
response role for the circadian clock, an ancient system that has evolved to better
adapt to environmental changes over the day. In this chapter we will highlight
studies supporting this notion. While there is strong evidence supporting the role of
the circadian clock in modulating certain stress response pathways in the skin, the
clock’s involvement in other stress-activated pathways is more speculative. In
addition to outlining this evidence, we also discuss therapeutic implications of the
skin circadian clock, and how dysregulation of clock mechanisms through altered
sleep, eating and/or light exposure may impair the skin’s capacity to cope with
external stressors.
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14.2 Structure of the Skin

In the skin, several different cell types cooperate to maintain homeostasis in the face
of an ever-changing environment and external stressors. The epidermis, the surface
epithelium of the skin, is separated from the underlying dermis by a basement
membrane (Fig. 14.1). At the base of the epidermis, epidermal progenitor/stem cells
divide and give rise to post-mitotic keratinocytes which migrate upwards as they
differentiate and start expressing structural proteins, adhesion molecules, and
lipid-producing enzymes, all required for the formation of an effective epidermal
barrier. At the top of the epidermis, these cells lose their nucleus, forming the
outermost layer of the epidermis, the stratum corneum, a layer of cells with heavily
crosslinked protein/lipid structure sealed with lipids. The epidermis also contains
melanocytes that transfer melanin to keratinocytes, an important mechanism
countering UVB-induced DNA damage.

Below the epidermis resides the dermis, composed mainly of fibroblasts, adipo-
cytes, and leukocytes. Fibroblasts secrete extracellular matrix components that
support the tensile strength of the skin, while adipocytes store energy and leukocytes
contribute to pathogen clearance; leukocytes will be discussed later in the chapter.
The dermis is divided into two layers, the papillary layer abutting the epidermis, and
the reticular layer residing deeper under the papillary layer. Epidermal appendages
extending into the dermis include hair follicles, sebaceous glands, and sweat glands.
In addition, the dermis is richly innervated and vascularized.

The skin contains numerous hematopoietic cell types that contribute to inflam-
matory responses and the barrier role of the skin (Pasparakis et al. 2014). Under
homeostasis, Langerhans cells (LC) in the epidermis sample pathogens in the
environment through dendritic projections, and epidermal T cells help maintain
epithelial integrity, and protect against the development of cutaneous malignancies
(Girardi et al. 2001; Sumaria et al. 2011). Upon skin infection or damage, both LCs
and dermal dendritic cells (DDCs) phagocytose and present antigens to T cells,
enabling adaptive immune responses. In addition, the skin’s microbiome compo-
sition is highly complex and dynamic. Changes in signals from the skin commensal
microorganisms remodel the skin immune landscape with potential implications for
skin immunity and pathologies (Naik et al. 2015). While the microbiome compo-
sition is known to vary in a circadian manner in the gut epithelium (Zarrinpar et al.
2014), diurnal variations in microbial populations in the skin and their effects on
host defense, homeostasis, and chronic disease have not been extensively explored.

14.3 The Circadian Clock

14.3.1 The Circadian Clock at an Organismal Level

The circadian clock, a cell-intrinsic transcriptional network that is present in most,
if not all, cells of the body, coordinates the organism’s physiology with the
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day-night cycle. In vertebrates, the central circadian clock is located in the SCN of
the hypothalamus. While this clock is highly autonomous, its phase is primarily set
by light input that activates ganglionic cells in the retina, which in turn send signals
through the retinohypothalamic tract (RHT) to the SCN. The SCN, composed of
15–20,000 neurons, acts as the central pacemaker by synchronizing the clocks in
peripheral organs, presumably through neuronal and hormonal pathways (Reppert
and Weaver 2002) (Fig. 14.1). Light input signaling to the SCN is not the only
stimulus that can entrain the peripheral clocks as physical activity, timing of food
intake, and the metabolic state have been shown to affect the rhythm of the cir-
cadian clock in the peripheral organs independent of the rhythm produced by the
SCN (Brown et al. 2002; Dibner et al. 2010). Work in recent years has established a
role for peripheral clocks in most organs where about 10–20 % of the genome
exhibits diurnal change in expression. The diurnal transcriptome in each organ is
relatively unique and often composed of genes that confer functions prototypical for
each organ (Mohawk et al. 2012; Geyfman et al. 2012).

14.3.2 Molecular Mechanism of the Clock

The molecular clock is driven by the rhythmic transcriptional activity of two tran-
scription factors, Circadian Locomotor Output Cycles Kaput (CLOCK) and Brain and
Muscle Arylhydrocarbon Receptor Nuclear Translocator-Like 1 (BMAL1). CLOCK

Fig. 14.1 Organization of
the skin circadian clock. Light
input is received in the
ganglion neurons in the retina,
and signals are sent to the
suprachiasmatic
nucleus (SCN) in the
hypothalamus via the
retinohypothalamic tract
(RHT). The SCN then
transmits signals through
neuronal efferents and
hormonal pathways to other
organ of the body, including
the skin. These SCN-derived
signals coordinate the
circadian phase of different
cell types in the skin

284 E. van Spyk et al.



and BMAL1 form a heterodimer via their respective PAS domains and bind to E-box
sequences in gene promoters, activating the expression of clock-controlled genes
(CCGs) (reviewed in Buhr and Takahashi 2013; Mohawk et al. 2012). Among the
CCGs, are genes encoding repressors of the CLOCK:BMAL1 complex, including
Period 1, Period 2, Period 3 (PER1/2/3), Cryptochrome 1 and Cryptochrome 2
(CRY1/2). PER1/2/3 and CRY1/2 accumulate in the cytoplasm and then return to the
nucleus to form heterodimers that inhibit the activity of CLOCK:BMAL1 on E boxes
in the promoters of target genes, thus inhibiting their own expression. The duration of
this loop of CLOCK:BMAL1-mediated transcriptional activation followed by inhi-
bition by PER1/2/3:CRY1/2 heterodimers is approximately 24 h, resulting in the
rhythmic expression of CCGs. This rhythmicity is further sustained by an auxiliary
loop whereby CCGs RORa/ß/c and REV-ERBa activate and inhibit, respectively,
Bmal1 gene expression (Preitner et al. 2002) (Fig. 14.2). In addition, post-
transcriptional mechanisms controlling the stability of clock proteins play important
roles in the circadian clock; for a more thorough review, see (Mohawk et al. 2012).

14.3.3 The Circadian Clock in the Skin

Like other peripheral organs, the skin possesses an intrinsic circadian clock that is
entrained by signals originating from the core clock in the SCN (Lin et al. 2009;
Tanioka et al. 2009; Geyfman et al. 2012; Plikus et al. 2013). Based on studies in
other organs, it has been assumed that the skin clock in mice develops rhythmicity

Fig. 14.2 The molecular mechanism of the clock. CLOCK and BMAL1 form a heterodimer that
initiates transcription of multiple genes through binding to E-box sequences in target gene
promoters. An autoregulatory feedback loop is created, as BMAL1 and CLOCK promote the
transcription of their own inhibitors (Per1/2/3 and Cry1/2). Furthermore, CLOCK:BMAL1
promotes the transcription of RORa and REV-ERBa which induce and repress, respectively,
BMAL1 expression. Other CLOCK:BMAL1 target genes encode for critical functions in peripheral
organs, including genes regulating the response to stressors. CCGs, Clock-controlled genes
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within the first month of life (Sladek et al. 2004; Ansari et al. 2009). While the skin
clock maintains rhythmicity in the absence of light input, the rhythms depend on an
intact SCN (Tanioka et al. 2009). How the SCN transmits its signals to the skin
clock has not been established although it is assumed that both hormonal and
neuronal signals are important. The circadian clock seems to be active throughout
the skin, but particularly robust clock output has been noted in quiescent bulge stem
cells, the hair matrix, the dermal papillae, the interfollicular epidermis, and the
secondary hair germ (Lin et al. 2009; Plikus et al. 2013; Janich et al. 2011). The
circadian clock in the skin is important for skin physiology; Bmal1-deleted
(Bmal1−/−) mice have many skin-related pathologies including delayed wound
healing (Kowalska et al. 2013), cellular senescence (Kondratov et al. 2006; Khapre
et al. 2011), and delayed hair regrowth (Kondratov et al. 2006).

14.4 Role of the Circadian Clock in the Skin’s Response
to Endogenous and External Stressors

14.4.1 Circadian Regulation of Cellular Metabolism
and the Cell Cycle

Skin, similar to gastrointestinal epithelium and bone marrow, requires high levels of
progenitor cell proliferation for its maintenance. In mice, the fraction of epidermal
progenitors in S-phase is higher during the night than during the day; this is opposite
to the phase in human skin, which exhibits peak S-phase during the day (Brown
1991; Clausen et al. 1979; Geyfman et al. 2012; reviewed in Bjarnason and Jordan
2002). The rhythmic cell proliferation is controlled by the circadian clock as cir-
cadian knockout mice have a constant fraction of epidermal progenitor cells in
S-phase over the day (Geyfman et al. 2012; Plikus et al. 2013; Gaddameedhi et al.
2011). While the function of the prominent diurnal variation in cellular proliferation
remains unknown, it is proposed that the circadian clock may have evolved to
coordinate the phases of different cellular processes (Jouffe et al. 2013; Geyfman
et al. 2012; Panda et al. 2002; Gillette and Sejnowski 2005). For epidermal stem
cells, the clock’s function may be to synchronize the cell cycle with intermediary
metabolism, thus minimizing cellular damage from ROS created through oxidative
phosphorylation (Stringari et al. 2015). This idea is supported by a recent study in
which diurnal metabolic oscillations in the ratio of bound to free NADH (indicative
of the balance between oxidative phosphorylation and glycolysis) in stem cells of the
interfollicular epidermis were measured by fluorescence lifetime imaging (Stringari
et al. 2015). It was found that oxidative phosphorylation was anti-phasic to the
rhythm of S-phase, and that diurnal metabolic oscillations and rhythms of prolif-
eration in skin progenitors were abolished, becoming constitutively upregulated in
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the absence of the clock. These findings are corroborated by previous studies in
Bmal1−/− mice showing that they have elevated levels of ROS (Stringari et al. 2015;
Geyfman et al. 2012). High ROS levels present during S-phase might contribute to
the deleterious phenotypes seen in circadian knockout mice including reduced
lifespans (Libert et al. 2012) and various symptoms of premature aging (Kowalska
et al. 2013; Kondratov et al. 2006; Khapre et al. 2011). The involvement of elevated
ROS in the premature aging phenotypes of Bmal1−/− mice is supported by a study
showing that antioxidants could assuage the age-dependent weight loss and devel-
opment of cataracts typically seen in Bmal1−/− mice (Kondratov et al. 2009).
Interestingly, some of the aging phenotypes in Bmal1−/− mice, including the hair
regrowth defect, require Bmal1 to be ablated early in development before the clock
machinery has matured, suggesting a potential non-circadian role of BMAL1 during
development (Yang et al. 2016).

Apart from its detrimental effects, ROS also function as signaling molecules that
regulate biological activities (Finkel 2011). ROS are implicated in regulating nor-
mal homeostatic maintenance in other stem cell niches (Le Belle et al. 2011). The
question as to whether these signaling functions of ROS are regulated by the clock
in epidermal progenitor cells remains unanswered.

14.4.2 Circadian Clock Control of the Unfolded Protein
Response

In response to stressful conditions such as wounding, infections, UV exposure,
hypoxia, nutrient deprivation and ROS accumulation, cells upregulate proteins that
help prevent the accumulation of misfolded proteins in the endoplasmic reticulum;
this response is called the Unfolded Protein Response (UPR). For example, the
UPR is activated in proliferating fibroblasts during wound healing (Matsuzaki et al.
2015). Although the UPR is most commonly thought of as a response to pertur-
bation, it is activated in differentiating keratinocytes of the skin in the most dif-
ferentiated layers of the epidermis (Sugiura 2013). Interestingly, in mouse skin,
several mRNAs encoding UPR-associated proteins oscillate diurnally, with most of
them exhibiting peak expression in the late night/early morning (Fig. 14.3a). One of
these genes, HERPUD1 is affected in Bmal1−/− mice. Although no studies to date
have investigated the functional significance of the diurnal expression of compo-
nents of the UPR in the skin, studies in the liver have shown that circadian UPR
activation is coordinated with the timing of maximum protein secretion in mouse
liver (Cretenet et al. 2010; Mauvoisin et al. 2014). Moreover, Cry1−/−; Cry2−/−

mice exhibit dysregulation of endoplasmic reticulum-resident enzymes and per-
turbed lipid metabolism (Cretenet et al. 2010), suggesting a direct clock role in
modulating the UPR in the liver. The potential role of the circadian clock in
modulating the UPR in the skin is unknown and merits further investigation.
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14.4.3 Response to Wounding

The skin has evolved highly effective regenerative mechanisms to close wound
defects. The review of wound healing is beyond the scope of this chapter but suffice
to say, complicated signaling networks that are activated in response to wounding
promote closure of the wound through enhanced migration and proliferation of
fibroblasts and keratinocytes. In addition, polarizing immune cells are recruited to
the wound to clear up debris and kill off intruding microbes. Studies suggest that the
clock facilitates proper wound healing as evidenced by less epithelial coverage and
decreased fibroblast proliferation after wounding in Bmal1−/− mice (Kowalska et al.

Fig. 14.3 Circadian expression of stress response pathways in the skin. Heat maps showing the
expression of genes in the skin over 2 days based on previously published whole skin microarrays
performed in mice (Geyfman et al. 2012). The MSigDB database was used to identify significantly
enriched stress response pathways. Shown are diurnal genes associated with unfolded protein
response (a), hypoxia response (b), UV response (c), and xenobiotic response (d). Asterisks
indicate genes whose expression is significantly different in the skin of Bmal1−/− versus wildtype
mice (Geyfman et al. 2012), suggesting the possibility of direct clock regulation
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2013). It is possible that healing defects observed in Bmal1−/− mice are at least
partially related to the dampened ability of Bmal1−/− keratinocytes to respond to
pro-proliferative signals in older mice (Janich et al. 2011).

The microenvironment of wounded tissues is hypoxic and has impaired nutrient
supply due to vascular perturbation and high oxygen utilization by cells at the
wound edge (Pai and Hunt 1972). Hypoxia induces the expression of heat shock
proteins, which facilitate epithelial cell migration, thus contributing to
re-epithelialization. The mRNA levels for heat shock proteins (Hsp90 and Hsp70),
as well as several other proteins involved in the response to hypoxia, exhibit diurnal
expression rhythms in mouse skin under homeostasis (Fig. 14.3b).

14.4.4 UVB- and c-Irradiation-Induced DNA Damage

Intricately linked to the cell cycle, the susceptibility to UVB-induced DNA damage
in mouse skin exhibits a diurnal rhythm. UVB-induced DNA damage in the form of
(6-4) photoproducts and cyclobutane pyrimidine dimers is greater when UVB is
applied at night compared to the day. This effect may be explained at least in part by
the diurnal expression of a rate-limiting protein essential for the nucleotide excision
repair pathway, Xeroderma pigmentosum complementation group A (XPA)
(Cleaver 1968), which is lowly expressed in mouse skin during the night compared
to day. The stage of the cell cycle may also contribute to this effect, as DNA is most
vulnerable to damage during the S-phase of the cell cycle (Pantazis 1980), which
also peaks during the night in epidermal progenitors (Geyfman et al. 2012).
Recently, other physiological aspects of the mouse skins’ response to UVB-induced
damage, including sunburn apoptosis, inflammatory cytokine production, and
erythema were found to be time-of-day dependent, with maximal response induced
by UVB exposure at night (Gaddameedhi et al. 2015). Most strikingly, the same
group found that UVB-induced squamous cell carcinomas accrue more rapidly in
mice exposed to UVB at night (Gaddameedhi et al. 2011). Notably, in mouse skin
under homeostasis, multiple mRNAs encoding proteins in the “response to UV”
gene set exhibit diurnal oscillations, suggesting the possibility that other genes play
a role in the diurnal UVB response (Fig. 14.3c). These findings are all in nocturnal
mice, which have opposite phase of the circadian clock compared to diurnal
humans where the maximum sensitivity to UVB-induced DNA epidermal damage
may be during the day, the time of maximum solar exposure (Geyfman et al. 2012;
Gaddameedhi et al. 2011).

Studies have shown that cells in the M phase are most susceptible to
c-irradiation-induced DNA damage (Sinclair and Morton 1965; Terasima and
Tolmach 1961). Consistent with this fact, c-irradiation causes more extensive hair
loss when applied to skin during the early morning versus in the afternoon (Plikus
et al. 2013). Cry1−/−; Cry2−/− mice, which are arrhythmic, exhibit similar and
enhanced levels of hair loss in response to c-irradiation regardless of time of day,
implicating a role for the circadian clock in this process (Plikus et al. 2013).

14 Cutaneous Stress and the Circadian Clock 289



Together, these studies support a role for the circadian clock in modulating the
epidermal response to exogenous stressors in the form of UVB- and c-irradiation
radiation.

14.4.5 Antioxidant Defense

The skin possesses an intricate network of antioxidant mechanisms poised to
assuage oxidant stress caused by exposure to solar radiation, chemicals, inflam-
mation, and endogenous metabolic processes. Antioxidant systems in the skin
include proteins that protect against ROS, such as catalase (CAT), glutathione
peroxidase (GPx), and superoxide dismutase (SOD), as well as antioxidants like
vitamins A, C, and E, melatonin, and glutathione (GSH). Many of these compo-
nents exhibit diurnal rhythmicity throughout the body. For example, Melatonin,
most well known for its role as a primary circadian effector hormone, is also a
potent ROS- and NOS-scavenger. The structure of melatonin allows it to neutralize
many forms of radicals such as H2O2,

�OH, singlet oxygen (1O2), superoxide anion
(�O2

−), peroxynitrite anion (ONOO−) and peroxyl radical (LOO�) (Tan et al. 2002).
The neutralization of these oxidizing molecules is especially important for skin
health due to the epidermis’ high rate of cell proliferation, which correlates with its
propensity to become cancerous (Tomasetti and Vogelstein 2015). Apart from its
direct actions, melatonin also works in the skin by inhibiting the depletion of
antioxidant enzymes including CAT, GPx, and SODs after UV radiation-mediated
photodamage (Fischer et al. 2013).

Another mechanism by which the skin and other organs fight the accumulation
of harmful free radicals is through the action of SODs, which catalyze the dis-
mutation of O2

− into O2 and H2O2. SODs are integral to skin homeostasis, as
heterozygous deletion of SOD2 results in an “immune-ageing” phenotype, with
enhanced T cell-mediated contact hypersensitivity (Scheurmann et al. 2014) as well
as nuclear DNA damage, and cellular senescence in the mouse epidermis (Velarde
et al. 2012). SODs are expressed in a diurnal manner in many tissues including rat
intestine, lung, and cerebellum (Martin et al. 2003). Per2 mutant mice show
dampened SOD expression levels in the liver, while Per1/2 double knockout mice
have a shift in phase of SOD gene expression (Jang et al. 2011), suggesting that this
mechanism is modulated by the circadian clock.

GSH is a critical antioxidant that neutralizes ROS in a process catalyzed by GPx
proteins, in which GSH becomes oxidized to form glutathione disulfide (GSSG).
GSH and GSSG, as well as other components of the GSH pathway, such as GPx,
GR, and GST, are robustly diurnal in multiple tissues (Baydas et al. 2002a; Lapenna
et al. 1992; Maurice et al. 1991) with a peak expression of GSH during the light
phase in mice and during the night in humans (Atkinson and Babbitt 2009). A few
Glutathione S-transferases, including GSTT1 and GSTA3, exhibit diurnal rhyth-
micity in their mRNA expression in the skin and are altered in Bmal1−/− mice
(Geyfman et al. 2012). Although there are no studies to date investigating the
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physiological significance of the circadian rhythmicity of these GSH-associated
genes in the skin, higher oxidized GSH levels are often seen in lesional and
non-lesional skin from patients with chronic irritant dermatitis, suggesting this
pathway is integral for maintaining skin homeostasis (Kaur et al. 2001).

14.4.6 Xenobiotic Detoxification

The skin protects against the effects of man-made genotoxic drugs and cytotoxic
compounds found in nature. The Aryl hydrocarbon receptor (AhR) is a
ligand-dependent transcription factor that plays a critical role in metabolism of
small molecules, including dioxins, polycyclic aromatic hydrocarbons, plant
polyphenols, and tryptophan photoproducts (Rannug and Fritsche 2006). Upon
ligand binding, AhR translocates to the nucleus and dimerizes with ARNT,
inducing transcription of xenobiotic-metabolizing enzymes, including cytochrome
P450 (CYP) 1A1 and CYP1A2/B1. The CYP proteins then degrade chemical toxins
and, as a by-product, produce ROS. AhR also activates the expression of nuclear
factor-erythroid 2-related factor-2 (Nrf2), which regulates the expression of myriad
of antioxidant proteins including NAD(P)H dehydrogenase [quinone] 1 (Nqo1) and
Heme oxygenase 1 (HO-1) that protect against genotoxicity due to elevated ROS
(Cho et al. 2002). In the mouse lung epithelium, circadian Nrf2 levels control the
pulmonary response to oxidative injury in a lung fibrosis model, with greater
fibrosis accruing during the early evening, corresponding to lowest Nrf2 levels
(Pekovic-Vaughan et al. 2014). Moreover, reduced Nrf2 and GSH expression in the
lungs of ClockD19 mice is linked to increased oxidative damage of proteins and
spontaneous development of fibrosis in the airways (Perovic-Vaughan et al. 2014).
In the mouse skin, the expression of Nrf2, Nqo1, and HO-1 is diurnal with a peak in
expression a few hours prior to the onset of night; in addition, Nqo1 and Nrf2
mRNA expression is altered in Bmal1−/− mice (Geyfman et al. 2012), suggesting
these genes are controlled by the CLOCK:BMAL1 complex.

The AhR pathway and the circadian clock exhibit a dynamic, reciprocal inter-
action. On the one hand, AhR expression and DNA binding activity have a 24-h
rhythmicity; core clock proteins regulate AhR-mediated enzyme expression and
detoxification activity in the rat pituitary and liver (Huang et al. 2002; Tanimura
et al. 2011). On the other hand, activation of the AhR pathway by dioxins impacts
the expression of core clock genes in mouse liver and hematopoietic stem cells (Xu
et al. 2010). It is currently unknown whether this disruption occurs in epidermal and
follicular progenitor cells. However, if it does, this would suggest yet another
pathway by which dioxins (acting through AhR activation) exert their damaging
effects on the skin.

AhR is expressed in the upper part of the hair follicle including the infundibulum
(Ikuta et al. 2009). Although the mRNA expression of AhR itself is not circadian in
mouse skin, transcripts for genes associated with the xenobiotic response such as
CYP2E1 and epoxide hydrolase 1 exhibit diurnal rhythmicity, peaking around the
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onset of night in mouse skin under homeostasis (Geyfman et al. 2012) (Fig. 14.3d).
The functional significance of the circadian regulation of xenobiotic metabolism
within the skin may be to prepare for and/or respond to chemical toxins encountered
during the night, when mice are most active.

14.5 Circadian Regulation of Skin Immunity

14.5.1 Circadian Rhythm in Skin Innate Immunity

In addition to the barrier mechanisms described above, a diverse army of inflam-
matory cells in the skin deals with environmental insults by reacting, attacking, and
relaying danger signals to the rest of the body. Epidermal keratinocytes, which
compose the bulk of cells in the skin, secrete antimicrobial defensin peptides to
resist pathogenic microbial colonization. Defensin b23 mRNA exhibits a striking
circadian rhythmicity in mouse skin under homeostasis (Geyfman et al. 2012). Skin
immunity also relies on evolutionarily conserved pattern recognition receptors
(PRRs), including TLR 1, 2, 3, 5, 9 and 10, which enable innate inflammatory
responses to a variety of immunogenic stimuli including bacterial, fungal, viral, and
apoptotic molecules (Miller et al. 2005; Köllisch et al. 2005; Lebre et al. 2007).
Skin-resident leukocytes derived from the hematopoietic system contribute to
barrier defense, expressing a diverse array of PRRs, including TLRs 1-10 (Renn
et al. 2006) and C-type lectin receptors. In healthy mouse whole skin, TLR 4, 7, 8,
and 9 expression oscillates diurnally (Geyfman et al. 2012). PRR engagement
induces nuclear translocation of inflammatory transcription factors, including
nuclear factor jB (NF-jB), enabling pro-inflammatory gene expression. The cir-
cadian clock regulates the magnitude of these inflammatory responses following
PRR engagement. The most profound example of the circadian regulation of PRR
sensitivity is exhibited by the increased mortality following systemic lipopolysac-
charide (LPS) administration immediately preceding or during the evening in mice;
this effect is clock-dependent as Per2 mutant mice are resistant to LPS-induced
endotoxic shock (Liu et al. 2006). LPS is a microbial component of gram-negative
bacteria which induces inflammatory cytokine secretion through activation of
TLR4, and systemic administration results in endotoxic shock and sepsis. Results in
mouse LPS models are recapitulated in human sepsis, in which greater mortality is
observed during the night (Smolensky et al. 1972).

Immune cell sensitivity to pathogenic challenges is regulated by the circadian clock
in numerous epithelial barriers. Lung epithelium responds diurnally to challenge by
LPS or S. pneumoniae, where inflammatory chemokine release and neutrophil
recruitment peaks during the early day in mice (Gibbs et al. 2014). This diurnal
variation in reactivity to exogenous particulates in the lung epithelium may contribute
to the potent early morning symptoms of wheezing in asthma patients (Barnes 1985)
and decreased lung function in COPD patients (Calverley and Walker 2003). In
addition, the ability of the gut epithelium to respond to, and defend against, ingested
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microbes is dependent on the circadian expression of defensins (Froy et al. 2005) and
PPRs in intestinal epithelial cells that both peak at the intersection between late night
and early day (Mukherji et al. 2013). The physiological outcome of the circadian
regulation of these proteins was revealed in experiments where investigators fed mice
with Salmonella, and found that mice infected during the day showed increased
colonization levels and pathology scores compared to nighttime-infected mice (Bellet
et al. 2013). These findings support the idea that the circadian clock in epithelia
promotes immunity during night, when mice are active and feeding, and thus most
likely to encounter pathogenic microorganisms.

14.5.2 Circadian Rhythm in Skin Adaptive Immunity

In addition to innate PRR-mediated immunity, the skin epithelium is home to a
complex network of leukocytes which also permit adaptive humoral and
cell-mediated immunity (Pasparakis et al. 2014). Allergic contact dermatitis occurs
in the skin following exposure to environmental chemicals, e.g. poison ivy,
resulting in delayed type hypersensitivity (DTH). DTH is a cell-mediated response,
requiring leukocyte migration to the lymph nodes and antigen presentation by
skin-resident macrophages and dendritic cells to T cells. DTH has become a
favorite animal model for human chronic inflammatory disease as the inflammatory
pathology that occurs in skin DTH mirrors numerous cellular processes which also
occur in chronic autoimmune disease in multiple organs. Prendergast et al. (2013)
found that circadian trafficking of antigen presenting CD11c+ dendritic cells in
response to DTH became arrhythmic after a disruptive phase shift (DPS) procedure.

Psoriasis, a common chronic human autoimmune disease affecting 2 % of the
population, is characterized by increased epidermal proliferation, epidermal thick-
ening, altered epidermal differentiation, and organized lymphoid infiltrates in the
reticular dermis. Psoriasis pathology is thought to be initiated by immuno-triggering
environmental exposures and infections in patients with susceptibility to immune
de-regulation due to genetic risk factors (reviewed in Harden et al. 2015). Innate
immune cells such as dendritic cells expressing PRRs become activated to migrate to
lymph nodes where they stimulate the differentiation of T cells into inflammatory
subsets which become competent to enter the skin. T cell cytokine and growth factor
secretion in the skin alters the transcriptional profile of keratinocytes and endothelial
cells, resulting in a hyperproliferative state and self-perpetuating chronic inflam-
matory responses. The diurnal rhythmicity of psoriasis immunopathology was first
published in the 1980s where Pigatto et al. (1985) found a substantial diurnal
rhythmicity in neutrophil recruitment to the psoriatic lesions.

Work with psoriasis animal models suggests a circadian regulation of skin
immunopathology. The psoriasiform lesion-inducing drug Imiquimod (IMQ)
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functions as a pathogen-associated molecular pattern (PAMP) and activates TLR7
signaling in skin-resident dendritic cells, resulting in the influx of inflammatory
cells, proinflammatory cytokine secretion, and epidermal alterations (acantho-
sis, parakeratosis) similar to human psoriasis. These symptoms are more pro-
nounced when mice are treated with IMQ at night than during the day (Ando et al.
2015). Knockout studies and circadian disruption studies support the modulatory
role of the circadian clock in maintaining proper immune responsiveness to external
PAMPs and antigens. Mice with mutated Clock genes have damped psoriatic lesion
formation in response to IMQ, while Per2 knockout mice have exacerbated
pathogenesis (Ando et al. 2015). In other studies, mice subjected to disrupted
lighting cycles and treated with the psoriatic-inducing agent human neutrophil
elastase developed exacerbated psoriatic histopathology and pro-inflammatory
cytokine production compared to mice housed under normal 12L:12D conditions
(Hirotsu et al. 2012).

Nocturnal pruritus, or increased itchiness at night, has been well described in
patients with various dermatological disorders, including psoriasis (Yosipovitch
et al. 2000), atopic dermatitis (Yosipovitch and Tang 2002), lichen simplex
chronicus (Koca et al. 2006), and scabies (Chouela et al. 2002). There are many
factors that may contribute to this effect, one of them being histamine release by
mast cells, which is modulated by the circadian clock (Baumann et al. 2013).
Time-of-day–dependent variations in a mouse model of IgE/mast cell–mediated
allergic reaction (passive cutaneous anaphylactic (PCA) reaction) peaked during at
night. Furthermore, these rhythms in reactivity were reliant on a functional clock
protein, Per2 (Nakamura et al. 2011). Together, these studies illustrate the powerful
modulatory role of the circadian clock on immune responses in the skin.

14.6 Conclusions and Opportunities for Chronotherapy

Our skin maintains a dynamic barrier, protecting us from harmful external stimuli
like fluctuating temperatures, humidity levels, UV rays, pollution, and infections.
Work on the role of the circadian clock in skin suggests that it has evolved to
coordinate the skins’ protective function with changes in the external environment,
allowing for optimal response to external insults. The clock also functions to
temporally gate internal cellular processes such as oxidative phosphorylation, cell
division, and antioxidant pathways within the skin, perhaps helping to keep
ROS-induced DNA damage at bay (Fig. 14.4). Most of the experimental work on
the skin role of the circadian clock has been performed in mice, which are noc-
turnal, while humans are diurnal. Therefore, a number of circadian clock-modulated
processes described in this review may exhibit antiphasic patterns in humans. It will
be important to take this fact into consideration when thinking about the implica-
tions of these findings in the realm of human physiology and disease.
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This chapter highlights the importance of the circadian clock in gating skin’s
stress response. In part, this notion is well supported by experimental data, but, in
part, the evidence is more speculative, pointing to the importance of further work in
this field. Circadian disruption, a common phenomenon in today’s society, may
impair the skin’s ability to handle stressors and infections.

Understanding the mechanisms by which the clock gates the skin’s respon-
siveness to external stimuli, as well as the physiological outcomes of this regula-
tion, is of paramount importance for the development of chronotherapy.
Chronotherapy aims to administer drugs at specific times of the day to maximize the
beneficial effects of the treatment and/or to minimize side effects. For example,
5-fluorouricil treatment of tumor bearing mice wielded more potent anti-tumor
effects when dosed in the early morning compared to other times of the day (Kojima
et al. 1999). The pro-inflammatory effects of another anti-tumor/anti-viral drug, the
TLR7 agonist IMQ, have recently been shown to be diurnal with peak activity
induced after nighttime treatment in mice (Ando et al. 2015). Studies on skin active
drugs should consider time of day as a potentially important variable, modulating
effectiveness and side effects.

Fig. 14.4 Diurnal activities of circadian stress response pathways in the skin. In mouse skin,
circadian clock proteins, BMAL1 and CLOCK, exhibit peak expression during the night when
most epidermal progenitor cells are in S-phase and glycolysis is the predominant metabolic
pathway in these cells. The propensity for immune activation also peaks at night, which may help
defend against invading pathogens encountered during the active phase. Conversely, oxidative
metabolism and ROS production is higher during the day, coinciding with antioxidant pathway
activity. DNA damage repair also peaks during the day in mice
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Chapter 15
Endocannabinoids and Skin Barrier
Function: Molecular Pathways
and Therapeutic Opportunities

Sergio Oddi and Mauro Maccarrone

Abstract As an interface between the organism and its environment, skin is
continuously subjected to a myriad of insults that could impair its structural and
functional integrity, ultimately leading to clinical manifestations. Skin reacts to
external stresses through a vast array of cellular and molecular components, which
form a highly sophisticated and well-organized signaling network. Our knowledge
of the molecular pathways underlying this complex interplay and accounting for
skin homeostasis, both under normal and pathological conditions, is still in its
infancy. Among these pathways, the endocannabinoid system has emerged as a key
actor in skin biology, by controlling epidermal barrier formation and maintenance,
modulating growth and terminal differentiation of cutaneous cells, and regulating
skin inflammatory responses via pleiotropic mechanisms. This chapter summarizes
our current knowledge of the manifold effects of endocannabinoids in skin, in order
to put in a better perspective their potential as next-generation therapeutics against
disorders of this organ, particularly those involving dysregulation of immune sys-
tem and epidermal barrier, such as allergic and atopic dermatitis, localized scle-
roderma and psoriasis.
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15.1 Introduction

Skin, or cutis, is the outermost and largest organ in the body and serves as primary
barrier against physical, chemical and biological insults. The physical barrier of the
skin is almost exclusively provided by the stratum corneum, the outer part of the
epidermis, consisting of corneocytes, i.e., keratinocytes terminally differentiated in
horny lamellae, made of specialized proteins and lipids. In addition to provide a
passive physical barrier, the skin also contains elements of innate and adaptive
immune systems, such as macrophages, dendritic cells and lymphocytes, which
allow an active fight against infections (Bos 2005).

To support its specialized functions, the skin possesses a highly dynamic
structure with remarkable self-renewing properties, which allow cutaneous barrier
to continuously regenerate and to repair upon damage. Skin homeostasis is tightly
regulated by multiple molecular and cellular mechanisms, such as the release of
pro-inflammatory or anti-inflammatory cytokines, proliferation and differentiation
of keratinocytes and melanocytes, as well as the recruitment and activation of
immune cells. Each of these activities is controlled and integrated by a number of
distinct cellular signal transduction systems, which allow skin cells to appropriately
cope with a variety of stresses.

In the last few years, the endocannabinoid (eCB) system has emerged as a
prominent lipid signaling system widely expressed in the body and involved in
multiple adaptive responses to stressful internal and/or environmental insults
(Maccarrone et al. 2015). By virtue of its capability of modulating cell functions,
generally in a pro-homeostatic manner, the eCB signaling is currently regarded as a
promising target for multimodal drug approaches for the treatment of an equally
wide variety of pathological conditions, including neurodegenerative, cardiovas-
cular and metabolic disorders (Di Marzo 2008).

In this chapter, we highlight the relevance of eCB signaling in skin physiology,
and its therapeutic potential in maintaining/restoring the cutaneous barrier function
in a vast range of skin diseases. We begin with a brief overview of the eCB system,
giving a summary of its key components as well as of the main signaling pathways
that it can elicit. Then, we focus on the possible role of eCBs in skin homeostasis,
describing how these bioactive lipids may regulate the biological processes
involved in the structural and functional integrity of the skin, such as keratinization,
melanogenesis, sebogenesis, dermal fibrogenesis and immune response. Finally, we
also describe current evidence supporting that targeted manipulation of eCB sig-
naling by eCB-oriented medicines may represent a valuable strategy for a broad
variety of dermatoses.
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15.2 The Endocannabinoid System

Fifty years ago (1964) the psychoactive ingredient of cannabis (Cannabis sativa),
D9-tetrahydrocannabinol (THC), was isolated, and approximately 30 years later the
endogenous counterparts of THC, collectively termed eCBs, were discovered:
N-arachidonoylethanolamine (AEA), also known as anandamide, in 1992, and
2-arachidonoylglycerol (2-AG) in 1995 (Mechoulam and Parker 2013). Since then,
many research efforts have shed light on the impact of eCBs on human health and
disease, identifying an ensemble of proteins that bind, synthesize and degrade them,
and that altogether form the eCB system (Di Patrizio and Piomelli 2012;
Galve-Roperh et al. 2013; Maccarrone et al. 2014). The eCBs control basic bio-
logical processes, including cell-choice between survival and death, immune
response, neuronal development, neurotransmission, energy homeostasis and
reproduction, just to mention a few. Unsurprisingly, in the last two decades they
have been recognized as key mediators of several aspects of human pathophysi-
ology, and thus have emerged among the most versatile signaling molecules dis-
covered at the end of the past millennium. On this basis, a better understanding of
the key-factors that drive at the right time one eCB to the right target among many
available candidates in the same cell, holds potential to decipher basic molecular
details of energy homeostasis and drug dependence, as well as to develop more
effective therapeutics against a variety of human diseases, stress conditions and pain
(Di Marzo 2008).

The regulation of eCB levels by biosynthetic and hydrolyzing enzymes, and
their mode of action, are being uncovered and appear characterized by an increasing
degree of redundancy of pathways and promiscuity of molecular targets. The main
elements of this “eCB system” are summarized in Table 15.1.

15.2.1 Metabolism

The eCBs are produced from membrane lipid precursors by multiple biosynthetic
pathways “on demand”, namely when and where needed upon (patho)physiological
stimuli (Mechoulam and Parker 2013).

AEA is produced from the hydrolysis of the corresponding N-acyl-phosphatidyl-
ethanolamine (NArPE). This can occur in one step, when catalyzed by the
NAPE-selective phospholipase D (NAPE-PLD) enzyme, or in two or three steps
through alternative routes. 2-AG is produced in one step from the hydrolysis of
diacylglycerols (DAGs) by either of two sn-1-diacylglycerol lipases (DAGLs),
namely DAGLa and DAGLb (Fezza et al. 2014).

The signaling action of eCBs is terminated by cellular uptake and intracellular
degradation by specific hydrolases. The mechanism by which cells take up these
bioactive lipids has not been fully understood yet, but it is likely to involve mem-
brane transporters, intracellular carriers and endocytosis (Maccarrone et al. 2010;
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Nicolussi and Gertsch 2015). The most relevant AEA-catabolizing enzyme is the
serine hydrolase fatty acid amide hydrolase (FAAH), an endo-membrane-bound
enzyme that hydrolyzes AEA to release arachidonic acid and ethanolamine (Cravatt
and Lichtman 2002). 2-AG is mainly hydrolyzed by a monoacylglycerol lipase
(MAGL) by other emerging lipases, like ab-hydrolases 6 (ABH6) and 12 (ABH12),
and FAAH (Ueda et al. 2011). Additionally, both AEA and 2-AG are also oxidized
by the cyclooxygenase 2 (COX2), lipoxygenases 12 (12-LOX) and 15 (15-LOX),
and cytochrome P450 to a series of hydroperoxy, hydroxy and epoxy derivatives
with distinct biological properties compared to the parent compounds (Kozak et al.
2002; Snider et al. 2010; Kuc et al. 2012; Urquhart et al. 2015). The metabolism of
AEA and 2-AG is schematically depicted in Fig. 15.1.

15.2.2 Molecular Targets

AEA and 2-AG bind with different affinity and potency type-1 (CB1) and type-2
(CB2) cannabinoid receptors (Pertwee et al. 2010), two well-characterized
7-transmembrane G protein-coupled receptors (GPCRs). In addition, eCBs are
described to interact with several non-cannabinoid receptors. Some of them have an
intracellular binding site, like the transient receptor potential vanilloid type-1
(TRPV1) ion channel (Di Marzo and De Petrocellis 2010). Others are localized in
the nucleus, like the peroxisome proliferator-activated receptors (PPAR) a and c
(Pistis and Melis 2010).

Table 15.1 The main elements of the eCB system

Member Description Function

AEA N-Arachidonoylethanolamine Bioactive lipid

2-AG 2-Arachidonoylglycerol Bioactive lipid

CB1 Type-1 Cannabinoid receptor G protein coupled receptor, associated
with Gi/o, Gs and Gq/11

CB2 Type-2 Cannabinoid receptor G protein coupled receptor, associated
with Gi/o, Gs and Gq/11

TRPV1 Type-1 Transient receptor potential
vanilloid channel

Non-selective cation channel with a
preference for Ca2+

PPARs Peroxisome proliferator-activated
receptors

Ligand-activated transcription factors

NAPE-PLD NArPE-selective phospholipase D Ca2+-dependent hydrolase responsible for
AEA synthesis

DAGL Diacylglycerol lipase Ca2+-dependent hydrolase responsible for
2-AG synthesis

FAAH Fatty acid amide hydrolase Hydrolase responsible for AEA
degradation

MAGL Monoacylglycerol lipase Hydrolase responsible for 2-AG
degradation
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15.2.2.1 Cannabinoid Receptors

CB1 and CB2 receptors are members of the rhodopsin-like family of heptahelical
transmembrane-spanning GPCRs. They are encoded for by different genes, and
exhibit 44 % amino acid identity throughout the whole protein, and 68 % within
the transmembrane domains. These receptors show a quite broad, and sometimes
overlapping, distribution (Pertwee et al. 2010).

CB1 receptors are predominantly found in the central nervous system, where
they are highly expressed in brain areas associated with cognition, memory,
emotionality, motor function, and pain, including cortex, limbic system,

Fig. 15.1 Endocannabinoid metabolism. Chemical structures of THC and two prominent eCBs (a).
Alternative biosynthetic and degradative pathways ofAEA (b) and 2-AG (c). Abbreviations: 2-AG-3P
2-arachidonoylglycerol-3-phosphate; 12-HAEA 12-hydroxyanandamide; 12-LOX 12-lipoxygenase;
5,5-EET-EA 5,5-epoxyeicosatrienoyl ethanolamide; 12-HETE-G 12-hydroxyarachidonoyl-
glycerol; AA arachidonic acid; ABHD6/12 a/b-hydrolase domain 6/12; Cyt P450 cytochrome
P450; COX-2 cyclooxygenase-2; DAG diacylglycerol; DAGL diacylglycerol lipase; EtNH2

ethanolamine; FAAH fatty acid amide hydrolase; FAAH-2 fatty acid amide hydrolase-2;
G glycerol; MAGL monoacylglycerol lipase; NAAA N-acylethanolamine-hydrolyzing acid amidase;
NArPE N-arachidonoyl-phosphatidylethanolamine; NAPE-PLD N-acyl-phosphatidyl-ethanolamines-
hydrolyzing phospholipase D; PA phosphatidic acid; PAPH phosphatidic acid phosphohydrolase; PI
phosphatidylinositol; PE phosphatidylethanolamine; PGE2-G prostaglandin glycerol E2; PLA2

phospholipase A2; PLC phospholipase C
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hippocampus, cerebellum and several nuclei of the basal ganglia. CB1 receptors are
also expressed in non-neuronal cells, including immune cells (Chiurchiù et al.
2015).

CB2 receptors are mainly expressed in the immune system, including the mar-
ginal zone of the spleen and macrophages, generally mediating anti-inflammatory
and immunosuppressive effects. There is also evidence that CB2 receptors are also
expressed in central and peripheral neurons, both under physiological conditions
and upon stress (Van Sickle et al. 2005; Viscomi et al. 2009; Onaivi et al. 2012).

Cannabinoid receptors can couple to multiple heterotrimeric G-proteins to elicit
specific signaling pathways, often in a cell-type-specific, agonist-specific or
dose-dependent manner (Howlett 2005). Typically, their stimulation has been
shown to lead to: inhibition or, less often, stimulation of adenylyl cyclase (AC), via
Gi/o or Gs proteins, with subsequent inhibition, or stimulation, of protein kinase A
(PKA), respectively; (ii) activation of different members of the mitogen-activated
protein kinase (MAPK) family, such as extracellular signal-regulated kinase
(ERK) (Bouaboula et al. 1995), c-Jun N-terminal kinase (JNK) and p38 MAPK
(Liu et al. 2000), via Gi/o proteins; (iii) activation of phospholipase C (PLC) via
either Gq/11 or bc subunits of Gi/o proteins (Howlett 2005). Finally, CB1 receptors
can cause Gi/o-mediated inhibition of voltage-gated Ca2+ channels (L, N, and
P/Q-type) and activation of A-type and inwardly rectifying K+ channels (Howlett
2005). CB2 receptors share with CB1 receptors similar signal transduction mech-
anisms in terms of their actions on adenylyl cyclase and MAPKs, but they seem to
be unable to regulate ion channels as do CB1 receptors. However, it has been
demonstrated that CB2 receptors are coupled, via inositol trisphosphate receptor, to
Ca2+-activated Cl− channels in pyramidal neurons of the rodent medial prefrontal
cortex, suggesting that also these receptors may regulate ion homeostasis and cell
excitability (den Boon et al. 2012).

15.2.2.2 Transient Receptor Potential Vanilloid Type-1 Channel

The best-established non-cannabinoid receptor for eCBs is the TRPV1 channel,
previously discovered as the receptor for capsaicin, the pungent agent in hot-chilli
peppers (Caterina et al. 1997). TRPV1 is a non-selective cation channel with a
preference for Ca2+, that is involved in the transmission and modulation of pain
(nociception), as well as in the integration of diverse painful and inflammatory
stimuli. Therefore, it senses, directly or indirectly, a wide range of cellular and
environmental signals, including noxious temperature, mild acidification, and local
mediators of inflammation, such as histamine, bradykinin, nerve-growth factor,
eicosanoids, ADP and ATP (Szallasi et al. 2007). TRPV1 is primarily expressed in
primary sensory neurons, but it is also widely expressed in the body, including the
central nervous system (Szallasi et al. 2007).
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15.2.2.3 Peroxisome Proliferator-Activated Receptors

Endogenous, synthetic, and natural cannabinoids are also reported to activate
PPARs, ligand-activated transcription factors that are primarily involved in the
regulation of metabolism and energy homeostasis, cell differentiation, and immune
function (Kersten et al. 2000). Three different PPAR isoforms are known (a, c and d),
that are ubiquitously expressed, even though with a different tissue distribution.
PPARa is mainly expressed in liver and brown adipose tissue, and to a lesser extent in
kidney, heart and skeletal muscle; PPARc is expressed in adipose tissue and colon,
immune system and retina; PPARd is widely expressed in the body, with the highest
expression in heart, gut and kidney (Kersten et al. 2000).

Once activated by ligand binding, PPARs heterodimerize with the receptor of
9-cis-retinoic acid, and bind to specific peroxisome proliferator response elements
to regulate the transcription of target genes. Endogenous ligands for PPARs are
eicosanoids, fatty acids and fatty acid derivatives, including eCBs (Pistis and Melis
2010).

It has been described that AEA and 2-AG, at micromolar concentrations, directly
bind to and activate both PPARa and PPARc. In particular, AEA induces
expression of several PPARc-sensitive genes in 3T3-L1 fibroblasts (Bouaboula
et al. 2005), and causes inhibition of interleukin (IL)-2 expression by activating
PPARc in primary splenocytes (Rockwell and Kaminski 2004). Finally, AEA
controls adipocyte differentiation by activating PPARc (Gasperi et al. 2007) and
induces vasorelaxant responses on the ophthalmic artery through activation of
PPARa (Romano and Lograno 2012).

15.3 The Cutaneous Endocannabinoid System

15.3.1 Expression

As in other parts of the body, the eCB system is ubiquitously expressed by all
cellular components of the skin (Oddi and Maccarrone 2014). The eCBs are pro-
duced and released by different skin cell populations, including keratinocytes
(Maccarrone et al. 2003; Toth et al. 2011; Magina et al. 2011), sebocytes (Dobrosi
et al. 2008), melanocytes (Pucci et al. 2012), sweat gland epithelial cells (Czifra
et al. 2012), and macrophages (Jiang et al. 2009), under basal and stimulated
conditions. The levels of AEA and 2-AG have been measured in rodent paw skin
(Felder et al. 1996; Khasabova et al. 2012), reaching pmol/g and nmol/g concen-
trations, respectively, similar to those found in the brain.

The presence in the skin of diacylglycerol lipase, DAGL, and monoacylglycerol
lipase, MAGL, the main enzymes involved in 2-AG biosynthesis and catabolism,
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respectively, has been assessed in cultured keratinocytes (Berdyshev et al. 2000;
Maccarrone et al. 2003; Oddi et al. 2005), melanocytes (Hamtiaux et al. 2012; Pucci
et al. 2012), sebocytes (Dobrosi et al. 2008), and fibroblasts (McPartland 2008).
Also AEA-metabolizing enzymes, namely FAAH and NAPE-PLD, have been
documented in rodent skin (Karsak et al. 2007; Petrosino et al. 2010; Khasabova
et al. 2012).

Immunohistological investigations of the precise localization of CB1 and CB2

receptors in sections of human and rodent skin revealed that both receptors are
expressed in virtually all skin cell populations. In particular, both receptors are
present in keratinocytes, cutaneous nerve fibers, dermal cells, and specialized cells
with adnexal structures (Casanova et al. 2003; Ibrahim et al. 2005; Stander et al.
2005). Notably, in one of these immunohistochemical studies on human skin, CB1

and CB2 have been found to be distributed in a complementary fashion in epi-
dermis, hair follicle, and sebaceous gland, with CB1 and CB2 being predominantly
expressed in differentiated and undifferentiated cells, respectively. Therefore, it can
be suggested that these two receptors play nonredundant roles during differentiation
of keratinocytes and sebocytes. In the skin, CB2 is expressed beyond the basal
layer, but fairly uniformly distributed throughout the epidermis (Ibrahim et al.
2005). In the dermis, CB1 and CB2 are both expressed in the myoepithelial cells of
the secretory portion of eccrine sweat glands, but not in secretory cells (Stander
et al. 2005). Positive immunoreactivity for CB1 and CB2 has been also documented
in mast cells and in most (but not all) CD68-positive macrophages (Stander et al.
2005; Sugawara et al. 2012). In mouse skin, CB2 is present in myofibroblasts and
vascular smooth muscle cells (Zheng et al. 2012). Concerning their localization in
human primary sensory nerves, CB1 and CB2 are expressed in large (myelinated)
and thin (unmyelinated) calcitonin gene-related peptide positive nerve fibers
(Stander et al. 2005). Finally, both receptors are functionally expressed in cultured
melanocytes (Magina et al. 2011; Pucci et al. 2012), fibroblasts (McPartland 2008),
sebocytes (Dobrosi et al. 2008) and sweat gland epithelial cells (Czifra et al. 2012).

A wide expression in both neuronal and non-neuronal cells of the skin has also
documented for TRPV1 and all the isotypes of PPARs, in several cases with an
overlapping expression CB1 and CB2 receptors. TRPV1 is located in a neuro-
chemically heterogeneous population of small-diameter primary afferent fibers and
with small-diameter nerve fibers in the skin of rodents and humans (Guo et al. 1999;
Stander et al. 2004; Bodo et al. 2004). Moreover, TRPV1 ion channels have been
described in numerous non-neuronal cell types, including keratinocytes, mast cells
and dendritic cells (Stander et al. 2004; Bodo et al. 2004). PPARd is present
throughout all epidermal layers, whereas PPARa and PPARc are mainly located in
suprabasal compartments (Di-Poi et al. 2004).
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15.3.2 Endocannabinoids and Skin Barrier Function

15.3.2.1 Activity in Epidermal Barrier Formation

Growing evidence supports a functional role of eCB signaling in regulating key
biological processes of keratinocytes, such as proliferation, differentiation and
apoptosis, which are essential for formation and maintenance of epidermal barrier
structure and function.

For example, AEA inhibits the formation of cornified envelope in differentiating
keratinocyte, through a CB1-dependent reduction of transglutaminase and protein
kinase C activities (Maccarrone et al. 2003), suggesting an important role of eCB
signaling in epidermal differentiation. This anti-differentiative activity of AEA has
been found to be associated with the silencing of genes involved in keratinocyte
differentiation (i.e., keratin 1, keratin 10, involucrin, and transglutaminase 5) by
p38-MAPK-mediated DNA methylation of their promoters (Paradisi et al. 2008).
On the other hand, in hair follicles it has been demonstrated that CB1 activation by
AEA inhibits hair shaft elongation and the proliferation of hair matrix ker-
atinocytes, and also induces intraepithelial apoptosis and premature hair follicle
regression (Telek et al. 2007). Interestingly, these cells failed to respond to 2-AG
stimulation, highlighting the nonredundancy of these two prototypic eCBs (Telek
et al. 2007). Consistent with an inhibitory role of AEA in keratinocyte growth, CB1

activation by AEA has been found to markedly suppress proliferation and induce
cell death in both human cultured keratinocytes and skin organ-culture models
(Toth et al. 2011), possibly by elevating intracellular Ca2+ concentration through
activation of TRPV1.

Histological phenotyping of CB1 and CB2 deficient mice revealed that these two
receptors operate in an opposite manner to regulate epidermal barrier homeostasis
and epidermal differentiation (Roelandt et al. 2012). In particular, the loss of CB1

receptor enhances proliferation and reduces differentiation of keratinocytes, causing
the formation of a thicker epidermis with altered lipid bilayer structures.
Conversely, the targeted disruption of CB2 leads to the formation of a thinner
epidermis with reduced proliferative rates of keratinocytes, paralleled by a strong
expression of the main epidermal differentiation markers: involucrin, loricrin,
filaggrin and caspase 14 activation (Roelandt et al. 2012). Moreover, functional
data from these mouse models demonstrated that the recovery of the permeability
barrier function of the epidermis following acute removal of corneocytes from the
stratum corneum is impaired in CB1

−/−, whilst it was enhanced in CB2
−/− mice. These

findings strongly suggest that CB1 signaling is a positive regulator, whereas CB2

signaling is a negative regulator, of epidermal permeability barrier and stratum
corneum structure (Roelandt et al. 2012).

Since it is well-established that an increase of intracellular 3′,5′-cyclic adenosine
monophosphate (cAMP) in epidermal keratinocytes delays barrier recovery, that
instead is accelerated by cAMP antagonists (Denda et al. 2004), it is tempting to
speculate that the opposite effects exerted by cannabinoid receptors on epidermal
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homeostasis could be due to their different regulation of adenylyl cyclase activity.
Furthermore, it should also be kept in mind that Ca2+ is a central regulator of
keratinocyte differentiation (Elsholz et al. 2014) and that the eCBs can strongly
influence cytosolic Ca2+ levels via cannabinoid receptors and TRPV1, which are
co-expressed in keratinocytes. However, additional studies are needed to better
clarify the physiological relevance of eCB signaling in keratinocyte differentiation,
as well as in epidermal barrier homeostasis.

15.3.2.2 Activity in Non-keratinocyte Skin Cells

Beyond the pivotal role played by keratinocytes, structure and function of the skin
barrier are both strongly influenced by the activity of many other specialized cells,
such as sebocytes, melanocytes and sweat gland cells, that regulate the content of
sebum, melanin pigmentation and hydration of the skin, respectively. Moreover,
dermis, the collagen-rich connective tissue of the skin, is produced, organized and
maintained by the activity of fibroblasts, the main resident cells of the dermis.

On these cells, most likely because of the variety of their targets and of their
underlying signaling pathways, eCBs and their synthetic counterparts evoke com-
plex, and even biphasic, actions. In particular, it has been documented that human
sebocytes express CB2 but not CB1 receptors, and that AEA stimulates lipid pro-
duction at low concentrations, but induces apoptosis at higher levels, in a CB2-
mediated manner (Dobrosi et al. 2008). Similarly, in melanocytes AEA produces
melanogenic, mitogenic, and dendritogenic effects at low doses (via CB1) and
proapoptotic effects at higher doses (via TRPV1) (Pucci et al. 2012). Additionally,
activation of CB1 inhibits basal and ultraviolet B-induced melanogenesis in a
human melanoma cell line (Magina et al. 2011). In human eccrine sweat gland
epithelial cells both AEA and 2-AG are able to (i) suppress proliferation, (ii) induce
apoptosis, (iii) alter expression of various structural proteins (i.e., involucrin,
filaggrin, loricrin, and keratins), and (iv) upregulate lipid synthesis; remarkably, all
these effects have been found to be exerted in a CB1−, CB2−, and
TRPV1-independent manner (Czifra et al. 2012). In dermal fibroblasts, it has been
reported that synthetic cannabinoid agonists, acting via non-CB receptors, limit
extracellular matrix (ECM) production by disrupting the transforming growth factor
b (TGFb) cascade, and downregulating proliferation and activation (Servettaz et al.
2010; Balistreri et al. 2011). On the same cells, it has been demonstrated that AjA, a
synthetic THC analogue, inhibits collagen synthesis through activation of PPARc
in skin fibroblasts (Garcia-Gonzalez et al. 2012).

15.3.2.3 Activity in Skin Immunity

In addition to being a physical barrier, the skin is an immunological barrier, con-
sisting in a combination of specialized cell types with distinct roles in innate and
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adaptive immunity, including macrophages, mast cells, dendritic cells, Langerhans
cells, keratinocytes, fibroblasts, as well as B and T lymphocytes.

It is well-established that CB2, and to a lesser extent CB1, receptors are
expressed in several cell lineages of the immune system (Chiurchiù et al. 2015). It is
also widely recognized that their stimulation by exogenous and/or endogenous
cannabinoids generally suppresses acute and chronic inflammatory conditions.
Although the precise mechanisms of (e)CB-induced immunomodulation have not
been fully elucidated yet, it is likely that they depend on the ability of the eCB
system to manipulate those signaling cascades (such as cAMP, Ca2+ and MAPK
cascades), that are essential for maturation and function of immune cells (Chiurchiù
et al. 2015).

One major mechanism of immunosuppression by (e)CBs is the induction of
apoptosis in immune cell populations. For example, activation of cannabinoid
receptors (mainly CB2) by THC and other cannabinoid ligands induces cell death in
macrophages, dendritic cells, T- and B-lymphocytes (Klein 2005). Similarly, low
doses of AEA cause significant inhibition of proliferation of lymphocytes and
dendritic cells, inducing cell death by apoptosis, while 2-AG has been shown to
exhibit biological activity in mouse splenocytes, by producing strong
immunomodulatory activity on mitogen-induced lymphocyte proliferation
(Schwarz et al. 1994; Lee et al. 1995; Do et al. 2004).

Another relevant immunomodulatory action mediated by the eCB system is the
regulation of inflammatory cytokine production by immune cells. In particular,
THC and eCBs have been shown to cause blockade of pro-inflammatory Th1
cytokines, such as interferon-c and interleukin (IL)-2, and increase the expression
of anti-inflammatory Th2 cytokines, such as IL-4 and IL-10, which are important
for humoral immunity, and TGF-a which has immunosuppressive properties
(Pacifici et al. 2003). Regarding skin cells, it has been recently shown that CB1

activation in keratinocytes leads to a reduced secretion of proinflammatory
chemokines C–C motif ligand 8 (CCL8) and C–X–C motif ligand 10 (CXCL10) in
a mouse model of allergic contact dermatitis. Both substances regulate T
cell-dependent inflammation, and attenuate thymic stromal lymphopoietin- (TSLP-)
and CCL8-dependent Th2-type allergic inflammatory responses (Gaffal et al. 2013,
2014). Moreover, AEA has been reported to reduce tumor necrosis factor (TNF)-
a-induced IL-8 and CCL2 release from keratinocytes, acting in an
anti-inflammatory manner (Leonti et al. 2010). Finally, in a very recent study we
found that AEA reduces production and release of IL-12 and IL-23 (Th1- and
Th17-inducing cytokines, respectively) from inflamed keratinocytes in a CB1-
dependent manner, suggesting that CB1 could negatively drive the polarization of
CD4 naive T cells into Th1 and Th17 (unpublished results).

Regarding the influence of the eCB system on phagocytosis, which is a crucial
step in the induction of innate and acquired immunity, it has been shown that 2-AG
augments the phagocytosis of HL-60 cells differentiated to a macrophage-like
phenotype, via CB2-mediated signaling, possibly involving Akt and ERK cascades
(Gokoh et al. 2007). In contrast, a more recent study reported that CB1, but not
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CB2, enhances phagocytic activity of human macrophages, through
Gai/o-dependent RhoA/ROCK pathways (Mai et al. 2015).

Finally, another cannabinoid-mediated mechanism of immunomodulation
involves the ability of cannabinoids to perturb the recruitment of leukocytes at sites
of inflammation, by regulating their adhesion to endothelium, extravasation and
migration in the tissue (Klein 2005). In particular, there is a large body of data that
supports a functional relevance of (e)CBs in inhibiting migratory activities of a
diverse array of immune cell types, primarily through CB2-mediated pathways
(Joseph et al. 2004; Kurihara et al. 2006). However, there are also some discrep-
ancies regarding the impact of 2-AG in mediating the trafficking of immune cells. In
particular, in peripheral blood eosinophils the activation of CB2 by 2-AG, but not
by AEA, induces cell migration, suggesting that 2-AG acts as a chemotactic agent
and may be involved in allergic responses by promoting eosinophil infiltration (Oka
et al. 2004). The active involvement of 2-AG into cell migration has been also
found in myeloid and normal splenocytes (Jorda et al. 2002), and in other different
lymphoid lineages, such as macrophage-like cells HL-60, U937, THP-1, as well as
and human peripheral blood monocytes (Kishimoto et al. 2003). This effect of
2-AG appears to occur via CB2-mediated signaling, that seems to involve Rho
kinase and MAPK cascades.

15.4 Therapeutic Opportunities

15.4.1 Atopic Dermatitis

Atopic dermatitis, also known as atopic eczema, is a multifactorial inflammatory
skin disorder characterized by intense itching and recurrent eczematous lesions, that
are prone to microbial infections. An altered lipid composition of the stratum
corneum is responsible for the xerotic aspect of the skin, and may determine a
higher permeability to allergens and pathogens. Atopic dermatitis skin is associated
with a type I hypersensitivity reaction characterized by a pro-inflammatory cytokine
milieu made by excessive infiltration of immune cells, including eosinophils, mast
cells and T-cells, particularly Th2 cells, Th22 cells, and, to a lesser degree, Th1 and
Th17 cells (Bos 2005).

Oral or topical administration of cannabinoid-based drugs has been shown to be
effective in the treatment of atopic dermatitis-like skin lesions. Indeed, several
studies reported beneficial effects of manipulating the eCB system in animal models
of this disorder. For example, in an oxazolone-induced dermatitis, topical appli-
cation of CB1-specific agonist significantly accelerates the recovery of epidermal
permeability barrier function and exerts marked anti-inflammatory activity (Kim
et al. 2015). Similarly, mice lacking CB1 receptors globally, or specifically in
keratinocytes, show enhanced Th2-type contact hypersensitivity responses to
fluorescein isothiocyanate (FITC), and a delayed epidermal barrier repair when
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compared with wild-type mice (Gaffal et al. 2014). In particular, mRNA levels for
IL-4, TSLP and CCL8, proinflammatory mediators that drive Th2-type skin
inflammation in atopic dermatitis, as well as eosinophil activity, are significantly
increased in inflamed ear tissue of FITC-challenged CB1

−/− mice, confirming the
involvement of CB1 both in maintaining epidermal barrier homoeostasis and in
attenuating Th2-type allergic inflammatory responses (Gaffal et al. 2014).

The eCB system has emerged as a key regulator of mast cells, which are key
effector cell type in IgE-mediated immediate hypersensitivity and allergic responses
in atopic dermatitis (Kawakami et al. 2009). Indeed, natural and synthetic
cannabinoids and eCBs exert suppressive activity on mast cell functions, leading to
protective effects both in acute and chronic inflammatory pathologies sustained by
excessive accumulation and degranulation of these immunocompetent cells
(Chiurchiù et al. 2015). More specifically, both the nonpsychotropic CB2 agonists
HU-308 and HU-320 strongly reduce edema in two different murine models of
allergic inflammation (Hanus et al. 1999; Sumariwalla et al. 2004). Furthermore,
AEA has been shown to inhibit mast cell degranulation, via CB1-dependent
mechanisms, both in vitro and in vivo (Maccarrone et al. 2002; Sugawara et al.
2012).

As compounds that interfere with the pathophysiology of pruritus, cannabinoids
could be successfully applied in the management of pruritus commonly occurring in
atopic dermatitis. Systemic activation of CB1 receptor, via either directly-acting
receptor agonists (i.e., THC) or inhibitors of AEA degradation, (i.e., by pharma-
cological blockade or genetic deletion of FAAH) reduces scratching in a murine
model of pruritus (Schlosburg et al. 2009). Another study reported that CB1 acti-
vation by HU210 effectively suppresses histamine-induced pruritus in humans
(Dvorak et al. 2003). Moreover, oral administration of JTE-907, a selective CB2

antagonist, significantly inhibits spontaneous scratching behavior in a mouse model
of atopic dermatitis (Maekawa et al. 2006), suggesting a yet-to-be-clarified CB2

involvement in allergic itch. Finally, PAC-14028, a TRPV1 antagonist, suppresses
scratching behaviors in two different models of atopic dermatitis (Yun et al. 2011).
Interestingly, in a T-cell mediated model of atopic dermatitis,
histamine-independent itch induced by IL-31 is significantly reduced in TRPV1−/−

mice compared to controls (Cevikbas et al. 2014). These findings suggest that eCB
signaling is crucially involved in the neuronal/nonneuronal cellular network of
pruritogenic stimuli in the skin, and that its manipulation can represent another
therapeutic approach for the management of itching associated to atopic dermatitis,
as well as to other inflammatory conditions.

15.4.2 Allergic Contact Dermatitis

Allergic contact dermatitis is a T-cell-mediated inflammatory reaction occurring at
the site of challenge with a contact allergen in sensitized individuals. It is charac-
terized by redness, papules, and vesicles, followed by scaling and dry skin.
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Immunologically, contact dermatitis is a form of delayed type IV hypersensitivity
consisting of two phases: sensitisation and elicitation. In the sensitisation phase,
occurring at the first contact of the skin with the hapten, the resident
antigen-presenting cells, i.e., Langerhans cells and dermal dendritic cells, pick up
and process the antigen. Then, hapten-bearing dendritic cells migrate to the draining
lymph nodes, where the allergen is exposed to naive T lymphocytes that differ-
entiate into antigen-specific memory T cells. During the elicitation phase, after a
new contact with the same antigen, memory T cells are activated and exert direct
and indirect cytotoxic effects towards cells of the skin, causing edema, erythema
and induration at the site of contact in sensitized humans or animals (Bos 2005).

Numerous preclinical studies have explored the role of the eCB system in
contact dermatitis. Significant alterations in the components of the eCB system have
been found in different mice models of this dermatosis. In particular, in an
experimental allergy contact dermatitis induced by 2,4-dinitrofluorobenzene
(DNFB), tissue levels of AEA and 2-AG were found to be increased, along with a
downregulation of CB1 receptors and an upregulation of NAPE-PLD, TRPV1 and
CB2 receptors (Karsak et al. 2007; Petrosino et al. 2010). An increase of 2-AG, but
not of AEA, was also observed in another model of contact dermatitis induced by
oxazolone (Oka et al. 2006).

Agonists and antagonists of cannabinoid receptors can produce both
anti-allergic- and pro-allergic effects. Studies with animals genetically devoid of
CB1 and CB2 receptors have generated contradictory findings about the effective
contribution of these receptors, particularly of CB2, to allergic dermatitis. On the
one hand, single and double CB1/CB2 receptor knockout mice have been found to
display exacerbated inflammation following treatment with DNFB, suggesting that
both receptors exert a protective role in allergic reaction (Karsak et al. 2007). In
particular, it has been reported that CB2

−/− mice experience pronounced chronic
inflammation that is alleviated or exacerbated by CB2 agonists or antagonists,
respectively (Karsak et al. 2007). On the other hand, CB2

−/− mice have been found
to exhibit a significant suppression of DNFB-induced edema and acanthosis (i.e.,
diffuse epidermal hyperplasia), and consistently a CB2-selective antagonist has been
found to alleviate chronic inflammation induced by DNFB in wild-type mice (Ueda
et al. 2005; Mimura et al. 2012). Moreover, a CB2-selective agonist induces ear
swelling in wild-type mice (Ueda et al. 2007), suggesting that the CB2 receptor
plays a stimulatory role in the sensitization and exacerbation of allergic inflam-
mation. Furthermore, in other contact dermatitis models, where ovalbumin or
oxazolone were repeatedly applied, there was a significant decrease in ear swelling
and acanthosis in CB2

−/− mice compared with wild-type animals, strongly sup-
porting the notion that CB2 and its endogenous ligand 2-AG enhance dermal
reactions to allergens (Mimura et al. 2012). A possible explanation for these
conflicting results could reside in the different doses of inflammatory stimuli used to
induce a dermal reaction and, most likely, with the pleiotropic actions that CB2

exerts on immune cells, including regulation in cell proliferation, activation and
migration.
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Less controversial seems to be the role of CB1 receptors in allergic contact
dermatitis. Indeed, mice lacking CB1 in keratinocytes show enhanced and pro-
longed allergic responses following DNFB challenge (Gaffal et al. 2013).
Interestingly, CB1-deficient keratinocytes produced increased amounts of CXCL10
and CCL8 in response to IFN-c (Gaffal et al. 2013), suggesting that peripheral CB1

expressed on these cells helps to limit the secretion of proinflammatory chemokines
that regulate T cell-dependent inflammation in the elicitation phase of allergic
contact dermatitis.

15.4.3 Localized Scleroderma

Localized scleroderma is a rare disease of unknown etiology, characterized by
inflammation and thickening of the skin from excessive collagen deposition.
Available data suggest that the mechanism of pathogenesis of scleroderma is
complex. Vessels, immune system and extracellular matrix are affected and may
contribute to the development of the disease. Early stages of scleroderma are
characterized by an infiltration of affected skin by inflammatory cells, mostly
macrophages and activated T cells. Later stages of the disease are characterized by
an excessive collagen synthesis and deposition by fibroblasts, resulting in patho-
logic dermal fibrosis (Bielsa 2013).

Activation of the eCB system can exerts both pro-fibrotic and anti-fibrotic‐
effects, by acting through CB1 and CB2 receptors, respectively. Indeed, CB1

−/− mice,
or controls treated with CB1 antagonists, are protected from bleomycin-induced
skin fibrosis, exhibiting a reduced dermal thickening, associated with a decreased
number of myofibroblasts, infiltrating T cells and macrophages. In marked contrast,
CB2

−/− mice, or controls treated with CB2 antagonists, are more susceptible to the
same model of scleroderma, with clinical symptoms markedly worsened
(Akhmetshina et al. 2009). Similarly, CB2

−/− mice develop a more exacerbated
hypochlorite-induced fibrosis compared with wild-type animals (Servettaz et al.
2010). Experiments involving bone marrow transplantation revealed that these two
receptors indirectly regulate the activation of fibroblasts by orchestrating the infil-
tration of leukocytes into lesional skin (Servettaz et al. 2010; Marquart et al. 2010).
Finally, increased levels of AEA induced by inactivation of FAAH exacerbate
experimental fibrosis primarily via activation of CB1 fibrosis, suggesting that CB1 is
the predominant receptor for eCBs in skin fibrosis, and that AEA exerts fibrogenic
activity (Palumbo-Zerr et al. 2012).

From these preclinical data it is arguable that selective antagonism and agonism
of CB1 and CB2 receptors, respectively, may have therapeutic potential for the
treatment of early inflammatory stages of skin scleroderma.
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15.4.4 Psoriasis

Psoriasis is a chronic inflammatory skin disease characterized by sharply demar-
cated erythematous plaques appearing on the surface of the epidermis. These
lesions result from intense skin inflammation with infiltration of inflammatory cells
into the dermis and epidermis and keratinocyte hyperproliferation. Although the
mechanism underlying psoriasis remains elusive, there is growing evidence that
T-cell-mediated immune mechanisms, particularly those mediated by Th1 and Th17
cells, play a major role in the pathology of this disease (Bos 2005).

Although direct studies using (e)CBs on preclinical models of psoriasis have not
yet been conducted, the above-mentioned biological effects of these compounds on
keratinocytes, and their potential in regulating the activation and balance of
Th1/Th2 cells, suggest that the eCB system could be a potential target for the
development of new pharmacological approaches against this skin disease.

15.5 Concluding Remarks

There is a huge need for the development of new treatments for managing chronic
skin disorders, such as psoriasis, atopic dermatitis, allergic contact dermatitis and
localized scleroderma. The increased knowledge of the pathogenesis of these der-
matoses has highlighted several molecular and cellular mechanisms, on which it
would be advisable to intervene with higher selectivity and efficacy through novel
pharmacological approaches. There are many good reasons to believe that (e)CBs
could be a new valuable generation of dermatological drugs. In the first place, they
modulate the activity of a signaling pathway, the so-called eCB system, which is
involved in skin homeostasis by orchestrating anti-proliferative, anti-fibrotic and
immunomodulatory actions. In the second place, these substances, by acting as
direct or indirect agonists and antagonists of cannabinoid receptors, produce ben-
eficial effects on relevant animal models of different skin disorders, also providing
proof of concept that the eCB system has a pleiotropic homeostatic function in the
skin (Table 15.2). In the third place, (e)CBs have favorable drug-safety profiles,
being generally well-tolerated and showing low toxicity and moderate adverse
effects. Finally, as lipophilic compounds, (e)CB-based drugs can be easily
administered topically, for example in the form of cream, lotion or ointment. On the
basis of accumulated evidence summarized in this chapter, there is certainly a hope
that in the next future at least some of (e)CB-related compounds could contribute to
expand the therapeutic arsenal of clinical dermatology.
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Chapter 16
The Aryl Hydrocarbon Receptor
(AhR) as an Environmental Stress Sensor
and Regulator of Skin Barrier Function:
Molecular Mechanisms and Therapeutic
Opportunities

Rebecca Justiniano and Georg T. Wondrak

Abstract The aryl hydrocarbon receptor (AhR) is a transcription factor responsive
to both xenobiotic and endogenous ligands involved in skin barrier adaptations in
response to environmental and endogenous stressors. Due to the fundamental role
that AhR-controlled signaling plays in skin barrier formation, homeostasis, resi-
lience to environmental stressors, and damage repair, AhR-directed pharmacolog-
ical strategies that aim at AhR-orchestrated signaling for anti-inflammatory,
immune-modulatory, cancer chemopreventive, and barrier enhancing intervention
show great therapeutic promise, delivering unique patient-directed benefit by tar-
geting specific skin pathologies (including psoriasis, atopic dermatitis, seborrheic
dermatitis, and solar radiation-induced skin photodamage) that have remained
elusive and difficult to treat. The ever expanding and accessible range of chemically
diverse physiological and synthetic AhR-modulators that differ with regard to
pharmacokinetic and pharmacodynamic profile, AhR-directed potency, metabolic
stability, and off-target effects through engagement of other signaling pathways
provides a versatile and accessible compound platform of prototype agents and
therapeutic leads for experimental intervention through AhR engagement, poten-
tially representing breakthrough therapeutics that can quickly be optimized,
developed, and formulated into novel AhR-directed cutaneous therapeutic entities.
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16.1 The Aryl Hydrocarbon Receptor: An Environmental
Stress Sensor in Skin

The aryl hydrocarbon receptor (AhR) is an ubiquitous ligand-dependent cytosolic
transcription factor involved in environmental stress response signaling, xenobiotic
metabolism, immune function, developmental and redox regulation, and—poten-
tially—circadian rhythmicity (Denison and Nagy 2003; Esser and Rannug 2015;
Haarmann-Stemmann et al. 2015).

AhR belongs to the evolutionarily old basic helix-loop-helix Per-Arnt-Sim
(bHLH-PAS) protein superfamily, recognized as sensors of environmental and
developmental signals. The AhR consists of two PAS domains, PAS-A and PAS-B,
which allow for ligand binding (PAS-B) and homo-/hetero-dimerization
(PAS-A/PAS-B) to other PAS proteins (Wu et al. 2013) (Fig. 16.1). Furthermore,
the N-terminal basic helix-loop-helix motif mediates DNA and protein binding (Gu
et al. 2000). Within the N-terminal bHLH region resides the nuclear localization
signal (NLS) and a nuclear export signal (NES), whichmediate nuclear transportation

TCDD

FICZ

KYN

KCZ

(a)

(b) (c)

Fig. 16.1 a Primary AhR sequence (from N- to C-terminus) and domain coverage; NLS nuclear
localization sequence; NES nuclear export signal. bMouse AhR (mAhR) PASB domain; structural
model; yellow residues involved in ligand-specific AhR activation. The residue involved in Hsp90
binding (Phe281) is indicated in blue, and ligand (TCDD) binding (Ala375) is indicated in red
[reprinted with permission from: American Society for Microbiology (Soshilov and Denison
2014)]. c Prototype AhR modulators (from top to bottom): TCDD (dioxin); FICZ (6-formylindolo-
[3,2-b]-carbazole); KYN (kynurenine); KCZ (ketoconazole)
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following ligand-dependent AhR activation. Additionally, the C-terminal
glutamine-rich transactivation domain (TAD) cooperates with co-activator proteins
for enhanced transcriptional gene expression (Rowlands et al. 1996).

In the unliganded state, AhR is retained in the cytoplasm as an inactive protein
complex consisting of an Hsp90 dimer, the chaperone prostaglandin E synthase 3
(PTGES3, p23), the immunophilin-like protein hepatitis B virus X-associated
protein 2 (XAP2/ARA9/AIP), and other factors including the tyrosine kinase
pp60src (Kazlauskas et al. 1999, 2001; Barouki et al. 2007). Hsp90 and p23 protect
AhR from ubiquitin-dependent proteolysis maintaining an AhR conformation that
is receptive to ligand binding. Consistent with AhR function as an Hsp90 client
protein, Hsp90 inhibitors suppress AhR-mediated activation of AhR target gene
expression causing pronounced down-regulation of AhR protein levels (Davis et al.
2015). After AhR ligands (such as dioxin, polycyclic aromatic hydrocarbons, and
endogenous tryptophan-derivatives) engage the receptor, a conformational change
exposes the NLS region critical for nuclear translocation. Nuclear AhR then
hetero-dimerizes with AhR nuclear translocator protein (Arnt; also termed HIF-1b)
via the PAS-A and PAS-B domains, and the AhR/Arnt heterodimer binds to DNA
via the xenobiotic response element (XRE) promoter sequence (-also termed DRE,
dioxin-response element; core DNA sequence: 5′-GCGTG-3′) located in the reg-
ulatory region of AhR-target genes.

The AhR ligand-binding domain exhibits a remarkable degree of promiscuity
concerning ligand binding, and the structure activity relationship underlying small
molecule AhR ligand activity remains poorly understood even though recent pro-
gress has been achieved based on in silico modeling and systematic site-directed
mutagenesis. Specifically, homology modeling of the mouse, rat, and human
AhR-ligand binding (LBD/PAS) domain was performed using the published
NMR-based PAS domain structure of human hypoxia-inducible factor 2a (HIF2a),
enabling virtual ligand docking (e.g. TCDD, FICZ, ITE) and screening of new AhR
ligands (such as the flavonoid pinocembrin), characterized further in cellular assays
measuring XRE-luciferase reporter transcriptional activation, AhR nuclear translo-
cation, and AhR target gene expression (Bisson et al. 2009). Recently, the remarkable
species (e.g. human versus murine)-specificity of some AhR agonists (including the
microbiome-derived indole-type AhR agonists indole, 3-methylindole, and the
indole-dimer-derived indirubin) has been attributed to the bimolecular (2:1) stoi-
chiometry between ligand and AhR-LBD, a finding that has been interpreted as a
molecular adaptation of the human AhR to sense microbiota-derived indoles as a
prerequisite of maintaining intestinal and cutaneous commensal homeostasis and
barrier function (Hubbard et al. 2015). In addition, comprehensive site-directed
AhR-LBD mutagenesis has identified specific amino acid residues within the
AhR-LBD, dictating selectivity of ligand binding, agonistic/antagonistic receptor
interaction, and Hsp90 engagement (Soshilov and Denison 2014) (Fig. 16.1).
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16.2 AhR Target Genes

The AhR gene battery comprises numerous genes involved in broad cellular bio-
logical functions. Nevertheless, AhR-mediated transcriptional changes are highly
ligand, cell and species specific (Flaveny et al. 2010; Dere et al. 2011). The classical
AhR target genes include the major phase one metabolizing cytochrome P450
monooxygenases (CYP1A1, CYP1A2, CYP2B1), aldehyde dehydrogenase-3
(ALDH3A1), and phase two enzymes including UDP-glucuronosyltransferase
(UGT1A1, UGT1A6), NADPH quinone oxidoreductase (NQO1), and
glutathione-S-transferase (GST). In addition, AhR is an important physiological
regulator of cellular homeostasis by controlling the expression of genes involved in
proliferation, differentiation, adhesion and matrix remodeling, as well as inflam-
mation and immune responses as discussed below. Such genes include epidermal
barrier proteins (e.g. keratin 10, loricrin, pro-filaggrin), cell growth regulators (e.g.
transforming growth factors including TGF-a and TGF-b), and nuclear transcrip-
tion factors (e.g. c-fos, c-jun) (van den Bogaard et al. 2013, 2015).

Activation of AhR is rapidly terminated by molecular pathways that negatively
regulate AhR. First, AhR is subject to feedback inhibition by mediating tran-
scription of the gene encoding the AhR repressor (AhRR), which competes with
AhR for Arnt (Tsuchiya et al. 2003; Evans et al. 2008). Second, AhR undergoes
nuclear export engaging the NES, followed by ubiquitination and 26S
proteosomal-mediated degradation. Third, termination of AhR signaling is also
achieved through rapid ligand metabolism by CYP1A1-dependent turnover, a
mechanism effective for some ligands (FICZ) that are efficient CYP1A1 substrates
but not for others (e.g. TCDD) that are metabolically inert, potentially representing
the molecular basis of physiological versus pathological AhR engagement.

16.3 Exogenous and Endogenous AhR Ligands

Apart from 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), the prototypical AhR
ligand, numerous other planar hydrocarbons including halogenated aromatic
hydrocarbons (HAHs), polycyclic aromatic hydrocarbons (PAHs), and PAH-like
compounds display high AhR affinity upstream of AhR-dependent cellular sig-
naling. Importantly, metabolically stable dioxin-like HAH ligands (including
TCDD, 2,3,7,8-tetrachlorodibenzofuran, and 3,3′,4,4′,5-pentachlorobiphenyl) cause
dramatic AhR-mediated toxic effects that seem to originate from supra-
physiological, dysregulated, and persistent stimulation of AhR signaling. In con-
trast, metabolically susceptible high affinity AhR ligands [such as the carcinogenic
PAH 3-methylcholanthrene, the phytochemical b-naphthoflavone, and the
endogenous ligand 6-formylindolo[3,2-b]carbazole (FICZ)] initiate transient
AhR-dependent signaling and beneficial (or adverse) biological effects in the
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absence of specific toxicity resulting from sustained AhR activation due to rapid
metabolic inactivation that attenuates pathological AhR signaling (Berghard et al.
1992; Kim et al. 2012).

16.3.1 Exogenous AhR Ligands

Exogenous ligands are synthetic (‘anthropogenic’) and natural compounds that are
not generated within or on the surface of the human body. This category includes
environmental pollutants (HAHs, PAHs and related compounds) (Safe 1990;
Denison et al. 1998; Poland and Knutson 1982). Members of the planar hydrophobic
HAH family are high-affinity AhR ligands including dibenzofurans, polyhalo-
genated dibenzo-p-dioxins, and biphenyls (Denison et al. 1998; Denison and
Heath-Pagliuso 1998). The prototypical and most potent HAH is TCDD (Poland and
Knutson 1982). In humans, TCDD has a half-life of 5-10 years due to its high
lipophilicity and resistance to metabolic degradation resulting in the sustained
induction of CYP1A1 (Aylward et al. 2005). Many studies have shown that TCDD
exposure can cause a diverse array of tissue-specific biological and toxicological
actions, most of which are mediated by AhR (Safe 1990, 1995; Devito 1994). The
members of the PAH include compounds such as benzo[a]pyrene (BaP), benzo-
flavones, 3-methylcholanthrene and benzanthracenes (Denison and Heath-Pagliuso
1998; Devito 1994; Poland and Knutson 1982). The PAHs are more metabolically
labile and have relatively lower binding affinity than HAHs towards AhR (Fraschini
et al. 1996). The AhR binding affinity of the PAH 3-methylcholanthrene is almost
equal to TCDD but rapid metabolic conversion results in only a transient induction
of CYP1A1 expression. Other classes of exogenous AhR agonists include
plant-derived phenolics including flavonoids (Ashida 2000; Ciolino et al. 1999) and
curcumin (Ciolino et al. 1998), carotenoids (Gradelet et al. 1997), and indol-3-
carbinol (I3C; Bjeldanes et al. 1991) that can reach skin by either topical application
or dietary intake. Interestingly, flavonoids and other related polyphenols have been
shown to have agonist/antagonist effects and may actually competitively block AhR
activation by dioxin-like contaminants. Additionally, pharmacological agents have
been reported to display AhR activity including the azole antifungal ketoconazole
and the proton pump inhibitor omeprazole (Tsuji et al. 2012; Jin et al. 2014).
Other AhR-directed FDA-approved drugs currently used for distinct therapeutic
indications include flutamide, leflunomide, nimodipine, mexiletine, and tranilast
(Hu et al. 2007; Jin et al. 2014).

16.3.2 Endogenous AhR Ligands

The cutaneous presence of endogenous AhR ligands supports a physiological role
of AhR in skin barrier structure and function. In skin, tryptophan is available in free
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form and also as a constituent of cellular protein, serving as the major precursor of
endogenous indolic AhR ligands. Key enzymes involved in the catabolism of free
tryptophan such as indoleamine 2,3-dioxygenase 1/2 (IDO1/2), tryptophan 2,3-
dioxygenase (TDO) and tryptophan hydroxylase are expressed in human skin cells
engaged in the formation of tryptophan metabolites including kynurenine, 3-hy-
droxyanthranilic acid (HA), picolinic acid, and quinolinic acid (Moffett and
Namboodiri 2003; Sheipouri et al. 2015). Tryptophan metabolites serve as pre-
cursors for the biosynthesis of niacin and nicotinamide adenine dinucleotide,
kynurenine, melatonin, and serotonin (Thomas and Stocker 1999; Sheipouri et al.
2012, 2015). IDO depletes tryptophan, a crucial factor in T-cell proliferation, and
AhR-KO mice display impaired IDO expression (Nguyen et al. 2010). The
IDO-encoding gene is under transcriptional control of AhR, and IDO expression is
impaired in murine AhR-deficient versus AhR-wt Langerhans cells (Jux et al.
2009). Kynurenines are known AhR agonists involved in the induction
AhR-dependent regulatory T cells (Tregs) from naïve T cells, suggesting an
immunosuppressive role that could potentially confer tolerance and may also play a
role in tumor immune evasion (DiNatale et al. 2010; Mezrich et al. 2010; Nguyen
et al. 2010; Opitz et al. 2011). In addition, the endogenous AhR ligand cinnabarinic
acid, another kynurenine pathway metabolite derived from tryptophan, produced by
the oxidation of 3-hydroxyanthranilic via non-enzymatic or enzymatic (such as
laccase- or ceruloplasmin-dependent) oxidation, has been demonstrated to stimulate
the differentiation of human and mouse T cells producing the Th17-associated
cytokine IL-22 (Lowe et al. 2014). Initially linked to IL-17 as a pro-inflammatory
cytokine, recent evidence suggests that IL-22 plays an independent immunoregu-
latory role in the context of non-hematopoietic cells, maintaining epithelial cell
homeostasis in mucosal tissues and serving a specific role in tissue repair following
inflammation. Other endogenous tryptophan metabolites with AhR-directed activity
are tryptamine, 5-hydroxy-tryptophan (Bittinger et al. 2003), and indigo and
indirubin (Spink et al. 2003; Adachi et al. 2001; Heath-Pagliuso et al. 1998);
however, indigo and indirubin are detectable in human urine only at picomolar
concentrations, well below the concentrations that would activate AhR-driven gene
expression (Adachi et al. 2001; Guengerich et al. 2004). Only a few other
tryptophan-derived endogenous AhR ligands have been identified such as
2-(1′H-indole-3′-carbonyl)-thiazole-4-carboxylic acid methyl ester (ITE), a novel
nontoxic (i.e., non-chloracnegenic) AhR ligand, that efficiently suppresses T
cell-immunity in an experimental model of autoimmune uveitis, but the potential
physiological role of ITE in the context of skin barrier function remains largely
undefined (Song et al. 2002; Nugent et al. 2013; Forrester et al. 2014).

It is well known that tryptophan photolysis generates photoproducts that can
cause the AhR-dependent upregulation of Cyp expression in skin. These photo-
products are formed from tryptophan in response to UV and visible radiation
through non-enzymatic photooxidative mechanisms (including hydroxylation,
oxidative deamination, oxidative ring opening, condensation, and oxidative cou-
pling) generating a range of potent AhR agonists including kynurenine,
indole-3-acetic acid (IAA), tryptamine, 1-(1H-indol-3-yl)-9H-pyrido[3,4-b]indole,
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6-formylindolo-[3,2-b]-carbazole (FICZ), indolo[3,2-b]carbazole (ICZ), 6,12-di-
formylindolo[3,2-b]carbazole (dFICZ), and the FICZ oxidation product indolo
[3,2-b]carbazole-6-carboxylic acid (CICZ) (Rannug et al. 1987; Helferich and
Denison 1991; Wei et al. 2000; Denison and Nagy 2003; Oberg et al. 2005; Fritsche
et al. 2007; Diani-Moore et al. 2011; Smirnova et al. 2016). Among these
tryptophan-derived photolytic products, FICZ displays extraordinary activity as an
AhR ligand with almost ten times higher AhR binding affinity than TCDD, sug-
gesting a causative role of FICZ-induced AhR activity in the mediation of
UV-driven effects on skin (Rannug et al. 1987, 1995; Wincent et al. 2012)
(Fig. 16.2). More detailed biochemical analysis revealed that FICZ serves as an
exceptionally efficient substrate for CYP1A1, CYP1A2, and CYP1B1, and its
hydroxylated metabolites are substrates for the sulfotransferases SULT1A1,
SULT1A2, SULT1B1, and SULT1E1; sulfoconjugates of phenolic FICZ
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Fig. 16.2 Molecular pathways mediating FICZ-dependent effects in human skin downstream of
its formation as a cutaneous microbial metabolite or solar UVB-induced tryptophan photooxi-
dation product; pathway 1: FICZ as an AhR-ligand causing AhR/Arnt-dependent upregulation of
target gene expression including CYP1A1; pathway 2: UVA-induced formation of FICZ
photoexcited states (FICZ*) followed by generation of reactive oxygen species (ROS) through
type I and II photosensitization reactions causing cutaneous photo-oxidative stress; suggested
pathway 3: FICZ-induced AhR-independent genomic reorganization through stimulation of
LINE-1 retrotransposition
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metabolites are present in human urine (Wincent et al. 2009). LC/MS/MS analysis
confirmed UVB-driven FICZ formation, followed by AhR nuclear translocation and
upregulation of CYP1A1 mRNA levels as demonstrated in HaCaT keratinocytes
(Fritsche et al. 2007), and inhibition of cytochrome P450-dependent clearance of
FICZ has been suggested as a physiological mechanism for AhR activation and
FICZ potentiation (Wei et al. 2000; Wincent et al. 2012). Indeed, elevated levels of
unmetabolized FICZ are observable as a result of pharmacological AhR (using 3′-
methoxy-4′-nitroflavone) or CYP inhibition (Bergander et al. 2004; Wincent et al.
2012). Remarkably, FICZ is also a fungal metabolite in cutaneous patient samples,
detectable in seborrheic dermatitis and pityriasis versicolor skin specimens
(Magiatis et al. 2013; Wincent et al. 2009).

Recently, in addition to light-dependent photooxidative or microbial biosyn-
thetic formation of cutaneous FICZ, three light-independent oxidative pathways of
FICZ formation with potential physiological relevance have been identified
dependent on the intermediate formation of indole-3-acetaldehyde, the key chem-
ical precursor of all pathways leading from tryptophan to FICZ: (i) nonenzymatic
tryptophan oxidation by the endogenous oxidant H2O2, (ii) nonenzymatic oxidative
conversion of indole-3-pyruvate formed enzymatically from tryptophan through
L-amino acid oxidase, (iii) enzymatic oxidative deamination of tryptamine via
mitochondrial monoamine oxidase. Due to the non-enzymatic nature of the reac-
tion, formation of FICZ from tryptophan has the potential to produce a complex
mixture of indole derivatives, some of which are CYP1A1 inhibitors (including
tryptamine and melatonin), thereby potentially enhancing FICZ bioavailability
through blockade of oxidative metabolism (Heath-Pagliuso et al. 1998; Chang et al.
2010; Smirnova et al. 2016).

16.4 The Skin Microbiome as a Source of Cutaneous
AhR Agonists

Recent research indicates that the commensal cutaneous microbiome is a rich source
of AhR-directed small molecules. Indeed, various species of human skin yeasts (e.g.
Malassezia) generate tryptophan metabolites displaying AhR activity including
indirubin, tryptanthrin, malassezin, FICZ, and ICZ (indole [3,2-b]-carbazole)
(Fig. 16.2). Although the biochemical mechanism underlying the biosynthesis of
theses compounds currently remains undetermined, it is evident that these AhR
ligands have cutaneous functions influencing immunoregulation and barrier quality.
For example, the fungus-derived metabolite malassezin induces AhR mediated
apoptosis in melanocytes consistent with the molecular scenario relevant to long
lasting depigmented plaques, a characteristic of pityriasis versicolor (Kramer et al.
2005), and absence of sunburn in pityriasis versicolor macules has been attributed to
the indole pityriacitrin, which acts as a potent UV filter (Larangeira de Almeida and
Mayser 2006). Other microbial indoles display various biological functions
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including the ultrapotent AhR ligand FICZ, whose AhR-dependent functions
include pro- and anti-inflammatory effects and skin barrier modulation (Quintana
et al. 2008; Wincent et al. 2009; Luecke et al. 2010; Prochazkova et al. 2011;
Wincent et al. 2012; Gaitanis et al. 2012; Mexia et al. 2015). The potential
immune-suppressive capacity of cutaneous microbiome-derived AhR ligands has
been substantiated by experimental evidence indicating that these ligands impede
Toll-like receptor-induced dendritic cell (DC) maturation and DC-induction of
T-cell proliferation, representing an AhR-controlled mechanism of suppressed
surveillance of microbial infections that might facilitate tolerance towards cutaneous
microbial colonization (Vlachos et al. 2012).

Malassezia yeasts comprise the majority of the microbial flora of healthy skin,
and these commensal fungi have also been implicated in the pathogenesis of skin
diseases including seborrheic dermatitis, pityriasis versicolor, atopic dermatitis and
psoriasis (Nakabayashi et al. 2000; Sugita et al. 2002; Gao et al. 2010; Gaitanis
et al. 2012; Jagielski et al. 2014). Indeed, skin extracts from seborrheic dermatitis
and pityriasis versicolor patient lesions indicate high quantities of Malassezia
furfur-derived indoles (Gaitanis et al. 2008, 2012; Magiatis et al. 2013; Mexia et al.
2015), and it seems reasonable to postulate that the increased presence of these
AhR-directed indoles alters local immune function relevant to pityriasis versicolor
lesions and chronic inflammation, as seen in atopic dermatitis and seborrheic der-
matitis (Gupta et al. 2004; Kuo et al. 2013).

Importantly, beyond the established fungal origin, AhR-directed
tryptophan-derived and other metabolites can also originate from bacteria resid-
ing in human skin. Indeed, AhR has been identified as an intracellular pattern
recognition receptor for virulent factors including phenazine (originating from
Pseudomonas aeruginosa) and the naphthoquinone phthiocol (originating from
Mycobacterium tuberculosis), indicating a role for AhR in immune modulation
downstream of primary bacterial infections (Moura-Alves et al. 2014). Likewise,
Lactobacilli convert tryptophan into indole-3-aldehyde (3-IAld) which has
anti-inflammatory effects thought to originate from AhR-mediated induction of
IDO1 (Zelante et al. 2013).

16.5 FICZ Functions that Occur Independent
of AhR Ligand Activity

Recent research indicates that FICZ assumes additional biological functions that
might impact skin barrier function in response to environmental stressors without
involvement of AhR signaling (Fig. 16.2).
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16.5.1 FICZ: A Nanomolar Endogenous
UVA-Photosensitizer

Our own research has demonstrated that FICZ acts as a nanomolar photosensitizer
potentiating UVA-induced oxidative stress in skin cells, human epidermal skin
models, and murine skin, irrespective of AhR ligand activity (Park et al. 2015; Syed
and Mukhtar 2015). Photosensitization, a phototoxic mechanism downstream of
photon absorption by chromophores present in the human skin is a key mechanism
of UV-induced oxidative stress (Wondrak et al. 2006). In human HaCaT and pri-
mary epidermal keratinocytes, photodynamic induction of apoptosis was elicited by
the combined action of solar-simulated UVA [or visible (blue light)] photons and
FICZ, whereas exposure to the isolated action of light (UVA/visible) or FICZ did
not impair viability. In a human epidermal tissue reconstruct, FICZ/UVA
co-treatment caused pronounced phototoxicity inducing keratinocyte cell death,
and FICZ photodynamic activity was also substantiated in a murine skin exposure
model. Array analysis revealed pronounced potentiation of cellular heat shock,
endoplasmic reticulum stress, and oxidative stress response gene expression
observed only upon FICZ/UVA co-treatment. FICZ photosensitization caused
intracellular oxidative stress, and comet analysis revealed introduction of
formamidopyrimidine-DNA glycosylase (Fpg)-sensitive oxidative DNA lesions
suppressible by antioxidant cotreatment. Interestingly, FICZ but not its deformy-
lated analogue ICZ, a potent agonist of equal AhR affinity as FICZ, displayed
photosensitizer activity, consistent with the carbonyl group-associated triplet state
being the ultimate structural determinant of FICZ-associated UVA- and blue
light-induced phototoxicity.

Taken together, these data provide evidence that the endogenous AhR ligand
FICZ displays nanomolar photodynamic activity representing a molecular mecha-
nism of UVA-induced photooxidative stress potentially operative in human skin. It
may be hypothesized that FICZ serves as an endogenous photosensitizer, a role
similar to that attributed before to other endogenous chromophores such as ribo-
flavin (vitamin B2) and protoporphyrin IX, but the precise mechanism and photo-
biological relevance of FICZ-induced photo-oxidative stress operative in solar
UV-exposed human skin remains to be elucidated. It also remains to be seen if
FICZ-induced photo-oxidative stress may facilitate its generation from tryptophan,
representing an autocatalytic mechanism that would be consistent with recent
observations on FICZ excited state chemistry and non-enzymatic,
non-photochemical FICZ formation originating from hydrogen peroxide-induced
oxidation of tryptophan (Park et al. 2015; Smirnova et al. 2016).
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16.5.2 FICZ: An Endogenous Activator of LINE-1
retrotransposition

Recent experimental evidence indicates that FICZ may cause genomic reorgani-
zation through stimulation of retrotransposition, a remarkable activity that impacts
genomic integrity without AhR involvement. FICZ-induced retrotransposition of
the long interspersed nucleotide element-1 (LINE-1) can be observed at picomolar
concentrations in human HuH-7 and HeLa cells. LINE-1 is a genetic non-LTR
retrotransposon comprising about 17 % of the human genome, of which 80–100
copies are competent as mobile elements. LINE-1 contains an internal polymerase
II promoter and ORF1 (encoding a 40-kDa basic RNA-binding protein with RNA
chaperone activity) and ORF2 (encoding a 150-kDa protein with endonuclease and
reverse transcriptase activities), involved in L1 cDNA genomic integration. LINE-1
retrotransposition depends on AhR nuclear translocator-1 (Arnt1), and FICZ is
thought to stimulate the interaction of the LINE-1-encoded ORF1 and Arnt1,
recruiting ORF1 to chromatin downstream of activation of mitogen-activated pro-
tein kinase. Prior research has demonstrated the activation of human LINE-1
retrotransposition by benzo(a)pyrene, an ubiquitous environmental carcinogen,
requiring DNA adduction after cytochrome P450-catalyzed oxidation of the parent
hydrocarbon (Stribinskis and Ramos 2006), and a causative involvement of LINE-1
reverse transcriptase (encoded by ORF-2) has been substantiated in UV-induced
transformation of cutaneous keratinocytes (Banerjee et al. 2005). However, the
molecular mechanism underlying FICZ-induced LINE-1 retrotransposition and its
potential role in the modulation of genomic adaptations to UV and other envi-
ronmental stressors remain to be elucidated in more detail. In the context of
genomic rearrangement as a result of LINE-1 retrotransposition in response to DNA
damage, it is interesting that LINE-1 retrotransposition can be induced by oxidative
DNA damage in human neuroblastoma cells exposed to hydrogen peroxide, and
LINE-1 hypomethylation induced by ROS is mediated via depletion of
S-adenosylmethionine, suggesting a mechanistic link between oxidative stress and
LINE-1 driven insertional mutagenesis and genomic instability that may also be
operative in human skin cells under environmental oxidative stress (Giorgi et al.
2011; Carreira et al. 2014; Kloypan et al. 2015). Based on the recent emergence of
FICZ as a potent sensitizer of photo-oxidative stress via ROS formation upstream of
oxidative (8-oxo-dG-mediated) genomic damage (Park et al. 2015), it is tempting to
speculate that FICZ-driven AhR-independent LINE-1 transposition may also be
impacted by FICZ-induced photo-oxidative stress, a hypothesis to be tested by
future experimentation.
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16.6 AhR: Cutaneous Functions and Therapeutic
Opportunities

AhR is highly expressed in barrier organs such as skin, lung, and gut consistent
with its role as a critical environmental stress sensor and orchestrator of environ-
mental and endogenous stress responses (Esser and Rannug 2015;
Haarmann-Stemmann et al. 2015).

16.6.1 AhR and Epidermal Barrier Function

Recent reports have demonstrated a critical role of AhR in epidermal differentiation,
skin barrier formation and homeostasis (Sutter et al. 2011; van den Bogaard et al.
2013, 2015). Earlier studies have reported that AhR deficient mice display abnor-
malities in keratinocyte terminal differentiation suggesting a physiological role of
AhR in skin morphogenesis (Loertscher et al. 2002). Using murine and human skin
models it has recently been shown that AhR activation is required for normal
keratinocyte differentiation as evidenced by impaired epidermal stratification
resulting from AhR inactivation during human skin equivalent development
(van den Bogaard EH et al. 2015). Comparative transcriptomic analysis between
AhR(−/−) and AhR(+/+) murine keratinocytes indicated a significant enrichment of
differentially expressed genes linked to epidermal differentiation, and AhR(−/−)

keratinocytes showed a significant reduction in terminal differentiation gene and
protein expression, an observation mimicked by pharmacological AhR antagonism
using drug-like small molecule modulators (including GNF351, CH223191,
SGA360). Likewise, monolayer cultured primary human keratinocytes subjected to
pharmacological AhR antagonism also display an impaired terminal differentiation
program. Based on these observations, pharmacological AhR activation employing
synthetic or endogenous AhR ligands has now emerged as a novel therapeutic
strategy targeting disturbed epidermal differentiation, a key clinical feature asso-
ciated with numerous skin pathologies.

16.6.2 Lessons from TCDD-Induced Chloracne

Dysregulated expression of epidermal barrier proteins is thought to contribute to
various cutaneous pathologies, and TCDD-induced overexpression of these genes
may therefore cause detrimental effects including impairment of skin barrier
function. Indeed, toxicity studies have reported that long-term exposure to TCDD
causes chloracne, a severe acne-like condition characterized by aberrant epidermal
hyperproliferation and hyperkeratinization involving the interfollicular squamous
epithelium and hair follicles, as well as a metaplastic response of sebaceous glands
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(Loertscher et al. 2001; Sutter et al. 2009, 2011). Chloracne is clinically charac-
terized by widespread dissemination of epidermal and dermal cysts with severe
atrophy of the sebaceous glands, and TCDD-induced transcriptional repression of
genes involved in sebum lipid metabolism may underlie sebaceous gland-directed
adverse effects (Saurat and Sorg 2010). Consequences of TCDD exposure are
exacerbated by the toxicant’s lipophilicity and metabolic inertness attributed to
polyhalogenation, preventing (or at least attenuating) enzymatic oxidative biocon-
version and deactivation, resulting in a prolonged biological half-life of TCDD in
humans that exceeds one year. However, patho-mechanistic aspects of AhR
engagement underlying the chloracne phenotype remain poorly understood. It has
recently been shown that induction of a chloracne phenotype achieved in an epi-
dermal equivalent model by TCDD depends on AhR activation and is not repro-
duced by AhR knockdown (Forrester et al. 2014). Indeed, when human epidermal
equivalents were treated with TCDD or two AhR-directed non-chloracnegens
[b-naphthoflavone (b-NF) and ITE], ligand-induced CYP1A1 and AhR degradation
did not correlate with their chloracnegenic potential, and only TCDD induced a
chloracne-like phenotype, whereas b-NF or ITE did not.

In a politically motivated assassination attempt using TCDD as a single toxicant
in 2004, the victim, former Ukrainian president Viktor Yushchenko, was hospital-
ized displaying TCDD serum levels 50,000-fold above average levels in the general
population (Sorg et al. 2009), a singular incident of TCDD-specific exposure dif-
ferent from mass exposure scenarios where victims of Agent Orange (Vietnam war;
Poland et al. 1976), industrial accidents (Seveso, Italy; Reggiani 1978), and envi-
ronmental disasters (Yusho, Japan; Kuratsune et al. 1971) were exposed to a mixture
of chemicals including polychlorinated dibenzo-p-dioxins (PCDDs), polychlori-
nated dibenzofurans (PCDFs), and polychlorinated biphenyls (PCBs). Interestingly,
two TCDD metabolites (2,3,7-trichloro-8-hydroxydibenzo-p-dioxin and
1,3,7,8-tetrachloro-2-hydroxydibenzo-p-dioxin) were identified in the patient’s
feces, blood serum, and urine. Biopsies of cutaneous lesions revealed high con-
centrations of TCDD that surpassed serum levels tenfold at eleven months post
poisoning, accompanied by highly altered AhR-regulated gene expression indicative
of sustained AhR signaling in skin (Saurat et al. 2012).

Importantly, it is now firmly established that the epidermal barrier is a functional
target of the TCDD-activated AhR (Sutter et al. 2011). TCDD controls the
expression of genes in the human epidermal differentiation complex (EDC) locus, a
chromosomal region and gene complex spanning 1.9 Mbp (1q21) comprising over
fifty genes encoding proteins involved in the terminal differentiation and cornifi-
cation of epidermal keratinocytes underlying epidermal barrier function (Mischke
et al. 1996). EDC gene expression is controlled by various transcription factors such
as KLF4, GATA3, GRHL3, Nrf2, and AhR/Arnt (Kypriotou et al. 2012). The
proteins encoded by EDC genes are functionally interrelated, representing members
of three evolutionarily distinct gene families: (i) the cornified envelope precursor
family [e.g. involucrin (IVL), loricrin (LOR), and various small proline-rich
(SPRRs) and late cornified envelope proteins (LCEs)], (ii) the S100 protein family
[e.g. psoriasin (S100A7), calgranulin A (S100A8), and calgranulin B (S100A9),
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some of which are serving as antimicrobial peptides], and (iii) the S100 fused type
protein (SFTP) family [e.g. filaggrin (FLG), filaggrin-2 (FLG2), trichohyalin
(TCHH), trichohyalin-like 1 protein (TCHHL1), hornerin (HRNR), repetin (RPTN),
and cornulin (CRNN)].

The functional importance of the EDC is exemplified by the molecular patho-
genesis of human diseases involving dramatic skin manifestations: For example,
FLG (filaggrin) mutations have been established as strong risk factors for atopic
dermatitis (AD) and AD-associated asthma. Expression of the EDC gene FLG
encoding the epidermal barrier protein profilaggrin (i.e. ‘filament aggregating
protein’), part of the SFTP family within the EDC, is under AhR transcriptional
regulation via XRE-promoter control. Interestingly, filaggrin aggregates keratin
filaments important for creating the lipid-protein cornified envelope of differenti-
ating keratinocytes, and proteolytic degradation of the histidine-rich filaggrin
releases free hygroscopic amino acids serving as precursors of pyrrolidone car-
boxylic acid and trans-urocanic acid, important components of the natural mois-
turizing factor (NMF), produced in the cornified layer of skin involved in water
retention and osmoprotection, pH control, UV signaling, and photoimmunosup-
pression (Pouillot et al. 2008). Gene expression analysis beyond AhR-dependent
FLG modulation indicated that exposure of confluent human keratinocytes to
TCDD (10 nM, 24 h) additionally upregulated mRNA levels including RPTN,
HRNR, FLG2, LCE3A, LCE3E, SPRR1A, SPRR2A, SPRR2B, S100A7, S100A9, and
S100A12, a finding consistent with XRE-identification in the respective gene pro-
moter sequences (Bruhs et al. 2015; Furue et al. 2015). TCDD also increases the
expression of genes required for de novo ceramide biosynthesis. Consistent with
these gene expression changes, TCDD treatment of organotypic skin cultures
resulted in accelerated keratinocyte terminal differentiation causing an augmented
and irregular spatial distribution of several differentiation-specific proteins (filag-
grin, involucrin, transglutaminase) (Loertscher et al. 2001). Other studies assessed
the effects of in utero TCDD treatment on fetal C57BL/J6 murine skin morpho-
genesis detecting enhanced premature expression of filaggrin and alterations of late
stage keratinocyte differentiation. TCDD-induced acceleration of in utero epidermal
barrier formation was shown to be associated with increased expression of isoforms
of late cornified envelope, isoforms of S100 calcium-binding protein, hornerin, and
involucrin (Ray and Swanson 2003; Sutter et al. 2011).

16.6.3 AhR as an Environmental Stress Sensor:
Ozone and Human Skin

A significant fraction of environmental oxidative damage targeting skin originates
from the air pollutant ozone (trioxygen, O3; Baudouin et al. 2002). Ground-level
ozone, a major component of photochemical smog, is created near the Earth’s
surface by the action of solar UV on precursors pollutants, such as methane and
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those emitted during the combustion of fossil fuels. Ground level ozone impairs the
respiratory system and lung function, and exposure to ozone increases the incidence
of asthma, bronchitis, cardiovascular insult, and other cardiopulmonary problems.
In skin, ozone is recognized as a powerful environmental oxidant that impairs
cutaneous structure and function. Recently, AhR has been recognized as an ozone
sensor in human skin (Afaq et al. 2009). In normal human epidermal keratinocytes
(NHEKs) exposure to ozone (0.3 ppm) resulted in an increase in protein and
mRNA expression of CYP1A1, CYP1A2, and CYP1B1, an effect that was blocked
by AhR silencing (siRNA) validating AhR as an ozone sensitive target. NHEK
exposure to ozone also resulted in nuclear AhR translocation and EGFR phos-
phorylation (Afaq et al. 2009).

16.6.4 Harnessing AhR-Nrf2 Crosstalk for Cutaneous
Resilience Against Environmental Stressors
and Maintenance of Barrier Function

In addition to AhR as a prototype environmental stress sensor pathway in skin, the
redox-sensitive and environmental stress-activated CNC (cap′n′collar) basic leucine
zipper transcription factor Nrf2 (nuclear factor-E2-related factor 2) orchestrates
major cellular defense mechanisms including phase-II detoxification, inflammatory
signaling, DNA repair, and antioxidant response relevant to skin barrier function.
Nrf2 is a master regulator of keratinocyte redox signaling and has now been rec-
ognized as a promising molecular target for the pharmacological control of skin
pathologies associated with oxidative stress and inflammatory dysregulation
resulting from exposure to environmental electrophilic toxicants including ionizing
radiation, solar UV photons (UVA and UVB) , reactive oxygen and nitrogen
species (ROS/RNS), PAHs (and their epoxidized metabolites), reactive carbonyl
compounds and lipid peroxidation products (e.g., acrolein and 4-hydroxynonenal),
heavy metals (e.g. cadmium, zinc), and metalloids (arsenic) (McMahon et al. 2010;
Schäfer and Werner 2015). Consequently, extensive mechanistic crosstalk between
these two stress response pathways exists, determining skin adaptational responses
and barrier function, and the AhR-Nrf2 pathway as operative in keratinocytes has
recently been highlighted as a major molecular target for skin cancer chemopre-
vention (Haarmann-Stemmann et al. 2012).

Nrf2 transcriptional activity orchestrates major cellular antioxidant and phase-II
detoxification and anti-inflammatory pathways that protect tissue against elec-
trophilic insult. Numerous dietary chemopreventive factors activate Nrf2 through
covalent adduction and/or oxidation of redox-sensitive thiol residues in Keap1
(Kelch-like ECH-associated protein 1), the negative regulator of Nrf2, and Nrf2 has
emerged as an attractive target for potential cutaneous photo-chemopreventive
intervention (Zhang and Hannink 2003; Saw et al. 2011; Knatko et al. 2015; Tao
et al. 2015). Inhibition of Keap1-dependent ubiquitination and subsequent
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proteasomal degradation of Nrf2 allows nuclear translocation, a process followed
by Nrf2-dependent transcriptional activation of target genes containing an antiox-
idant response element (ARE) regulatory sequence. Upregulation of target genes
encoding cytoprotective enzymes such as c-glutamylcysteinyl-synthetase, glu-
tathione S-transferases, thioredoxin, peroxiredoxins, NAD(P)H quinone oxidore-
ductase 1 (NQO1), and heme oxygenase 1 is thought to underlie Nrf2-dependent
protection against oxidative environmental insult (Tao et al. 2015). Nrf2 orches-
trates and binds to antioxidant responsive element (ARE) sequences of target gene
promoters involved in type 2 xenobiotic detoxification and oxidative stress.
Upregulation of epidermal suprabasal Nrf2 activity leads to expression of ROS
detoxifying enzymes and proteins involved in glutathione transport and biosyn-
thesis establishing a trans-epidermal glutathione gradient, thought to underlie
Nrf2-dependent protection of the suprabasal epidermis against UV irradiation and
ROS-induced apoptosis enabling the preferential elimination of UVB-damaged
basal keratinocytes (Schäfer et al. 2010).

Nrf2 control of epidermal barrier structure and function has recently been rec-
ognized (Schäfer and Werner 2015). Keap1 deficiency resulting in
supra-physiological constitutive Nrf2 activation causes epidermal hyperkeratosis
(with upregulation of loricrin, repetin and keratin 6 together with attenuation of
involucrin synthesis), and Keap1-null mice are not viable postnatally due to severe
gastrointestinal hyperkeratosis. Transgenic mice displaying pathologically
enhanced Nrf2 activity in keratinocytes are characterized by epidermal upregulation
of secretory leukocyte peptidase inhibitor (Slpi) and small proline-rich protein
(Sprr2d), associated with inflammatory hyperkeratosis and epidermal thickening
reminiscent of ichthyosis and chloracne/metabolizing acquired dioxin-induced skin
hamartomas (MADISH) (Schäfer et al. 2012, 2014).

A role of pharmacological Nrf2 activation for skin protection against oxidative
and inflammatory insult has recently been substantiated, and the therapeutic
acceleration of diabetic wound healing by topical and systemic Nrf2-activators has
been reported (Long et al. 2016). Moreover, recent studies strongly suggest a
protective role of Nrf2-mediated gene expression in the suppression of cutaneous
photodamage induced by solar UV radiation (Knatko et al. 2015). Nrf2 activation
has been shown to protect cutaneous keratinocytes and fibroblasts against the
cytotoxic effects of UVA and UVB (Wondrak et al. 2008; Tao et al. 2013; Schäfer
and Werner 2015), and recent research performed in SKH-1 mice documents that
constitutive genetic Nrf2 activation with retention of Keap1 negative control pro-
tects mice against acute photodamage and photocarcinogenesis (Saw et al. 2011;
Knatko et al. 2015). Therefore, pharmacological modulation of Nrf2 has now
attracted considerable attention as a novel approach to molecular skin photopro-
tection working synergistically with sunscreen-based strategies (Wondrak 2014).
Indeed, protection of primary human keratinocytes from UVB-induced cell death
by novel drug-like Nrf2 activators has been reported, a photoprotective effect
attributed in part to Nrf2-dependent elevation of cellular glutathione levels (Lieder
et al. 2012). Topical application of Nrf2 inducers, e.g. the synthetic Nrf2-activator
TBE-31, has shown pronounced photoprotective and photochemopreventive
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activity in murine skin, and suppression of solar UV-induced human skin erythema
was achieved by topical application of a standardized broccoli extract delivering the
Nrf2 inducer sulforaphane (Knatko et al. 2015). Recently, we have been able to
demonstrate that Nrf2-dependent skin photoprotection against sunburn and oxida-
tive insult can be achieved by systemic administration of bixin, a water soluble
apocarotenoid derived from the fruit of the achiote tree, used as a dietary additive
all over tropical America since pre-Columbian times and now employed worldwide
as an FDA-approved food colorant with established systemic availability and safety
profile upon oral administration (Tao et al. 2015).

Mechanistic crosstalk between Nrf2 and AhR occurs at the gene expression level
as supported by the co-occurrence of ARE- and XRE-sequences in the promoter
region of several AhR-controlled genes (including NQO1 and GST) (Miao et al.
2005). Likewise, immunoprecipitation analysis confirmed direct AhR binding to
XREs located in the Nrf2 promoter region, a finding in support of transcriptional
crosstalk enabling AhR agonists including TCDD to induce mRNA and protein
expression of Nrf2 (Miao et al. 2005). Moreover, Nrf2 seems to be essential to
TCCD induction of classical AhR target genes (NQO1, UGTs, GST) based on the
observation that in murine in vivo experiments TCDD treated Nrf2 deficient (−/−)
mice expressed lower levels of these genes than TCDD-treated Nrf2 wild type (+/+)
mice (Yeager et al. 2009). It is tempting to speculate that the AhR-Nrf2 interplay
may represent a synergistic defense system blocking oxidative stress and envi-
ronmental tissue injury that may also be induced by electrophilic AhR-ligand
metabolites. Indeed, it has been observed that enhanced CYP1A1 enzymatic
activity generates ROS that modulates oxidative stress responsive JNK, NFjB, and
Nrf2 pathways, suggesting that AhR indirectly modulates cellular regulatory factors
in other signaling pathways through CYP1A1-mediated oxidative stress as sub-
stantiated by prior studies on TCDD-induced CYP1A1-dependent oxidative stress
(Park et al. 1996; Diry et al. 2006; Kopf et al. 2010).

Recently, the synthetic imidazole antifungal ketoconazole (KCZ) has been shown
to display activity as an AhR-Nrf2 activator in cultured human keratinocytes repre-
senting the basis of its anti-inflammatory effect (Tsuji et al. 2012). In cultured human
keratinocytes KCZ induces AhR nuclear translocation, resulting in the upregulation
of CYP1A1 mRNA and protein expression. Furthermore, KCZ actively switched on
Nrf2 nuclear translocation and NQO1 expression, and TNFa- and BaP-induced ROS
and IL-8 production as well as BaP-induced 8-hydroxy-2-deoxyguanosine were
effectively inhibited by KCZ treatment. Importantly, knockdown of either AhR or
Nrf2 abolished the inhibitory capacity of KCZ on ROS and IL-8 production,
and KCZ-induced Nrf2 activation was lost upon AhR knockdown demonstrat-
ing that the engagement of AhR by KCZ exhibits the cytoprotective effect
mediated by the Nrf2 redox system, which potently downregulates
either cytokine-induced (AhR-independent) or PAH-induced (AhR-dependent)
oxidative stress. Interestingly, KCZ is a racemic mixture of two enantiomers,
specifically (2R,4S)(+)-KCZ and (2S,4R)(−)-KCZ. An enantio-specific effect of
KCZ on AhR activity was established by demonstrating that (+)-KCZ
dose-dependently activated AhR in a human gene reporter cell line displaying up to
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20-fold higher agonist activity as compared to (−)-KCZ. (+)-KCZ strongly induced
CYP1A1mRNAand protein in humanHepG2 cells, while (−)-KCZ exerted less than
10 % of (+)-KCZ activity (Novotna et al. 2014).

Topical interventions using bio-compatible phytochemicals displaying dual
AhR-Nrf2 agonistic activity for cytoprotection and skin barrier enhancement have
now attracted increased attention (Furue et al. 2015) For example, an antioxidant
opuntia (ficus indica) extract activates AhR-Nrf2 signaling and upregulates filag-
grin and loricrin expression in human keratinocytes (Nakahara et al. 2015).
Likewise, cynaropicrin, a sesquiterpene lactone phytochemical extracted from ar-
tichoke has recently been shown to activate the AhR-Nrf2-Nqo1 cytoprotective
pathway, strengthening both skin barrier function, oxidative defenses, and facili-
tating suppression of inflammatory mediators (IL-6, TNFa) in UVB-exposed ker-
atinocytes suggesting a potential utility in the prevention of UVB-induced
photoaging (Takei et al. 2015). Remarkably, cynaropicrin-induced AhR-Nrf2-Nqo1
activation is AhR- and Nrf2-dependent, as demonstrated by the observation that
keratinocytes transfected by siRNA against either AhR or Nrf2 are not responsive
to this phytochemical. In accordance with these findings, cynaropicrin inhibits
generation of ROS from keratinocytes irradiated with UVB in a Nrf2-dependent
manner. Recently, topical application of a galactomyces-derived microbial fer-
mentation filtrate has been shown to prevent T helper 2-mediated reduction of
filaggrin, upregulating gene expression (FLG, LOR) in an AhR-dependent manner
(Takei et al. 2015).

16.6.5 The Cutaneous AhR: A Key Regulator of Immune
Function, Photoimmunosuppression, Inflammation,
and Carcinogenesis

AhR activation in skin exposed to solar UV radiation has now been identified as a
major mechanistic factor underlying systemic photoimmunosuppression, the
UV-induced suppression of the immune system that occurs in an antigen-specific
manner via induction of regulatory T cells (Tregs). Strikingly, induction of
UV-induced Tregs is prevented by AhR antagonists demonstrating that UV-induced
AhR activation is involved in UVR-mediated immunosuppression, and AhR-KO
mice display resistance to UVR-induced immunosuppression (Navid et al. 2013).
Recent evidence demonstrates that antigen-presenting cells are critically involved in
AhR-induced immunosuppression, based on the finding that AhR activation
switches antigen-presenting cells from a stimulatory into a regulatory phenotype
controlling Treg formation. Specifically, AhR activation triggers the release of IL-2
by DC inducing the expression of Foxp3 essential for maintaining Treg as critical
mediators of photo-immunosuppression (Turka and Walsh 2008; Kulhankova et al.
2012). Importantly, AhR has now been recognized as a ligand-specific modulator of
TH17 and FoxP3+ Treg differentiation, in which TCDD suppressed experimental
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autoimmune encephalomyelitis (EAE) in mice by promoting immunosuppressive
Treg differentiation (Quintana et al. 2008). Likewise, the tryptophan-derived
endogenous AhR ligand ITE suppressed EAE in mice via induction of FoxP3+
Treg differentiation in a retinoic acid-dependent manner, suggesting that AhR ago-
nists may serve as potential therapeutic agents for autoimmune diseases (Quintana
et al. 2010). It is now widely appreciated that therapeutic immunosuppression might
be achieved through pharmacological AhR activation. For example, recent research
has identified 4-n-nonylphenol (NP) as a synthetic drug-like AhR agonist that
suppressed sensitization and induced Treg reminiscent of the photoimmunosup-
pressive effects of UV exposure. Strikingly, injection of hapten-coupled dendritic
cells treated with NP into mice did not result in sensitization but induced Tregs

suggesting that AhR agonists may represent a viable therapeutic strategy to attenuate
immunity, equipotent to UV exposure without causing adverse effects includ-
ing sunburn and photomutagenicity (Navid et al. 2013). The identification of
drug-like AhR agonists for therapeutic immunomodulation remains an ongoing area
of research, and a new class of rapidly metabolized AhR ligands,
benzimidazoisoquinolines [including 10-chloro-7H-benzimidazo[2,1-a]benzo[de]
Iso-quinolin-7-one(10-Cl-BBQ)] that induce AhR-dependent Tregs and prevent
murine graft-versus-host disease, has recently been identified (Punj et al. 2014).

Earlier research has demonstrated that the immunosuppressive effects of TCDD
depend on AhR activity (Vorderstrasse et al. 2001), and subsequent studies reported
that impaired Langerhans cell (LC) maturation in AhR-KO mice is due to a sig-
nificant reduction in dendritic epidermal T-cells (DETC) that secrete GM-CSF
necessary for LC maturation. Indeed, AhR deficient mice displayed a marked
reduction of DETC levels and DETC lacked cell surface expression of c-Kit
(Kadow et al. 2011). Based on cumulative experimental evidence that identifies AhR
as a major orchestrator of immune function and inflammatory activity, AhR has
become an attractive target for investigational therapeutic interventions targeting
human skin pathologies associated with dysregulated inflammatory signaling.

16.6.5.1 Atopic Dermatitis

Atopic dermatitis (AD) is characterized by erythema, pruritus, intercellular epider-
mal edema, and keratinocyte apoptosis. In AD patients, important epidermal barrier
proteins (filaggrin, involucrin, loricrin) are downregulated by IL-4, IL-5, and IL-13
through a STAT6-dependent process (Palmer et al. 2006; Kim et al. 2006; Jakasa
et al. 2011). Furthermore, the terminal differentiation protein hornerin has also been
associated with AD (Esparza-Gordillo et al. 2009; Henry et al. 2011). Tauchi et al.
(2005) demonstrated transgenic mice with constitutive AhR activation developed
inflammatory skin lesions and pruritus accompanied with up-regulated
inflammation-associated gene expression resembling AD. Additionally, AD
patients display higher protein levels of AhR and Arnt, and elevated AhR, Arnt and
CYP1A1 mRNA levels have been detected in the epidermis of these patients (Kim
et al. 2014). Interestingly, for many years, topical coal tar has been used treat various
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skin disease for its anti-inflammatory properties. Coal tar contains a diverse spec-
trum of hydrocarbons and aromatic compounds therefore its effects through AhR
signaling has been investigated. In keratinocytes derived from AD patients and
epidermal skin equivalents, coal tar improved epidermal differentiation and
up-regulated epidermal barrier proteins including filaggrin, involucrin and hornerin
expression with inhibition of IL/4/STAT-6 signaling resulting in downregulation of
eosinophilic chemoattractant CCL26 expression (van den Boggard et al. 2013).

16.6.5.2 Psoriasis

Psoriasis, an immune-mediated chronic skin pathology associated with increased
secretion of inflammatory cytokines (including IL-23, IL-17, IL-22) and infiltration
of neutrophiles and T cells, undermines skin barrier structure and function, and
formation of itchy, red, scaly plaques are a phenotypic hallmark of the disease.
Evidence has now been generated indicating that environmental factors that activate
AhR (e.g. solar UV-induced FICZ or coal tar-based topical treatment) attenuate
keratinocyte responsiveness to inflammatory stimuli (IL-1b), thereby potentially
limiting psoriatic pathology in human patients. Immunofluorescence staining per-
formed on skin lesion biopsies from psoriatic patients displayed high AhR and Arnt
levels throughout the epidermis, with nuclear colocalization of AhR and Arnt in the
lower epidermis (Kim et al. 2014). AhR activation via FICZ treatment on psoriatic
skin biopsies derived from patients revealed transcriptional suppression of
pro-inflammatory psoriasis-associated genes (including interferon-induced genes
such as IFIT, RSAD2, IFIT3, CMPK2, MX2), whereas pharmacological antagonism
of AhR (using CH-223191, a drug-like synthetic AhR antagonist that prevents
TCDD-caused cytochrome P450 induction, liver toxicity, and wasting syndrome in
mice) upregulated expression of these genes, substantiating a new role of AhR in
the modulation of the psoriasis-associated transcriptome (Di Meglio et al. 2014).
Indeed, in an imiquimod-induced murine model of psoriasis (mimicking the human
disease concerning acanthosis, parakeratosis, IL-23/IL-17/IL-22 pathway engage-
ment, and neutrophil recruitment) psoriasiform exacerbation was observed in
AhR-deficient mice resulting in scaling and parakeratosis of the stratum corneum,
epidermal acanthosis, and inflammatory infiltration, compared to wild type mice.
FICZ treatment prior to imiquimod attenuated inflammatory responses and also
reduced epidermal thickness and parakeratosis. The hyper-inflammatory phenotype
observed in AhR KO mice was replicated only in conditional KO mice lacking AhR
expression in keratinocytes and fibroblasts but not in dendritic cells or macro-
phages, indicating that AhR deficiency in nonhematopoietic cells exacerbates skin
inflammation (Di Meglio et al. 2014). Elevated levels of the AP-1 family member
JunB were detected in human keratinocytes following imiquimod treatment, and
AhR genetic status was a determinant of imiquimod responsiveness, suggesting a
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crucial role of AhR in suppressing skin inflammatory functions through the regu-
lation of JunB expression.

16.6.5.3 Scleroderma

Scleroderma is a chronic fibrotic autoimmune disease that affects the connective
tissue resulting in thickened and tightened skin associated with calcinosis, exag-
gerated vasoconstriction (Raynaud’s phenomenon), esophageal dysfunction, scle-
rodactyly, and telangiectasias. Therapeutic studies are addressing factors involved
in fibrotic progression such as the major cytokine transforming growth factor-b1
(TGFb1), mediating myofibroblast differentiation and displaying altered expression
in scleroderma (Denton and Abraham 2001). It has been reported that the AhR
ligand ITE suppresses TGFb1-driven myofibroblast differentiation by inhibiting the
nuclear translocation of Smad2/3/4 but the specific involvement of AhR signaling
remains to be elucidated (Lehman et al. 2011).

16.6.5.4 Seborrheic Dermatitis

Seborrheic dermatitis is a chronic inflammatory cutaneous disease characterized by
erythematous patches, pruritus, and fine scaling found in sebum-rich areas.
Interestingly, seborrheic dermatitis has been associated with tryptophan metabolites
(including FICZ, ICZ, malassezin, and pityriacitrin) generated by commensal
cutaneous yeasts (such as Malassezia globosa, Malassezia restricta, and Malassezia
furfur), displaying activity as AhR agonists (Gaitanis et al. 2008; Del Rosso 2011;
Gaitanis et al. 2012; Magiatis et al. 2013; Mexia et al. 2015). Skin scale extracts
from patients with Malassezia-associated diseases displayed up to one
thousand-fold higher AhR-activating capacity than control skin extracts, and
LC-MS analysis of human skin extracts derived from seborrheic dermatitis patients
revealed the presence of microbial AhR agonists including indirubin, FICZ, ICZ,
malassezin, pityriacitrin, and the novel microbial indoloazepinone-metabolite
pityriazepin (Mexia et al. 2015). As compared to TCDD, indirubin and FICZ
caused AhR activation in HaCaT keratinocytes with high, yet transient potency, an
observation consistent with metabolic susceptibility and rapid turnover of these
microbial high affinity AhR agonists downstream of AhR-induced upregulation of
CYP1A1. Interestingly, it has been suggested that a microbiome-related contribu-
tion to skin photocarcinogenesis in the context of basal cell carcinoma (BCC) may
originate from the commensal generation of AhR-directed metabolites including
FICZ, a tempting hypothesis envisioning the synergistic overlap between
microbiome-derived AhR-directed metabolites and environmental toxicants (solar
UV) in the causation of tissue damage to be substantiated by future experimentation
(Gaitanis et al. 2012).
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16.6.6 AhR in Melanogenesis, Vitiligo, and Malignant
Melanomagenesis

Cutaneous hyperpigmentation is an established hallmark of human xenobiotic
exposure. Early reports documented that accidental exposure to persistent
organochlorine compounds including polychlorinated biphenyls (PCBs), poly-
chlorinated di-benzofurans (PCDFs), and polychlorinated dibenzo-p-dioxin
(PCDDs) through dietary consumption of contaminated cooking oil in the 1970s in
Japan (‘Yusho incident’) and Taiwan (‘Yu-Cheng incident’) causes abnormal
pigmentation (affecting skin, nail, and gingiva) together with the development of
acne-like eruptions, developmental defects and endocrine dysfunction, immuno-
toxicity, and reproductive toxicity (Hashiguchi et al. 1987; Pluim et al. 1993;
Weisglas-Kuperus et al. 2000; Ayotte et al. 2003; Tsukimori et al. 2011). Likewise,
it is well established that the fetal PCB syndrome observed in prenatally exposed
babies involves dark brown pigmentation of skin and mucous membranes
(Yamashita and Hayashi 1985). Recently, the role of AhR in pigment formation by
regulating the expression of genes coding for enzymes of the melanogenic pathway
has been established at the molecular level. TCCD and FICZ-induced AhR sig-
naling has been shown to stimulate melanogenesis in cultured human melanocytes
causing upregulation of tyrosinase enzyme activity and total melanin content, and
genomic sequence analysis revealed the presence of putative XRE-sequences in
promoter regions, introns, and 3′ noncoding regions of human tyrosinase (TYR) and
tyrosinase related genes [TYRP1, TYRP2 (DCT)] (Luecke et al. 2010). Subsequent
experiments demonstrated a role of AhR in UVB-induced skin tanning based on the
observation that UVB-induced pigmentation was diminished in AhR KO mice (Jux
et al. 2011).

Consistent with its emerging role in melanocyte function and melanogenesis,
AhR signaling has recently been shown to be involved in the pathogenesis of
vitiligo, a cutaneous condition characterized by progressive hypopigmentation and
reduction of melanocyte numbers in lesional skin causing the loss of inherited skin
pigmentation. It has been hypothesized that functional mutations of the AhR gene
may have a negative impact on downstream genes including TYR, TYRP2 (DCT),
KITLG (SCF), and KIT impacting the risk of vitiligo in human patients. Indeed, the
association of functional polymorphisms in the aryl hydrocarbon receptor gene with
the risk of vitiligo has been reported in Han Chinese populations (Wang et al. 2012,
2015). Moreover, it has been demonstrated that AhR-mediated immune response
signaling is compromised in vitiligo undergoing massive epidermal oxidative stress
mediated by hydrogen peroxide and peroxynitrite with oxidative posttranslational
modification and inactivation of indoleamine 2,3-dioxygenase and AhR
(Schallreuter et al. 2012), and it was suggested that impaired epidermal AhR and
IDO signaling could provide a molecular mechanism underlying the absence of Treg

cells in lesional, perilesional, and normal pigmented skin of patients with vitiligo
(Klarquist et al. 2010). Importantly, it has been proposed that topical application of
AhR agonists such as FICZ may be effective in inducing skin pigmentation in

346 R. Justiniano and G.T. Wondrak



vitiligo patients (Jux et al. 2011), a rational awaiting clinical validation and also
supported by the finding that hair follicle melanocytes can repopulate depigmented
epidermis in transgenic mice constitutively expressing stem cell factor [SCF; kit
ligand (KITLG) (Nishimura et al. 2002)].

In the context of AhR-engagement in cutaneous dyspigmentation, it is note-
worthy that tinea (or ‘pityriasis’) versicolor, a common cutaneous mycosis located
on sebaceous areas caused by overgrowth of various species of the commensal yeast
Malassezia, is characterized by depigmented cutaneous lesions. Indeed, apoptotic
elimination of melanocytes by the microbial metabolite and AhR agonist malassezin
was recently proposed as the mechanistic basis of the marked depigmentation
characteristic of tinea versicolor (Kramer et al. 2005; Prohic and Ozegovic 2007).

In malignant melanomagenesis, a complex role of AhR has now been recognized
as supported by the fact that AhR can display either oncogenic or tumor suppressor
functions, activities that depend on cellular context. AhR expression in human
melanoma cells has been connected to AhR-dependent regulation of genes involved
in melanoma progression (Villano et al. 2006). Normal melanocytes and melanoma
cells express the AhR/Arnt, and activation of this pathway by TCDD in A2058
melanoma cells results in increased expression and activity of MMP-1, MMP-2 and
MMP-9, as well as increased invasiveness. Interestingly, it has been demonstrated
that human metastatic melanomas display reduced AhR expression levels as
compared to benign nevi, and the observation that experimental AhR knockdown
promotes primary tumorigenesis and metastasis in murine models of malignant
melanoma suggests that AhR displays tumor suppressor activity in melanomage-
nesis. (Contador-Troca et al. 2015). Moreover, AhR activation antagonizes the
tumorigenic effects of aldehyde dehydrogenase (Aldh1A1) expression, blocking
melanoma tumorigenesis and metastasis providing clinically relevant evidence that
the combined AhRlow-Aldh1A1high phenotype may predict poor prognosis in
human melanoma patients (O’Donnell et al. 2012; Contador-Troca et al. 2013).

16.6.7 AhR and Cancer: Focus on Nonmelanoma Skin
Photocarcinogenesis

The tumor promoting potential of AhR activation has been supported by experi-
mental evidence indicating AhR-driven enhanced extracellular matrix degradation,
anti-apoptotic and pro-inflammatory proteins (i.e. COX2, IL-1B, IL-8, IL-18) fol-
lowing ligand binding (Sutter et al. 1991; Tauch et al. 2005; Fritsche et al. 2007;
Haarmann-Stemmann et al. 2009; Ono et al. 2013). Interestingly, in non-cutaneous
malignancy, the oxidative tryptophan catabolite kynurenine has been identified as
an endogenous tumour-promoting ligand of the human aryl hydrocarbon receptor,
generated constitutively by human tumor cells involving indoleamine-pyrrole 2,3-
dioxygenase (IDO) and tryptophan-2,3-dioxygenase (TDO). The TDO-AhR path-
way, active in human brain tumors associated with malignant progression and poor
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survival, produces kynurenine blocking antitumor immune responses and promot-
ing tumor-cell survival and motility through AhR engagement in an
autocrine/paracrine fashion (Opitz et al. 2011). Targeting various immune cells
involved in tumor evasion of immune surveillance, kynurenine-based AhR acti-
vation suppresses effector T cell function helping tumor immune evasion, and
kynurenine-AhR interactions involving dendritic cells and regulatory B cells
increase immune tolerance by initiating the formation of tumor promoting Tregs that
facilitate metastasis.

It is well known that AhR may mediate genotoxicity through the generation of
DNA adductors potentially serving as mutagenic initiators in tumorgenesis target-
ing diverse organ systems including skin (Chakravarti et al. 1998). Remarkably,
AhR-deficient mice did not develop skin tumors following long term treatment by
subcutaneously administered or topical BaP as seen only in AhR-wildtype mice
indicating that AhR plays an essential role in BaP-induced cutaneous tumori-
genicity (Shimizu et al. 2000). For physiological relevance, AhR activity by the
PAH BaP at concentrations comparable to environmental or occupational exposure
has been demonstrated to induce CYP1A1, operating upstream of oxidative stress
and cytotoxic effects in human skin (Costa et al. 2010). Interestingly, a
population-directed study investigating workers exposed to asphalt-derived PAHs
indicated that the primary route of PAH exposure is cutaneous (McClean et al.
2004). This is corroborated by reports of enhanced AhR and CYP1A1 activity in
skin biopsies from dioxin-exposed workers (Tang et al. 2008).

The photooxidative formation of the tryptophan-photoproduct and high-affinity
AhR ligand FICZ is thought to underlie the known ability of solar UVB to activate
AhR, a process originating from UVB absorption of free cytosolic tryptophan in
epidermal keratinocytes (Fritsche et al. 2007). Subsequently, FICZ binding initiates
the dissociation of the AhR multiprotein complex consisting of heat-shock protein
90 (Hsp90), tyrosine kinase c-src, and other co-chaperones followed by AhR
nuclear translocation and expression of AhR target genes including CYP1A1
thought to be involved in redox dysregulation and and the metabolic activation of
procarcinogens including BaP. Translocation of c-src to the cell membrane occurs
with phosphorylation of the epidermal growth factor receptor (EGFR), activation of
downstream MAPK signaling, and induction of XRE-independent target genes such
as COX2, a mediator of inflammation and oxidative stress with an established role
in skin photocarcinogenesis, a signaling pathway that has been referred to as
‘non-genomic’ AhR signaling.

More recent evidence indicates that in experimental NMSC, AhR plays the role
of an UVB-sensitive transcription factor serving an anti-apoptotic/pro-survival
function in human keratinocytes (Frauenstein et al. 2013). Consistent with this
hypothesis pharmacological [3′-methoxy-4′-nitroflavone (MNF)] and genetic
(shRNA-based) inhibition of AhR signaling sensitized cultured keratinocytes to
UVB-induced apoptosis by decreasing the expression of E2F1 and its target gene
checkpoint kinase 1 (CHK1). Importantly, the anti-apoptotic function of AhR was
also observed in murine skin. Specifically, in contrast to AhR-proficient SKH-1
mice, an enhanced cleavage of caspase-3 in the skin of AhR-KO SKH-1 mice
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occurred after UVB exposure. Taken together, these data suggest that the
AhR-E2F1-CHK1 axis may serve as a novel anti-apoptotic pathway in epidermal
keratinocytes, representing a promising target for chemoprevention of
non-melanoma skin cancer.

Consequently, AhR-antagonistic strategies have been under consideration for
pharmacological UVB photoprotection, and prototype evidence has been presented
indicating that the new aryl hydrocarbon receptor antagonist E/Z-2-benzylindene-
5,6-dimethoxy-3,3-dimethylindan-1-one (BDDI) suppresses UVB-induced signal
transduction (Tigges et al. 2014). Cutaneous administration of BDDI (0.5 % topical
formulation) blocks XRE-binding of AhR/Arnt and represses UVB [1.5 MED
(minimal erythema dose)]-induced gene expression (CYP1A1, COX2, MMP1) in a
human in vivo study. Importantly, the UV-induced cutaneous erythema response
was not significantly modulated by BDDI topical application indicating that
UVB-induced AhR-dependent signaling can be blocked selectively in human skin
without affecting the sunburn response.

16.7 Conclusions

Due to the fundamental role that AhR-controlled signaling plays in skin barrier
formation, homeostasis, resilience to environmental stressors, and damage repair,
AhR-directed pharmacological strategies that aim at modulation of
AhR-orchestrated signaling for anti-inflammatory, immune-modulatory, cancer
chemopreventive, and barrier enhancing intervention hold great therapeutic promise,
delivering unique patient-directed benefit by targeting specific skin pathologies that
have remained molecularly elusive and hard to treat so far (Haarmann-Stemmann
et al. 2015). The ever expanding and accessible range of chemically diverse phys-
iological and synthetic AhR-modulators that differ with regard to pharmacokinetic
and pharmacodynamic profile, AhR-directed potency, metabolic stability, and
off-target effects through engagement of other signaling pathways provides a ver-
satile and accessible compound platform of prototype agents and therapeutic leads
for experimental intervention through AhR engagement, potentially representing
breakthrough therapeutics that can quickly be optimized, developed, and formulated
into novel AhR-directed cutaneous therapeutic entities.
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Chapter 17
Biological Cell Protection by Natural
Compounds, a Second Line of Defense
Against Solar Radiation

Ludger Kolbe

Abstract Human skin has to cope constantly with the harmful effects of solar
radiation. With skin cancer rates worldwide on the rise, effective photoprotection is
an urgent need. Sun care products are formulated with high efficacy in the entire UVB
and UVA range to deliver broadband protection. However, UV-filters in topical sun
care products cannot completely block UV radiation. Although products with SPF 50
reduce the UV dose 50-fold, this means that still 2 % of the radiation penetrate into
the skin. Nevertheless, skin cells contain protective enzymatic and non-enzymatic
antioxidant systems that scavenge harmful reactive oxygen species, detoxify reactive
metabolites, and repair UV-induced damage to DNA, proteins and lipids. Activating
these endogenous cellular protection mechanisms by natural compounds contributes
to a comprehensive skin protection from solar radiation. Several studies, mainly with
carotenoids or flavonoids, have been published during the last two decades, proving
the validity of the concept. Licochalcone A from Glycyrrhiza inflata has been shown
to inhibit NFjB and activate Nrf2 pathways and, thus, provides strong anti-oxidative
and anti-inflammatory efficacy. In conclusion, topical products containing lic-
ochalcone A minimize UVA and high energy visible light-induced oxidative stress
and reduce erythema after exposure to excessive solar radiation.

Keywords Photoprotection � Licorice � Polyphenols � Carotenoids � Licochalcone
A � Vitamin C � Vitamin E � NFjB � Nrf2 � Antioxidant � Anti-inflammatory

17.1 Introduction

As the outermost barrier of the body, the human skin has to cope constantly with
the harmful effects of solar radiation. However, several cytoprotective defense and
repair mechanisms help skin cells to reduce the damages. The most important
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defense against UV radiation is the production of melanin. The pigment absorbs
UV rays and, thus, protects skin cells from further damage. The production of
melanin increases substantially after exposure to sun light, leading to a protective
UV absorbing tan. Enhanced melanin production usually starts three to four days
after UV exposure (delayed tanning) and remains elevated for several weeks. In
addition, the epidermal layer thickens after repetitive exposure to UV radiation
(epidermal hyperplasia) to develop a denser stratum corneum, which more readily
absorbs and disperses solar radiation and thus protects the viable epidermal skin
cells underneath. Epidermal hyperplasia starts within days after sun exposure and
lasts for up to one month. Consequently, these slow adaptive mechanisms cannot
prevent skin damage induced by acute UV exposure. However, skin cells also
contain protective enzymatic and non-enzymatic antioxidant systems that scavenge
harmful reactive oxygen species (ROS), detoxify reactive metabolites, and repair
UV-induced damage to DNA, proteins and lipids. These adaptive mechanisms are
up regulated within hours (Talalay et al. 2007).

Nevertheless, the endogenous protection of human skin against solar UV radi-
ation is not at all sufficient to fully protect the skin from acute and chronic skin
damages. Especially in lighter skin types with little epidermal melanin, excessive
sun exposure results in sunburn after just a short period of time. On a sunny
summer day, sun exposure for 15 min might be enough for very sensitive indi-
viduals to get a sunburn. Usually the sunburn develops within 5 h, peaks within the
first 24 h, but can last for several days. Chronic sun exposure, even at suberythemal
doses, results in premature skin aging with wrinkle formation, dryness, loss of
elasticity, hyperkeratosis and hyperpigmentation (Kligman and Kligman 1986).
UVB radiation at wavelength ranging from 290 to 320 nm is mainly responsible for
sunburn, whereas UVA radiation at 320–400 nm is mainly responsible for
long-term photodamage of the skin. While premature skin aging is primarily a
cosmetic problem, the development of skin cancer after long-term exposure to UV
radiation is a major health issue. With skin cancer rates worldwide on the rise
(Lomas et al. 2012), effective photoprotection is an urgent need. Recent publica-
tions show that consistent use of sunscreen product indeed reduces the risk for skin
cancer (Iannacone et al. 2014) but sunscreen use remains low among the general
population. A broadband UV protection system is of outmost importance to block
both, damaging UVA and UVB rays. In ophthalmology, the damaging effect of
blue-violet light has been known for quite some time (Downes 2016) and sun-
glasses blocking these wavelengths are available. The effects of blue-violet light on
skin are currently under discussion, while the effect of solar infrared radiation A
(IRA) on skin is another topic of debate. In dermatology, we just begin to under-
stand the impact of non-UV radiation on skin physiology (Liebel et al. 2012; Kolbe
2012; Grether-Beck et al. 2014; Barolet et al. 2016). Blue light filters are not
available for topical use and, if so, would not be accepted by the consumers since
products containing these filters would turn the skin yellow.

The avoidance of sun exposure during peak hours and wearing of protective
clothing were the only protection measures for centuries. During the 1930s, topical
products with UV filters that absorb or reflect UV radiation were developed. Today,
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these products are formulated with high efficacy in the entire UVB and UVA range
to deliver broadband sun protection. The sun protection factor (SPF) refers to the
factor by which the UV filters of the product reduce the UV radiation penetrating
into the skin (ISO 24444 2010). Hence, a product with a SPF 50 reduces the dose
50-fold, but this also means that 2 % of the radiation still penetrate into the skin.
Consumers tend to apply less than the amount of product necessary, therefore, the
actual SPF is often less than the labelled SPF on the product and even more residual
radiation might penetrate into the skin. Since UV-filters in topical sun care products
cannot completely block UV radiation, there are many approaches published in the
literature aiming at boosting endogenous cellular protection mechanisms for a
comprehensive sun protection.

17.2 Photoprotection by Retinoids and Nonsteroidal
Anti-inflammatory Drugs

17.2.1 Retinoids

Several studies documented the positive effect of oral retinoids on skin cancer
development. A study with patients at moderate risk to develop skin cancer, due to
actinic keratosis, showed a reduced risk to develop new squamous cell carcinoma
after oral retinol (Moon et al. 1997). Other studies with renal transplant patients
found that oral acitretin significantly reduced new non-melanoma skin cancers
(Bavinck et al. 1995; George et al. 2002; McKenna and Murphy 1999). In sum-
mary, these studies showed that oral retinoids prevent squamous cell carcinomas
and probably prevent basal cell carcinomas as well as actinic keratosis. However,
due to the severe side effects of oral retinoids the use of these compounds is limited
to high-risk patients only.

17.2.2 Nonsteroidal Anti-inflammatory Drugs (NSAIDS)

NSAIDS inhibit inflammation mainly by inhibiting the production of pros-
taglandins from cyclooxygenase activity. Prostaglandin E2 (PGE2) has been iden-
tified as an important mediator of UV-damage to human skin (Halliday 2005). Two
studies from Australia found a lower incidence of actinic keratosis and squamous
cell carcinomas with regular use of NSAIDS (Butler et al. 2005; Grau et al. 2006).
Another study confirmed the protective effect of NSAIDS on basal cell carcinoma
and squamous cell carcinoma development (Clouser et al. 2009). In conclusion, oral
NSAIDS seem to be photoprotective by inhibiting UV-induced inflammation and
thus reduce UV-induced skin cancer (Elmets et al. 2010). However, NSAIDS are
drugs with certain side effects and for that reason should not be used for photo-
protection in general but for high-risk patients only.
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17.3 Photoprotection with Natural Compounds

Plants use solar light to generate metabolic energy via photosynthesis and, there-
fore, developed highly effective molecular systems to harvest photons. At the same
time, they had to develop very effective mechanisms to protect the light harvesting
photosynthetic system and all other cellular components from excessive solar
radiation. Plant-derived natural compounds are part of our daily diet and, therefore,
these compounds might be active in humans after ingestion. Over the past decades,
many photoprotective molecules, such as carotenoids, other terpenoids, flavonoids,
and other polyphenolic compounds have been identified in various plant species.
Several published studies provided evidence that individuals with a diet containing
high amounts of vegetables and fruits are somewhat protected from the develop-
ment of actinic keratosis (Hughes et al. 2009). Patients with a history of squamous
cell carcinoma consuming large amounts of vegetables seem to be protected from
the development of new skin cancers (Hughes et al. 2006). Therefore, plant-derived
dietary components appear to have the potential to contribute to the protection of
human skin from photodamage.

17.3.1 Caffeine and Green Tea Catechins

Caffeine is present in leaves, fruits and seeds of various plant species. It is well known
for its stimulatory effect on the sympathetic nervous system and consumed in large
amounts in teas and coffee (Fisone et al. 2004). Data of large prospective observa-
tional studies showed that those with the highest intake of caffeine developed less
basal cell carcinoma than those with the lowest consumption (Song et al. 2012).

Green tea contains high levels of antioxidants, especially catechins, which are
very effective radical scavengers (Nanjo et al. 1999; Weisburg et al. 2004; Higdon
and Frei 2003; Khan and Mukhtar 2007). These polyphenolic compounds were
studied intensively for their photoprotective properties. Oral green tea has been
shown to enhance repair of UV-induced DNA damage in vitro (Katiyar 2011). In a
12-week, double-blind, placebo-controlled study, 60 female volunteers consumed
either a beverage with green tea polyphenols (1402 mg total catechins/d) or a
control beverage. UV-induced erythema decreased significantly in the intervention
group after 6 and 12 weeks, respectively (Heinrich et al. 2011). Another study
showed protection against UV radiation-induced cutaneous inflammation in an
open oral intervention study with sixteen healthy human subjects, given green tea
catechins (540 mg) and vitamin C (50 mg) daily for 12 weeks. (Rhodes et al.
2013). However, in a larger study with higher dose of green tea catechins
(1080 mg/d) the group could not confirm the initial results (Farrar et al. 2015). The
efficacy of topical application of green tea phenols was evaluated in a small study
involving six subjects. DNA-damage (cyclobutane pyrimidine dimers) and ery-
thema development showed a dose-dependent reduction after relatively high
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amounts of green tea polyphenols (1–4 mg/2.5 cm2). The UV-absorbing properties
of green tea phenols likely contributed to the efficacy (Katiyar et al. 2000).

17.3.2 ß-Carotene and Other Carotenoids

Carotenoids are well known for their antioxidant activity, with the most prominent
member of this chemical group being ß-carotene. A PubMed search with the search
term “beta carotene antioxidant” at the beginning of 2016 revealed more than 9000
publications on this topic. Since ß-carotene is contained in many vegetable food-
stuffs, it is consumed in relative large amounts with the normal diet. Therefore, ß-
carotene can be detected in human skin and plasma (Stahl and Sies 2012). After sun
exposure, ß-carotene levels in human skin decrease, leading to the conclusion that
ß-carotene is protective and consumed by UV-induced ROS (Biesalski et al. 1996).
Several human intervention studies showed the effectiveness of dietary carotenoids.
Daily ingestion of 40 g tomato paste for 10 weeks elevated the plasma levels of
lycopene, the tomato-specific carotenoid, and reduced erythema formation after
irradiation with a solar light simulator. Significantly lower erythema intensity was
found after 10 weeks but not after 4 weeks of treatment (Stahl and Sies 2002).
A further study was conducted to examine whether tomato paste rich in lycopene
protects against cutaneous photodamage (Rizwan et al. 2011). Lycopene was found
to protect from acute and long-term photodamage. A recent study failed to repro-
duce significant results (Sokoloski et al. 2015) with only 20 volunteers; merely a
tendency towards reduced erythema was seen. Already in 1972, the photoprotective
efficacy of ß-carotene (180 mg/d) supplementation was demonstrated after
10 weeks (Mathews-Roth et al. 1972). Several studies showed protection against
UV-induced erythema when ß-carotene was supplemented for at least 7 weeks and
12 mg or more per day (Lee et al. 2000; Stahl et al. 2000; Heinrich et al. 2003).

17.3.3 Polypodium Leucotomos Extract

Extracts from the tropical fern Polypodium leucotomos contain phenolic com-
pounds like caffeic acid and ferulic acid. The extract has been shown to exert
antioxidant and anti-inflammatory efficacy. In mice, P. leucotomos extract reduced
the expression of COX-2, increased p53 expression and enhanced DNA repair. In a
human study, the extracts showed antioxidant and anti-inflammatory activity and
two oral doses of 7.5 mg/kg of the extract significantly reduced the sunburn
reaction after irradiation with UVA + UVB as well as DNA damage
(Middelkamp-Hup et al. 2004). The effects of Polypodium leucotomos extracts on
human skin are currently studied intensively (Bhatia 2015; Gonzalez et al. 2011).
While the oral efficacy was investigated in several studies (El-Haj and Goldstein
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2015; Bhatia 2015), efficacy after topical treatment of human skin has not yet been
shown convincingly.

17.3.4 Vitamin C and E

The fat-soluble Vitamin E and the water-soluble Vitamin C are a perfect combi-
nation for preventing UV-induced oxidative stress. Vitamin E molecules, i.e.
tocopherols and tocotrienols, are excellent antioxidants preventing lipid oxidation
(Thiele and Ekanayake-Mudiyanselage 2007). Vitamins C and E interact syner-
gistically to protect each other and increase overall effectiveness (Halpner et al.
1998). Combinations of vitamin C and vitamin E are effective in photoprotection.
Daily oral supplements of 3 g vitamin C and 2 g vitamin E increased the protection
against photodamage in skin by approximately 1.5 times; either vitamin alone was
ineffective (Fuchs and Kern 1998). Topical formulation of vitamins C and E deliver
improved protection of skin against photodamage, achieving significantly greater
protection than after oral application. A stable aqueous solution of 15 % vitamin C
(L-ascorbic acid) and 1 % vitamin E (a-tocopherol) applied topically can provide
fourfold photoprotection for skin (Lin et al. 2003). Topically applied vitamin C
induced significant photoprotective effects at concentrations of at least 10 % in
animals and humans, whereas a photoprotective effect has not been demonstrated
by oral administration even at high doses in humans. Topical vitamin E reduced
erythema, sunburn cells, chronic UV-B–induced skin damage and photocarcino-
genesis in the majority of the published studies, whereas only high doses of oral
vitamin E may affect the response to UV-B in humans. Combination of vitamins C
and E, partly with other photoprotective compounds, did increase the photopro-
tective effects dramatically compared to monotherapies (Eberlein-König and Ring
2005).

17.3.5 Licochalcone A

Licorice is the extract from the dried roots and rhizomes of several plants of the
genus Glycyrrhiza and is used as sweetener and as a traditional herbal medicine
(Shibata 2000). It is added to candies, chewing gum, beverages (e.g., herbal teas),
and herbal remedies for cough and stomach problems. Licorice candies are con-
sumed worldwide and estimates suggest an annual consumption of about
1.5 kg/person (Spinks and Fenwick 1990). The Chinese pharmacopoeia accepts
three species of licorice plants, Glycyrrhiza glabra, Glycyrrhiza uralensis, and
Glycyrrhiza inflata, as sources for traditional medicines (State Pharmacopoeia
Commission of the PRC 2010). The first written record of licorice use dates back to
2100 BC (Gibson 1978). Licorice is a rich source of antioxidant and
anti-inflammatory substances. More than 20 triterpenoids and nearly 300 flavonoids
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have been identified so far (Wang et al. 2015). Glycyrrhiza inflata is one of the main
botanical sources of licorice, and is chemically characterized by the presence of
unusual chalcones, “retrochalcones”, which are distinguished from ordinary chal-
cones by the absence of an oxygen functionality at the 2-position (Kondo et al.
2007). Licochalcones A was first isolated from Glycyrrhiza roots in 1975 and the
structure of this compound (Fig. 17.1) was elucidated (Saitoh and Shibata 1975).
From the above-mentioned three licorice plants, only G. inflata contains licochal-
cone A (Kondo et al. 2007).

17.3.5.1 In Vitro Efficacy of Licochalcone A

The retrochalcones from G. inflata are excellent antioxidants and superoxide scav-
enger (Haraguchi et al. 1998; Fu et al. 2013). In addition, licochalcone A has
demonstrated anti-bacterial (Friis-Moller et al. 2002; Fukai et al. 2002), anti-fungal
(Messier and Grenier 2011), anti-protozoan (Chen et al. 1993), and anti-tumor
properties (Wang and Nixon 2001; Tsai et al. 2015). The anti-inflammatory activity
of licochalcone A was first discovered when the compound was shown to inhibit
mouse ear edema induced by arachidonic acid and phorbol 12-myristate 13-acetate
(TPA) (Shibata et al. 1991). Concentrations of 500 µg/ear significantly reduced
edema when the compound was applied no longer than 30 min after induction of the
edema. The authors also found an inhibition of the tumor-promoting effect of TPA by
licochalcone A. Various publications showed the comprehensive antioxidative and
anti-inflammatory efficacy of licochalcone A. The compound is not only a classical
radical scavenger, as shown by suppressing lipid peroxidation in several biological
systems (Haraguchi et al. 1998), but also reduced the fMLP- and zymosan-induced
oxidative burst and the migration of human mononuclear neutrophil granulocytes
(Kolbe et al. 2006; Funatoshi-Tago et al. 2010). Licochalcone A was found to reduce
the release of pro-inflammatory cytokines from various cell types. In human T cells,
licochalcone A inhibited the proliferative activation by phytohemagglutinin and the
production of TNF-a and IFN-c (Barfod et al. 2002). In human dendritic cells,
stimulated with LPS to produce the pro-inflammatory cytokines IL-6 and TNF-a,
licochalcone A reduced both cytokines in a dose-dependent way down to control
levels, or even below (Kolbe et al. 2006). In human fibroblasts, licochalcone

Fig. 17.1 Chemical structure
of licochalcone A
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A inhibited PGE2 and PGF2a production in response to interleukin 1b (IL-1b)
stimulation (Furuhashi et al. 2005). However, licochalcone A had no effect on
Cyclooxygenase (COX)-2 mRNA and protein expression in these cells and no effect
on COX-1-dependent PGE2 production. The authors concluded that licochalcone A
induces an anti-inflammatory effect through the inhibition of COX-2-dependent
PGE2 and that this is quite different from the mechanism of corticosteroids. A recent
study examined how licochalcone A inhibits UV-induced inflammatory responses in
HaCaT cells (Song et al. 2015). Licochalcone A did not suppress COX-2 enzyme
activity in vitro, but inhibited AP-1 activity and consequently reduced UV-induced
COX-2 expression and PGE2 release. In LPS stimulated mouse macrophages, lic-
ochalcone A dose-dependently inhibited the production of NO and PGE2. Here, a
reduction in iNOS and COX-2 expression was responsible for the inhibition (Kwon
et al. 2008; Cui et al. 2008). In human EpiDermTM skin models the inhibitory efficacy
of licochalcone A on PGE2 production was determined after UV-irradiation (Kolbe
et al. 2006). PGE2 release from human keratinocytes after UV-irradiation was
reduced to control levels in the presence of 10 µg/mL licochalcone A-containing
licorice extract (Fig. 17.2). Inhibiting prostaglandin production often results in
increased leukotriene production, therefore, the release of Leukotriene B4 (LTB4)
from human mononuclear neutrophil granulocytes was determined and licochalcone
A was found to inhibit dose dependently the production of LTB4.

In summary, Licochalcone A has a broad anti-oxidative and anti-inflammatory
efficacy. It acts as a radical scavenger, inhibits the oxidative burst of neutrophils,

Fig. 17.2 Effects of licochalcone A on PGE2 production of human keratinocytes. PGE2

production of human keratinocytes in the EpiDermTM skin model without UV irradiation (open
bars) or after UV irradiation (90 mJ UVB/cm2) (closed bars) was measured. Keratinocyte cultures
were set up in the presence of the G. inflata extract corresponding to 10 µg/ml licochalcone A, or
50 ng/ml diclofenac, or without the active compounds (none). Data represent means ± SD of
three independent experiments. Statistics: two-sided t test (active compound versus none);
*P < 0.05; **P < 0.01
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reduces release of pro-inflammatory cytokines and decreases the production of
pro-inflammatory prostanoids by various cell types.

17.3.5.2 Modulation of Anti-inflammatory and Anti-oxidative
Pathways by Licochalcone A

The analysis of the mechanisms of the anti-inflammatory efficacy of licochalcone A
focused on the inhibition of NFjB activation (Furusawa et al. 2009; Funakoshi-Tago
et al. 2009). Licochalcone A was found to inhibit LPS-induced signaling through the
inhibition of NFjB phosphorylation at serine 276 but licochalcone A had no effect on
LPS-induced phosphorylation and degradation of IjBa indicating an inhibition
downstream of IKK activation. It was shown that licochalcone A inhibited the
interaction of NFjB p65 and the co-activator p300 leading to a reduction of NFjB
transactivation. Interestingly, the inhibition of TNF-a-induced NFjB activation was
found to be exerted by direct inhibition of IjB kinase complex activation
(Funakoshi-Tago et al. 2009). Detailed analysis, using licochalcone A derivatives,
revealed that the a,b-unsaturated ketone is very important for the effect of lic-
ochalcone A on the TNF-a and LPS signaling pathways. Reduced licochalcone A,
lacking the double bond, had no effect on IKK activity. IKK was not inhibited by the
addition of reduced licochalcone A (Funakoshi-Tago et al. 2010). The same group
found that echinatin, a chalcone also from in G. inflata, was not able to inhibit
TNFa-induced IKK activation, NFjB activation and chemokine expression
(Funakoshi-Tago et al. 2009). In comparison to licochalcone A, echinatin lacks the
1,1-dimethyl-2-propenyl group. The authors concluded that not only the double bond
but also the 1,1-dimethyl-2-propenyl group is required for IKK inhibition by lic-
ochalcone A (Funakoshi-Tago et al. 2010).

A key player in orchestrating the cytoprotective response in skin cells is the
Nuclear Factor-E2-related factor 2 (Nrf2) (Schäfer and Werner 2015). Several
studies demonstrated that Nrf2 activation efficiently protects cells from oxidative
damage. Some studies suggested that PI3 K/Akt and MAPK pathways play a key
role in regulating heme oxygenase 1 (HO-1) expression and Nrf2 dependent tran-
scription (Zipper and Mulcahy 2000; Gong et al. 2004). In primary human
fibroblasts, treatment with licochalcone A induced the nuclear translocation of Nrf2.
This resulted in elevated HO-1 and glutamate-cysteine ligase (GCLM) expression
leading to a higher ratio of reduced glutathione to oxidized glutathione and con-
comitant decrease of intracellular ROS concentration (Kühnl et al. 2015). Studies
with RAW 264.7 cells revealed that inhibitors of PI3 K/Akt and ERK 1/2 abolished
the nuclear translocation of Nrf2 by licochalcone A after chemically (tert-butyl
hydroperoxide) induced oxidative stress. This suggest that licochalcone A induced
HO-1 expression via the activation of PI3 K/Akt, ERK, and Keap1/Nrf2/ARE
signaling (Lv et al. 2015), whereas JNK and p38 MAPK had no effect in these cells.
Interestingly, in HaCaT cells, Licochalcone A effectively suppressed UV-induced
phosphorylation of Akt and mTOR (Song et al. 2015). In this study, licochalcone A
also did not influence the JNK or p38 MAPK signaling pathways. After carefully
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analyzing potential molecular targets, the authors found that licochalcone A
effectively inhibits UV-induced PI3 K, MEK1, and B-Raf kinase activity, but not
C-Raf. The effects of licochalcone A on the PI3/AKT, mTOR pathway were
confirmed by another group (Tsai et al. 2015) in SiHa cells. They found induction
of autophagy and apoptosis by licochalcone A, treatment with autophagy-specific
inhibitors enhanced licochalcone A induced apoptosis. In transgenic mice, the effect
of licochalcone A on JNK was analyzed in great detail (Yao et al. 2014).
Licochalcone A inhibited JNK1-mediated, but not JNK2-mediated, c-Jun phos-
phorylation in vivo and in vitro. Licochalcone A competed with JIP1 for binding
with JNK1. In some tumor cells, Licochalcone A seem to activate other MAPK
pathways. In head and neck squamous cell carcinoma cells (FaDu cells) licochal-
cone A induced TNF-related apoptosis-inducing ligand (TRAIL) expression via
ERK 1/2 and p38 MAPK pathways (Park et al. 2015). The stimulation of TRAIL
expression induces apoptosis in cancer cells without toxicity to normal cells. In
HeLa cells, licochalcone A enhanced TRAIL-induced apoptosis through increased
expression of TRAIL-R2 (Szliszka et al. 2012). Two recent papers demonstrated
that licochalcone A might not only activate detoxification enzymes through the
Keap1/Nrf2 pathway but also by inhibiting the arylhydrocarbon receptor
(AhR) pathway. Licochalcone A was shown to be a strong AhR receptor antagonist
(Hajirahimkhan et al. 2015; Dunlap et al. 2015). Taken together, these mechanisms
might explain the chemo-preventive efficacy of licochalcone A (Shibata 1994; Bode
and Dong 2015).

In summary, Licochalcone acts via activation of the Nrf2 pathway and inhibition
of NFjB and AhR pathways. The role of MAP-Kinases in Licochalcone signaling
is not yet fully understood.

17.3.5.3 In Vivo Efficacy of Licochalcone A

Several studies, revealing the efficacy of licochalcone in inflammatory skin con-
dition have been published (Weber et al. 2006; Wananukul et al. 2012;
Angelova-Fischer et al. 2013; Angelova-Fischer et al. 2014). The photoprotective
efficacy in vivo was determined in three different experimental settings. In the first
study, using solar simulated radiation, the effect of licochalcone A on the sunburn
reaction on the back of 12 human volunteers was determined. A licochalcone
A-containing formulation (0.05 % of a licochalcone A-rich licorice extract) applied
immediately and 5 h after irradiation with solar simulated radiation reduced the
developing erythema significantly relative to the vehicle-treated test sites. At 5 h
and 24 h after exposure, skin redness was visibly reduced (Kolbe et al. 2006). To
investigate whether the effect of licochalcone A on ROS production in vitro
translates into the inhibition of oxidative processes in vivo, a human intervention
study was performed using ultraweak photon emission (UPE) as readout parameter.
The UPE method detects photons generated mainly by oxidative processes in the
skin (Khabiri et al. 2008; Hagens et al. 2008). The UVA-evoked UPE detects the
photons from human skin after irradiation with a short pulse of UVA. Irradiation of
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endogenous chromophores, e.g. porphyrins and flavins, with UVA leads to the
formation of reactive oxygen species (Dalle Carbonare and Pathak 1992). In the
study, 22 volunteers applied a formulation containing licochalcone A and the
corresponding vehicle twice daily to their inner forearms. Two weeks of treatment
with the licochalcone A containing lotion significantly reduced the amount of
skin-derived photons induced by a short stimulus of UVA radiation compared to
untreated and vehicle-treated skin areas (Kühnl et al. 2015). The study confirmed
that licochalcone A significantly reduced oxidative stress in vivo (Fig. 17.3). In the
third study, the photoprotective efficacy in the visible range (400–700 nm, maxi-
mum at 440 nm) of a sunscreen formulation containing licochalcone A was
investigated using resonance Raman spectroscopy (Vandersee et al. 2015) in a
double blind, vehicle controlled pilot study performed on six healthy volunteers
(Darvin et al. 2016). The sunscreens containing licochalcone A, or its vehicle, were
topically applied on the volunteers’ forearms and after 1 h the initial carotenoid
values were measured. After irradiation with 100 J/cm2 the measurements were
repeated. In unprotected skin areas and areas treated with the vehicle, the carotenoid
content dropped significantly by 15 %. The carotenoid content in areas treated with
licochalcone A containing sunscreen remained unchanged, illustrating the
anti-oxidative potency of licochalcone also against visible light induced oxidative
stress (Fig. 17.4).

Fig. 17.3 Effect of topically applied licochalcone A on UVA-induced photon emission of the
skin. In a study with 22 healthy volunteers, a test formulation containing licochalcone A-rich
licorice extract and a corresponding vehicle without licorice extract were applied on the inner
forearm for 2 weeks. The UVA-induced photon emission of untreated, verum and vehicle areas
were quantified in vivo by utilizing a photomultiplier system. The total number of photons was
counted and normalized to the corresponding measurements before the application of products.
Data were analyzed using Wilcoxon’s signed rank test for original data, *P < 0.05
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In summary, Licochalcone showed photoprotective efficacy in vivo against solar
simulated radiation induced erythema and UVA- as well as VIS-induced oxidative
stress.

17.4 Photoprotection with Natural Compounds—Systemic
Versus Topical Application

Given the fact that protection by topical sunscreens even at SPF 50 still allows 2 %
of UV-rays and all of the high energy visible light to penetrate into the skin, there is
a need for complementary protection measures. Consequently, an additional line of
defense against harmful sunrays within the skin by cellular protection mechanisms
would enhance the overall resulting skin protection against solar radiation.
Stimulating the endogenous cytoprotective mechanisms, e.g. by activating Nrf2,
results in a higher resistance of skin cells to solar radiation induced oxidative stress.

Fig. 17.4 Cutaneous carotenoids degradation after the irradiation with blue light. The protective
efficacy of a sunscreen formulation containing Lica A was investigated in vivo in the visible range
(400–700 nm, with a maximum at 440 nm) using resonance Raman spectroscopy in a double blind
pilot study performed on six healthy volunteers. The sunscreens were topically applied to the
forearms and 1 h later the absorption the initial carotenoid values were measured. After irradiation
with 100 J/cm2 the measurements were repeated. Pre-irradiation cutaneous carotenoid values were
set to 100 %. Data were analyzed using Wilcoxon’s signed rank test for original data, *P < 0.05
for verum versus control and verum versus vehicle
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However, biological photoprotection by small molecules, whether they are natural
or synthetic, can only be complimentary to the classical sun protection by
UV-filters.

Published studies on antioxidants mainly focus on the oral delivery of the actives
because the investigators mostly were interested in systemic health benefits (Rani
et al. 2016). With regard to endogenous photoprotection, oral treatment has certain
disadvantages. Systemic treatment results in long pre-treatment periods before
effective concentrations of the active are reached in the skin. In addition, high doses
of active ingredients might be needed to achieve beneficial effects and this might
lead to side effects in other organs. On the contrary, some of the most active
antioxidants are very colorful, like lycopene or ß-carotene, and for this reason
cannot be included in high concentrations in topical products. A diet rich in car-
otenoids and polyphenols may contribute to endogenous photoprotection in the
long term. However, the long period of 7–10 weeks until protection becomes
significant and the low level of protection make it impossible to rely on oral
photoprotection alone. In conclusion, nutritional supplementation of photoprotec-
tive compounds can only be complementary to topical photoprotection.

Topical sun care products containing UV filters almost instantly protect against
solar radiation. However, as mentioned above, even with a SPF 50 product 2 % of
the sun light still penetrates into the skin. Therefore, adding active ingredients that
stimulate the cellular protective mechanisms offer a second line of defense against
UV radiation within the skin, coping with potential damage caused by residual
penetrating solar radiation. Since topical sun protection products are applied
directly on the target organ this allows effective concentrations of supplementary
photoprotective ingredients much faster than via oral intake. Effective concentra-
tions might be obtained within hours or days, not in weeks as shown for oral
application. In addition, even with lower concentrations of the active ingredient in
the product, compared to products for oral treatment, topical treatment can result in
much higher effective doses in the skin. Most studies on endogenous photopro-
tection focused on increasing the minimal erythema dose as read-out for efficacy.
However, effective endogenous photoprotection should not be seen as a method to
provide additional sunburn protection. Prevention of sunburn, measured as the sun
protection factor (SPF), should solely be achieved by UV-filters.

There are several ways to determine photoprotective efficacy of natural com-
pounds in vivo, e.g. by measuring oxidized metabolites like isoprostane or
4-hydroxynonenal as markers of oxidative stress, assessing cyclobutane pyrimidine
dimers, 6–4 photoproducts and 8-oxo-deoxyguanin as markers for DNA damage, or
determining pro-inflammatory markers like TNFa, IL-6 and PGE2, to name a few.
These parameters are suitable as endpoints to determine photoprotective efficacy,
but some more need to be defined.

17 Biological Cell Protection by Natural Compounds 373



17.5 Concluding Remarks

UV filters are the backbone of every effective sun care product; however, adding
small natural compounds that activate endogenous cytoprotective mechanisms can
significantly contribute to overall photoprotection. While formulating some of these
natural compounds remains a challenge, some already made their way into topical
suncare products. The era of biological photoprotection has just begun.
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Chapter 18
The Cutaneous Microbiota
as a Determinant of Skin Barrier
Function: Molecular Interactions
and Therapeutic Opportunities

Julia J. van Rensburg, Lana Dbeibo and Stanley M. Spinola

Abstract As the largest organ of the human body, skin provides the first barrier
against environmental insults, including invading pathogens. Many studies have
defined commensal skin bacteria; more recent metagenomic studies have extended
characterization of the microbiota to resident fungi and viruses. The skin is dom-
inated by members of Actinobacteria, Firmicutes, Proteobacteria, Bacteroidetes,
Malassezia spp., bacteriophages and human viruses. Defining the microbiota of
both healthy and affected skin provides insight into the influence of the cutaneous
microbiota on immune responses and disease states. Crosstalk between commensal
microbiota and the innate immune system facilitates proper response and healing.
Commensal bacteria appear to protect from pathogens directly by releasing
antibacterial products and indirectly by stimulating innate immune responses. Skin
pathologies such as atopic dermatitis, rosacea, psoriasis and acne are characterized
by disruptions of certain immune pathways and imbalances of skin microbiota.
Additionally, susceptibility to skin infection appears to be influenced by the
microbial community present on the skin, while infection and the resultant immune
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response alters the skin microbiota. Understanding the role of the skin microbiota in
skin disorders and infection may lead to novel therapies that aim to restore the
balance of commensal skin microbes.

Keywords Skin � Microbiome � Atopic dermatitis � Rosacea � Psoriasis � Acne �
Infection � Bacterial community

18.1 The Skin Habitat

The skin is the largest organ of the human body, covering 1.5–2 m2. The skin and
its associated microbiota serve as the primary physical barrier to the environment
and protect the body from external insults, including pathogenic microorganisms.
The skin is composed of the epidermis, which provides the main barrier function,
and the dermis (Fig. 18.1). The top layer of the epidermis, the stratum corneum, is
composed of enucleated, cornified squamous keratinocytes. This outer layer is
constantly shedding and renewing; squamous cells migrate from the basal layer to
the surface and terminally differentiate in approximately 4 weeks. The epidermis
contains sweat pores and hair shafts, which create variable microenvironments. Hair
follicles, sebaceous glands and sweat glands originate in the lower dermal layer and
represent specialized ecological niches (Fig. 18.1).

Human skin is characterized by physiologically distinct environments, including
sebaceous, moist and dry. Sebaceous glands produce sebum, an oily lipid-rich
substance that has antimicrobial properties yet supports the growth of commensal
microbiota (Elias 2007; Drake et al. 2008). Sebaceous glands are connected to hair
follicles, forming the pilosebaceous unit. Certain anatomical regions contain high
densities of sebaceous glands, including areas of the head, upper chest and back.
Metabolism of sebum by resident microorganisms maintains an acidity of
approximately pH 5, which inhibits the growth of some pathogenic bacteria
(Elias 2007).

Moist skin sites contain abundant sweat glands, which are divided into eccrine
and apocrine glands. Eccrine sweat glands cover the majority of the body and
secrete water and salt. Their primary function is thermoregulation, but secretion of
electrolytes helps acidify the skin, which can prevent microbial growth. Apocrine
glands are found in the armpit, nipple and anogenital region. Apocrine glands
secrete a milky, odorless substance that may contain pheromones. Microbial
metabolism of apocrine secretions creates the malodor associated with sweat
(Decreau et al. 2003). Moist areas of the body include creases and folds, such as at
the elbows, knees, groin, and between toes.

Dry skin is less well defined than sebaceous or moist sites but contains lower
densities of sebaceous and sweat glands and is more prone to desiccation (Grice and
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Segre 2011). Certain areas of dry skin, such as the arms and legs, tend to experience
larger temperature fluctuations than more occluded areas. Commonly studied dry
skin sites include the forearm, hypothenar palm and upper buttock.

The skin supports diverse microbiota, including bacteria, fungi and viruses. The
microenvironment of each skin site selects for the growth of certain microorgan-
isms, thus the anatomical site influences the skin microbiota. In turn, the interaction
of the microbiota with host factors, such as metabolism of glandular secretions,
affects the microenvironment and this reciprocal relationship creates unique skin
habitats.

Fig. 18.1 Schematic representation of human skin. Multiple appendages form the skin
topography, including hair follicles and shafts, and sweat and sebaceous glands. These structures
and their products, sweat and sebum, create distinct ecological niches that select for specific
bacteria, fungi and viruses
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18.2 Methods to Identify Skin Microbiota

Culture-based analysis has been used for decades to characterize microorganisms
residing on or in the skin. As this strategy only identifies culturable microbes, its
use precludes a comprehensive survey of the cutaneous microbiota. Recent
advances in high-throughput sequencing methods have enabled the identification of
the metagenome, providing a more comprehensive approach to identification of the
host microbiota. Most studies to date have focused on classifying bacterial inhab-
itants of the skin, using 16S ribosomal RNA (rRNA) gene sequencing (Fig. 18.2).
Recent studies have extended classification to include fungi, which are identified by
sequencing of the 18S rRNA gene (Fig. 18.2). Because the skin harbors a relatively
low microbial density, PCR amplification of rRNA generates a robust sample.
However, the amplification efficiency of each unique rRNA gene may vary,
potentially resulting in over- or under-representation of certain community
members.

Direct shot-gun sequencing, also known as metagenomic sequencing, of isolated
DNA, removes the inherent biases associated with PCR amplification. This method
is particularly useful for identifying resident viruses and bacteriophages, which
contain no highly conserved marker gene. A current limitation of direct sequencing
for characterization of skin microbiota is the overwhelming amount of host relative
to microbial DNA. As sequencing costs decease and methods for enrichment of
microbial nucleic acids and/or concomitant depletion of host DNA improve, the
ability of metagenomics sequencing to detect rare members of the skin microbiota
will improve.

A recent study compared the performance of shot-gun sequencing with ampli-
fication and sequencing of two commonly used targets of the 16S rRNA gene,
hypervariable regions 1–3 and hypervariable region 4 (Meisel et al. 2016). All 3
methods were applied simultaneously to skin swab samples taken from healthy
volunteers. Mock bacterial communities of known composition and concentration
were used as a control for all three methods. Shotgun sequencing provides the most
accurate representation of organisms at the species level, followed closely by
amplification and sequencing of the V1–V3 region. Sequencing of V4 underper-
formed in terms of representation and speciation of organisms. For example,
members of the genus Propionobacterium were underrepresented; this discrepancy
could be explained by the fact that its V4 region was absent from some sequencing
libraries. Due to the fact that the V4 region is highly conserved among
Staphylococcus species, Staphylococcus speciation was also unreliable (Meisel
et al. 2016). Thus, adequate primer selection and sequencing techniques are
essential for obtaining accurate microbiome surveys.

Because the microbial load of the skin is relatively low, analysis of the skin
microbiota is prone to confounding results introduced by contamination. Although
contamination can be reduced by scrupulous handling of specimens throughout the
entire process, DNA extraction kits and PCR reagents are usually contaminated
with DNA from bacteria associated with water and soil (Salter et al. 2014).
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Contaminating DNA becomes a major issue for samples that contain *105 bacteria
or less, such as skin (Salter et al. 2014). Ideally, potential contamination is con-
trolled by including blank samples, which are processed and analyzed in parallel
with the skin samples. Contaminating sequences are identified and removed in
silico during data processing. Excluding negative sample controls may result in
erroneous reporting of skin microbiota (Salter et al. 2014).

Fig. 18.2 Overview of
process used to characterize
skin microbiota and skin
metagenome. DNA is isolated
from bacteria, fungi and
viruses. Amplification and
sequencing of the 16S and
18S rRNA gene are used to
identify bacteria and fungi,
respectively. Direct
sequencing of genomic DNA
or virus-like particles is used
to identify the metagenome or
viruses, respectively.
Sequences are classified based
on alignment to existing
genomes in the database.
Blank controls are processed
in parallel to facilitate in silico
removal of contaminating
taxa
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Although scraping and punch biopsy can be used to collect specimens, most
studies rely on swabs to sample the skin. One study compared the microbiota
identified in the antecubital fossa by swab, scrape and punch biopsy. The three
methods sample the skin similarly; the identified microbiota overlaps by greater
than 97 % (Grice et al. 2008). However, the bacterial load differs by collection
method. The load collected by swab, scrape and biopsy is 10,000, 50,000 and
1,000,000 bacteria/cm2, respectively (Grice et al. 2008). Because samples collected
by swab and scrape contain *104 microbial cells, they are more susceptible to
contamination issues than biopsy samples. Bacteria also exist in the subepidermal
compartments, including dermal and adipose tissue, regions previously thought to
be devoid of microbes (Nakatsuji et al. 2013) (Fig. 18.3). Quantification of bacteria
from skin cross sections shows that hair follicles contain the highest bacterial load,
followed by the epidermis, and finally the dermis and adipose tissue, which contain
equal loads (Nakatsuji et al. 2013). Although swabbing misses the less colonized
subepidermal microbes, it adequately surveys the dominant skin microbiota.

18.3 Characterization of the Skin Microbiota

Four bacterial phyla dominate the human microbiota. Actinobacteria, Firmicutes,
Proteobacteria and Bacteroidetes are found throughout the body, but the relative
abundance of each phylum varies based on niche (Costello et al. 2009). Despite low
phyletic diversity, the dominant species inhabiting each anatomical site vary

Fig. 18.3 Detection of skin bacteria. Gram-stained bacteria in frozen sections of facial skin from a
healthy volunteer. Bacteria are observed in many structures, including hair follicles and eccrine
sweat glands, and layers of the skin, including the epidermis, dermis and adipose. Image from
Nakatsuji and colleagues (Nakatsuji et al. 2013) reproduced with permission from Nature
Publishing Group
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widely. The physiological characteristics that differentiate the three cutaneous
microenvironments select for microbiota that vary in terms of composition, load
and diversity.

The microaerophilic, sebum-rich environment of sebaceous skin selects for
facultatively anaerobic, lipid-metabolizing microorganisms. Sebaceous sites,
including the glabella, forehead, alar crease, external auditory canal, manubrium,
retroauricular crease and upper back are dominated by Propionibacterium and
Staphylococcus (Grice et al. 2009; Staudinger et al. 2011; Oh et al. 2014). Modest
proportions of Corynebacteria and β-Proteobacteria also inhabit these sebaceous
sites (Grice et al. 2009; Oh et al. 2014). Overall, sebaceous sites have lower
richness (number of taxa), evenness (uniform distribution of taxa) and diversity
(factors both richness and evenness) but higher biomass than moist and dry skin
sites (Grice et al. 2009; Oh et al. 2014).

Dry skin tends to support bacterial communities with relatively high richness,
evenness and diversity, but lower biomass than moist or sebaceous sites (Grice et al.
2009; Oh et al. 2014). One study found a high relative abundance of β-
Proteobacteria and Flavobacteriales on the dry skin of the volar forearm, hypo-
thenar palm, and buttock (Grice et al. 2009). Other surveys found that the forearms
and palms harbor a high relative abundance of Actinobacteria, (predominately
Propionibacterium and Corynebacterium), followed by Firmicutes (primarily
Staphylococcus and Streptococcus) and β-Proteobacteria (Gao et al. 2007; Fierer
et al. 2008; Staudinger et al. 2011).

The community composition of moist skin sites varies widely. In general, the
moist and/or occluded sites select for Staphylococcus and Corynebacterium, which
tend to thrive in high humidity (Grice 2014). However, the microbial composition is
highly variable across moist sites. The inguinal crease and gluteal crease, umbilicus,
and toe web space are dominated by Corynebacterium, followed by
Flavobacteriales and Staphylococcus (Grice et al. 2009). The axilla harbors
Corynebacterium, Staphylococcus and β-Proteobacteria and the antecubital fossa
harbors Proteobacteria, Flavobacteriales and Staphylococcus (Grice et al. 2008,
2009). The popliteal fossa and plantar heel are dominated by Staphylococcus, along
with low levels of β-Proteobacteria and Flavobacteriales (Grice et al. 2009). The
richness, evenness and diversity of moist skin sites vary widely, but are higher on
average than sebaceous skin (Grice et al. 2009).

Recent studies characterizing the cutaneous metagenomes found that bacteria
dominate the microbial communities of most skin sites, but fungi are present as
well. In general, fungi constitute a relatively low fraction of the microbiota across
all sites; however, relatively higher proportions of fungi inhabit the glabella,
external auditory canal, and retroauricular crease (Oh et al. 2014) (Fig. 18.4).
Although bacteria outnumber fungi, the metabolic capacity of each fungal cell
exceeds that of each bacterial cell; the relative metabolic impact of fungal taxa
versus bacterial taxa in the skin is unknown. Fungal diversity is dependent on
regional location, with foot sites harboring the greatest number of fungal taxa,
followed by the arm and then the external auditory canal, inguinal crease, manu-
brium, retroauricular crease, back, glabella, nares, and occiput (Findley et al. 2013).
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Malassezia is the predominant fungal genus found on the human body, except for
the feet which harbor Malassezia, Aspergillus, Cryptococcus, Rhodotorula, and
Epicoccum (Findley et al. 2013; Oh et al. 2014; Hannigan et al. 2015). Sebaceous
sites such as the external auditory canal, retroauricular crease and glabella are
dominated by M. restricta, whereas M. globosa is highly abundant on the back,
occiput and inguinal crease (Findley et al. 2013). The nares, antecubital fossa, volar
forearm and hypothenar palm harbor a mixed Malassezia spp. population (Findley
et al. 2013).

Recent studies have focused on identifying viral sequences as part of the
metagenome; however, several factors preclude comprehensive characterization of
the virome. Current methods only sample DNA viruses, missing RNA viruses and
potentially missing ssDNA or enveloped viruses. Additionally, the lack of viral

Fig. 18.4 Representation of the skin metagenome. Pie charts show the relative abundance of
bacteria, eukaryota (fungi) and viruses from sebaceous (aqua), moist (purple), and dry (orange)
sites. Bacteria dominate the skin, and fungi and viruses are detected to a lesser extent at all sites.
Image adapted from Oh and colleagues (Oh et al. 2014) with permission from Nature
Publishing Group
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genomes in the database complicates the identification of viral sequences; these
uncharacterized or unmatched sequences are known as viral dark matter (Pedulla
et al. 2003). Furthermore, small viral genomes tend to underrepresent viruses in
metagenomics sequencing data (Hannigan et al. 2015). These issues can be partially
circumvented by purification of virus-like particles, which improves specificity, and
by using reference-independent assembly of viral contigs, which improves identi-
fication of viral genomes (Hannigan et al. 2015). However, the isolation method
may also introduce biases. Despite these inherent challenges, bacteriophages and
viruses are found at all skin sites surveyed thus far (Fig. 18.4). The most abundant
viruses detected include bacteriophages, primarily those that infect
Propionibacterium, Staphylococcus, and also Pseudomonas and Bacillus to a lesser
extent (Oh et al. 2014; Hannigan et al. 2015). Additionally, human pathogens such
as the human papillomavirus, Merkel cell polyomavirus, and molluscum conta-
giosum and animal pathogens such as Circovirus can be present (Foulongne et al.
2012; Oh et al. 2014; Hannigan et al. 2015). Sebaceous skin sites harbor less
diverse viromes than moist or intermittently moist sites, and intermittently occluded
sites had the most diverse viromes (Hannigan et al. 2015).

18.4 Factors Influencing Microbial Composition

Skin site and microenvironment appear to be the biggest drivers of microbial
diversity (Costello et al. 2009) with sebaceous sites and dry sites imparting the
strongest and weakest selection, respectively. The permissiveness of two skin
microenvironments is addressed by transplantation experiments, in which tongue
bacteria are inoculated onto the forehead or forearm. Twenty-four hours after
transplantation, samples from foreheads resemble the forehead microbiota, but
samples from forearms resemble tongue bacteria (Costello et al. 2009). These
results suggest that the sebaceous environment supports a smaller subset of bacteria
than dry skin; in other words, dry skin is more permissive than sebaceous skin.

In addition to microenvironment, individual variation contributes to differences
in community composition (Costello et al. 2009; Oh et al. 2014). Intrapersonal
variation is lower than interpersonal variation; the microbiota of multiple sites and
environments within a volunteer are more likely to resemble each other than the
microbiota of other volunteers (Gao et al. 2007; Grice et al. 2009). For example,
only 17 % of taxa are shared between the palms of 51 volunteers, but samples
obtained from both palms within a person are more similar than what is expected by
chance (Fierer et al. 2008). Additionally, the community composition varies less in
individuals sampled over time than between individuals sampled on the same day
(Costello et al. 2009). A recent study found that host effects shape individual
metagenomic signatures and that several low-abundance taxa can differentiate
between individual hosts (Oh et al. 2014).

In general, skin bacterial membership and community composition remain fairly
stable over time. Bacterial temporal stability depends on site. The nares, alar crease,
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inguinal crease and external auditory canal display the least variability while the
buttock, volar forearm and popliteal fossa display the most variability over
4–6 months (Grice et al. 2009). The presence and community membership of
Malassezia spp. remains fairly stable over a 4 week period (Findley et al. 2013;
Hannigan et al. 2015). In comparison to the bacterial community, the human virome
appears to be less stable over time (Hannigan et al. 2015). However, the temporal
variability of the bacterial and viral skin communities remains significantly lower
than interpersonal variation.

Age also affects skin microbiota. Although the womb is sterile, colonization of
the infant begins during birth. The mode of delivery determines the bacterial
community; infants born vaginally harbor microbiota that resemble their mother’s
vaginal microbiota, including Lactobacillus, Prevotella and Sneathia, whereas
children born via Caesarean section harbor microbiota that resemble skin micro-
biota, including Propionibacterium, Staphylococcus, and Corynebacterium
(Dominguez-Bello et al. 2010). The forearm, forehead and buttock skin of babies
aged 1–12 months is dominated by Staphylococcus and Streptococcus, but the
proportion of these genera decreases over the first year (Capone et al. 2011).
Maturation-related differences occur in the microbiota of the antecubital and
popliteal fossae, nares and volar forearms of children and adults. Children harbor
higher proportions of Bacteroidetes, Proteobacteria, Firmicutes, particularly
Staphylococcus and Streptococcus than adults. Puberty triggers increased sebum
production that selects for lipophilic bacteria including Propionibacterium and
Corynebacterium (Oh et al. 2012).

Other host factors, such as ethnicity, geography, and lifestyle contribute to the
skin microbiota. For example, volar forearm bacteria differ among volunteers from
Colorado, New York, and the Venezuelan Amazon. Actinobacteria, particularly
Propionibacterium, dominate the microbiota from US volunteers, but the micro-
biota of Venezuelan Amerindians is either dominated by Firmicutes, particularly
Staphylococcus, or is characterized by a diverse array of Proteobacteria, including
Pseudomonas, Xanthomonadaceae and Methylophilus (Blaser et al. 2013).
Similarly, another isolated group of Venezuelan Amerindians harbor more diverse
volar forearm microbiota than US volunteers (Clemente et al. 2015). These
Amerindians have higher proportions of bacteria classified as environmental taxa,
including Knoellia and Solibacteraceae. These taxa may reflect the increased
environmental exposure of Amerindians compared to US citizens (Clemente et al.
2015); however the lack of no-template controls for the skin microbiome in this
study presents the possibility that environmental contamination confounded these
results.

Gender also influences skin microbial communities. The diversity of the hand
bacterial community is significantly higher in women than men (Fierer et al. 2008).
However, the bacterial diversity of the upper buttock is higher in men than women
(Zeeuwen et al. 2012). Women who use makeup daily have higher bacterial
diversity on the forehead than men or women who do not use makeup (Staudinger
et al. 2011).
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Hygiene influences skin microbiota as well. In a survey of bacterial communities
on the palm, Staphylococcaceae, Streptococcaceae and Lactobacillaceae are more
abundant on recently washed hands, while Propionibacterium, Neisseriales,
Burkholderiales and Pasteurellaceae increase over time after hand washing (Fierer
et al. 2008).

18.5 Crosstalk of Microbiota and Immune System

Recent studies have shown that our commensal microbiota is closely linked to the
proper functioning of the immune system. Germ free mice are susceptible to
cutaneous infection with the protozoan Leishmania major, but colonization of the
skin with S. epidermidis affords protective immunity against Leishmania (Naik
et al. 2012). Colonization with S. epidermidis rescues IL-17A production in the
skin, through an IL-1-dependent signaling pathway (Naik et al. 2012). Thus,
S. epidermidis tunes resident T cells to respond to invading pathogens. However,
S. epidermidis also decreases skin inflammation in mice. Following skin injury, the
lipoteichoic acid of S. epidermidis suppresses TLR3-mediated release of the
inflammatory cytokines IL-6 and TNF-α from keratinocytes, which is essential for
the normal skin inflammatory response to injury (Lai et al. 2009). This suppression
is mediated by TLR2, which induces TNF receptor-associated factor-1 (TRAF1), a
negative regulatory factor (Lai et al. 2009). These findings indicate that
S. epidermidis can modulate inflammation in the skin, and can induce a
proinflammatory or anti-inflammatory response depending on the stimulus and type
of injury to the skin (Fig. 18.5).

Analysis of the skin microbiota from patients with immunodeficiencies provides
an opportunity to understand how altered immune function shapes the resident
microbial community. Primary immunodeficiencies (PID) are caused by mutations
in key immune regulators, which result in impaired in T- and B-cell function,
differentiation, maturation, as well as other immune system defects. Thus, PID
patients commonly experience skin infections. One study found that patients with
hyper-IgE syndrome (HIES) and chronic mucocutaneous candidiasis have higher
proportions of Gram-negative bacteria such as Acinetobacter and decreased abun-
dance of Corynebacterium compared to healthy controls (Smeekens et al. 2014).
Similarly, another group of HIES patients have higher levels of the Gram-negative
opportunistic pathogen Serratia marcescens (Oh et al. 2013). These HIES patients,
along with those suffering from other immunodeficiencies including
Wiskott-Aldrich syndrome and DOCK8 deficiency had higher levels of Firmicutes,
Corynebacterium and Staphylococcus, decreased abundance of Bacteroidetes and
Propionibacterium and increased fungal richness (Oh et al. 2013). Interestingly, the
site-to-site variation was lower in PID patients and the microbial communities were
less stable over time compared to healthy skin (Oh et al. 2013). These results
suggest that dysbiosis (imbalance in proportions of microbiota) in PID patients
contributes to recurrent skin pathologies.
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Murine models have been used to delineate the effect of the immune system on
the skin microbiota. Mice deficient in Langerhans cells, Rag1, or MyD88/TRIF
have similar skin microbiota to wild-type mice (Scholz et al. 2014). Thus, these
pathways do not affect the skin microbiota of mice housed under pathogen-free
conditions. However, inhibition of C5A in mice modulates the diversity and
composition of the skin bacteria, suggesting that complement pathways help shape
the skin microbial diversity (Chehoud et al. 2013). In diabetic mice, chronic
wounds are associated with altered skin microbiota composition and differential
expression of genes involved in immune response and wound repair (Grice et al.
2010). Furthermore, increased expression of cutaneous host defense genes corre-
lates with increased relative abundance of S. aureus. Thus, a persistent inflamma-
tory response is directly linked to colonizing bacteria. Although it is clear that a
relationship exists between the immune system and resident microbiota, additional
studies are needed to understand how the immune system shapes cutaneous
microbial communities.

Antimicrobial peptides (AMPs) are an important first-line of defense against
invading pathogens. Recent evidence suggests that commensal bacteria make
AMPs and influence the production of host AMPs. For example, phenol-soluble
modulins isolated from S. epidermidis exhibit selective bactericidal activity against
skin pathogens, including S. aureus, group A streptococcus, and E. coli (Cogen

Fig. 18.5 Commensal microbes and the innate immune system coordinate processes in the skin.
Cutaneous microbiota produce phenol soluble modulins (PSMs), antimicrobial peptides (AMPs),
free fatty acids (FFAs), and a serine protease (ESP) that directly inhibit pathogenic bacteria.
Crosstalk between commensal microbes and immune cells tunes the immune system and triggers
production of pro- and anti-inflammatory cytokines that control pathogens. A small molecule (SM)
produced by commensal bacteria stimulates keratinocytes to produce AMPs. Following skin injury
microbiota-derived lipotechoic acid (LTA) suppresses the production of pro-inflammatory
cytokines
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et al. 2010; Gallo and Nakatsuji 2011). Such phenol-soluble modulins may enhance
the activity of human cutaneous AMPs. A yet-to-be-identified <10 kDa small
molecule from S. epidermidis conditioned culture medium increases the expression
of human beta-defensin (hBD) 2 and hBD3 in cultured keratinocytes via a
TLR2-dependent mechanism (Lai et al. 2010). hBD2 and hBD3 are produced by
human keratinocytes and have activity against many bacteria, fungi and viruses
(Cogen et al. 2012) (Fig. 18.5).

The cutaneous microbiota plays a crucial role in immune function, by stimu-
lating pathways that provide protection from invading pathogens or aid in proper
wound healing. Disturbances in the cutaneous microbiota may contribute to both
infectious and non-infectious skin pathologies. The following section discusses
recent studies that identify differences in the skin microbiota of patients exhibiting
skin disorders or infections.

18.6 The Role of Skin Microbiota in Skin Pathologies

18.6.1 Atopic Dermatitis

Atopic dermatitis (AD) is a chronic, recurrent inflammatory condition affecting
approximately 15 % of children and 2 % of adults in the US (Grice and Segre
2011). The highly pruritic AD lesions are commonly found on moist skin, espe-
cially the antecubital and popliteal regions (Grice 2014). Dilute bleach baths,
antibiotics and steroids help control the severity of lesions, suggesting that bacterial
overgrowth and an uncontrolled immune response contribute to AD (Huang et al.
2009; Grice 2014).

S. aureus is associated with AD and is recovered from lesional and nonlesional
skin of patients with AD flares (Leyden et al. 1975; Gallo and Nakatsuji 2011).
A recent longitudinal study found that Staphylococcus spp. increases from 35 to
90 % of the microbiota during AD flares in children (Kong et al. 2012).
Interestingly, proportions of both pathogenic S. aureus and commensal S. epider-
midis increases during flares. Some strains of S. epidermidis produce Esp protein
that inhibits S. aureus colonization in the nares (Iwase et al. 2010); whether the
outgrowth of S. epidermidis in AD flares antagonizes S. aureus is unclear. The
disease flare state also coincides with a decrease in microbial diversity and a
decrease in the relative abundance of Streptococcus, Corynebacterium and
Propionibacterium (Kong et al. 2012). Delineating whether the outgrowth of
S. aureus and decreased microbial diversity directly contribute to disease severity or
are the result of cutaneous inflammation will require detailed longitudinal analyses.
Intermittent topical decolonization regimens directed against S. aureus result in
improvement of AD without complete elimination of S. aureus (Huang et al. 2009).
Effective treatment of AD may need to focus both on reducing S. aureus
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colonization and maintaining or restoring balance among the resident microbiota
(Grice 2014).

In addition to the cutaneous microbiota, low diversity of gut bacteria in infants
one month of age is associated with development of AD later in life (Abrahamsson
et al. 2012; Grice 2014). Some studies show that giving probiotics to pregnant
mothers reduces the incidence of AD in their infants (Foolad et al. 2013). One study
showed that treatment of children with AD with probiotics reduces the severity of
the disease (Foolad et al. 2013). Furthermore, prebiotic supplementation in infants
has also been associated with a reduction in AD incidence in the first year of life
(Foolad et al. 2013). The connection between gut microbial diversity and AD
remains unknown, but gut microbiota may help tune the cutaneous immune system
(Grice 2014).

18.6.2 Rosacea

Rosacea is a chronic cutaneous illness characterized by facial erythema, telang-
iectasias, and inflammatory papules and pustules (Crawford et al. 2004). It affects
approximately 3 % of individuals in the US over the age of 30 (Berg and Liden
1989; Yamasaki et al. 2007). Although its pathophysiology is unknown, potential
factors influencing the disease are aberrant inflammatory responses and vascular
and sebaceous gland abnormalities. The epidermis of patients with rosacea is
abundant in an enzymatically-altered form of the AMP cathelicidin and its acti-
vating serine protease kallikrein 5 (KLK5) (Yamasaki et al. 2007). This abnormal
form of cathelicidin causes increased local inflammation and vascular dilation in the
skin of mice injected with this molecule (Yamasaki et al. 2007). Expression of
TLR-2, which enhances production of KLK5 from keratinocytes, is also increased
in patients with rosacea (Yamasaki et al. 2011). Additionally, skin samples from
rosacea patients have higher levels of genes encoding pro-inflammatory cytokines
and inflammasome-related genes than controls (Casas et al. 2012). This overactive
immune response may affect the resident commensals in patients affected by this
disease (Holmes 2013).

Although a microbial component of rosacea is suspected, identification of
contributing or causative microbiota remains inconclusive and controversial
(Holmes 2013; Picardo and Ottaviani 2014). Studies have linked the presence or
density of the following microorganisms in the skin to rosacea: the skin mite
Demodex folliculorum (Holmes 2013), the mite symbiont Bacillus oleronius (Lacey
et al. 2007) and S. epidermidis (Dahl et al. 2004). Chlamydia pneumoniae antigen is
detectable in up to 40 % of biopsies of lesions, but the significance of this finding is
unclear (Fernandez-Obregon and Patton 2007). Some studies have suggested a
relationship between rosacea and Helicobacter pylori infection due to the high
prevalence of H. pylori seropositivity in these patients (Tuzun et al. 2010).
However, this issue remains controversial, as other studies have failed to show a
similar association (Tuzun et al. 2010). To the best of our knowledge,
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characterization of the microbiota of rosacea patients has not been described.
Perhaps metagenomics analysis would reveal insights into the causative agents of
this common disease.

18.6.3 Psoriasis

Psoriasis is a chronic inflammatory condition observed primarily on dry areas of the
skin, including the trunk, knees and elbows. It affects approximately 2 % of the
world’s population (Christophers 2001) and is characterized by hyperproliferation
of keratinocytes and inflammation (Gao et al. 2008). Psoriasis vulgaris, which is
thought to result from an immune intolerance to microbiota, is more common than
guttate psoriasis, which is associated with streptococcal colonization and super-
antigen production (Leung et al. 1995; Fry et al. 2013).

Characterization of the microbiota in psoriasis patients reveals a higher abun-
dance of Firmicutes and lower abundance of Actinobacteria and Proteobacteria
(Gao et al. 2008) in lesional skin compared to healthy skin. The relative abundance
of P. acnes is lower in psoriatic lesions (Gao et al. 2008; Fahlen et al. 2012),
whereas Streptococcus is higher (Gao et al. 2008). A separate study that compared
51 psoriatic lesions with the unaffected skin of psoriasis patients and healthy skin of
control volunteers found that the combined relative abundance of Corynebacterium,
Streptococcus, Staphylococcus and Propionibacterium is higher in lesional than
unaffected or healthy skin (Alekseyenko et al. 2013). This study also found that
lesional skin trends towards decreased microbial diversity (Alekseyenko et al.
2013), whereas the former study found that diversity is higher in psoriatic lesions
(Gao et al. 2008). Thus, differences between psoriatic lesions and healthy skin have
been observed and additional studies are needed to determine the relevance of these
differences to the disease state.

18.6.4 Acne Vulgaris

Acne is a widespread skin condition that affects up to 80 % of adolescents and often
continues into adulthood. It is characterized by inflamed sebaceous follicles that
present as papules, pustules or cysts (Ayer and Burrows 2006). Acne commonly
responds to topical and oral antibiotics (Leyden and Del Rosso 2011), pointing to a
bacterial component of the disease.

An association between the levels of P. acnes and acne vulgaris in adolescents
was established long ago (Leyden et al. 1975; Grice 2014). However, because
P. acnes is a member of the commensal microbiota and is abundant on healthy skin,
understanding its specific role in acne has proven challenging. A small study
showed that the sebaceous/hair follicles of 3 healthy volunteers contain only
P. acnes, whereas those of 5 acne patients contain P. acnes and S. epidermidis
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(Bek-Thomsen et al. 2008). A larger study including 49 healthy volunteers and 52
acne patients found both P. acnes and S. epidermidis in the pilosebaceous units of
both groups (Fitz-Gibbon et al. 2013). Both studies found that P. acnes dominates
the pilosebaceous unit microbiota (Bek-Thomsen et al. 2008; Fitz-Gibbon et al.
2013), but the latter study found no difference in proportions of taxa between
healthy skin and skin of acne patients (Fitz-Gibbon et al. 2013). Quantitative culture
analysis of the acne lesion surface from 100 patients revealed no difference in
Propionibacterium or Staphylococcus compared to healthy controls, but
culture-independent methods showed a higher proportion of M. globosa in acne
patients (Numata et al. 2014).

Although the relative abundance of P. acnes does not differ between healthy and
acne-prone skin, strain-level variations may contribute to the development of acne.
Of 71 sequenced P. acnes genomes, four of the 10 most abundant ribotypes (RT),
RT4, 5, 8 and 10, are significantly enriched in acne-prone skin, whereas RT6 is
more commonly associated with the pilosebaceous units of healthy volunteers
(Fitz-Gibbon et al. 2013). RT4 and 5 encode for a plasmid that carries genes
associated with virulence in other bacterial species (Fitz-Gibbon et al. 2013).
Whether these acne-associated RTs have enhanced virulence is not clear. It is
important to note that this study focused on non-lesional skin in both patients and
controls; characterizing the microbiota and genomes from acne lesions may provide
additional insight into strain-level differences that contribute to disease.

18.7 Role of Skin Microbiota in Infectious Disease

The skin microbiota is thought to protect against infection by competing for
resources, priming the immune system, and secreting molecules that inhibit the
growth of pathogens. However, relatively few studies have analyzed whether
microbial communities influence susceptibility or resistance to infection. This
section highlights two studies that assessed the skin microbiota in relation to
cutaneous infection.

S. aureus is a major cause of skin abscesses, especially in people who have
recently used antibiotics (Moran et al. 2006; Horton et al. 2015). To test if perturbed
microbiota contributes to infection susceptibility, the microbiota of peri-abscess and
contralateral skin of 25 patients with S. aureus abscesses was compared to
microbiota of analogous sites of 25 healthy volunteers. The peri-abscess and con-
tralateral bacterial communities of the infected patients are similar to each other and
significantly different than the microbiota of healthy controls, which are more
distinct from one another than are the samples from patients. No major differences
in taxa at the phylum level exist, but samples from healthy volunteers are enriched
for Brevibacillus and Lactococcus, both members of the phylum Firmicutes
(Horton et al. 2015). Interestingly, the patients who tested positive for S. aureus by
culture also harbor high proportions of S. aureus in the peri-abscess and con-
tralateral sites, suggesting that these patients were highly colonized with S. aureus.
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Since preinfection samples were not available for the infected group, whether their
similar microbiota enhances susceptibility to S. aureus infection or is the result of
the infection is unclear.

Haemophilus ducreyi causes the sexually transmitted genital ulcer disease
chancroid in adults and nonsexually transmitted cutaneous ulcers in children in the
tropics (Marks et al. 2014; Mitjà et al. 2014; Ghinai et al. 2015). In experimental
infection of human volunteers in the skin overlying the deltoid, papules occur at
virtually all inoculated sites; these papules spontaneously resolve or progress to
pustules in *30 and 70 %, respectively, of the volunteers (Janowicz et al. 2009).
To assess the potential role of microbiota in infection outcome, skin swab samples
collected before and after infection were compared between 4 sets of dose-matched
resolvers and pustule formers. At preinfection, resolvers have significantly different
bacterial biota than pustule formers (van Rensburg et al. 2015) (Fig. 18.6).
Although the taxa varied, resolvers harbor significantly higher proportions of
P. acnes at preinfection than pustule formers. P. acnes may outcompete or inhibit
H. ducreyi, or this observation may reflect an immune bias that favors clearance of
H. ducreyi. Whereas the preinfection microbiota of resolvers more closely resem-
bles each other than that of pustule formers, the latter group has a more similar
microbiota at the clinical endpoint (Fig. 18.6), suggesting that infection with, or the
immune response to H. ducreyi drives the microbiota to a common composition.
Certain bacteria are overrepresented in pustule formers throughout the experiment,
including members of the phyla Proteobacteria and Bacteroidetes, as well as
Micrococcus, Corynebacterium, and Staphylococcus. These taxa may impart a
growth advantage to H. ducreyi, reflect an immune status that is permissible to
H. ducreyi infection, or thrive in the moist pustular environment that results from a
failed immune response. As this study did contain preinfection samples from both
groups, it seems to indicate that the common microbiota of resolvers prior to

Fig. 18.6 Non-metric multidimensional scaling using normalized weighted UniFrac distances of
OTUs detected in preinfection samples from resolvers (n = 10) and pustule formers (n = 10)
(a) and in endpoint samples from resolved sites (n = 11) and pustule sites (n = 9) (b). For both
comparisons, P = 0.001, PERMANOVA. At preinfection, resolver sites and sites within volunteers
cluster. At endpoint, pustule sites and sites within volunteers cluster. P, pustule former; R, resolver
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infection is associated with protection while the microbiota of pustule formers is
driven to a common composition by the infection and the host immune response.
Perhaps this is why persons with S. aureus abscesses also share a common
microbiome.

18.8 Using the Microbiota to Prevent or Treat Skin
Diseases

Understanding how certain skin microbial communities inhibit the colonization of
or change in response to invading pathogens may influence our ability to prevent or
treat skin infections. Studies of the microbiota of healthy and diseased skin show
that dysbiosis can affect susceptibility to infection or exacerbate existing inflam-
matory dermatoses. Restoring a balanced microbial community may help prevent
infectious and non-infectious skin conditions.

S. epidermidis ferments glycerol to produce several short chain fatty acids,
including succinic acid, which inhibits the growth of P. acnes in acneiform lesions
in mice (Wang et al. 2014). Injection of 5 mM or topical application of 100 mM
succinic acid significantly reduces the counts of P. acnes and suppresses the
inflammation associated with P. acnes overgrowth (Wang et al. 2014). As men-
tioned previously, the S. epidermidis serine protease Esp inhibits S. aureus colo-
nization of the nares and disrupts existing S. aureus biofilms (Iwase et al. 2010).
Inoculation with S. epidermidis or application of purified Esp eliminates nasal S.
aureus carriage in humans who are chronic carriers (Iwase et al. 2010). A separate
study showed that nasal inoculation with Corynebacterium sp. strain Co304
eliminates S. aureus from persistent carriers, perhaps by outcompeting S. aureus for
adherence to nasal epithelium (Uehara et al. 2000). Persistent nasal carriage of
S. aureus is a risk factor for skin infections (Toshkova et al. 2001); thus, using
commensal bacteria or their metabolic byproducts to prevent colonization with
S. aureus may have important public health implications.

Although topical application of probiotics to the skin has not been widely
explored, many studies have evaluated the utility of oral probiotics to improve skin
conditions. A systematic review of 16 randomized controlled trials concluded that
oral administration of Lactobacillus to pregnant women is effective in preventing
AD in their infants; but this result should be interpreted with caution due to the high
degree of heterogeneity in the included studies (Fuchs-Tarlovsky et al. 2015).
Additional studies are needed to ascertain the role of probiotics in treating skin
pathologies such as eczema, acne, and cutaneous candidiasis. Oral probiotics pro-
mote gut homeostasis by regulating immune responses and inhibiting pathogen
growth (Fuchs-Tarlovsky et al. 2015); however, the effect of oral probiotics and gut
homeostasis on the skin microbiota and immune regulation remains unclear.
Understanding this connection may provide insight into effective prevention
strategies and treatment options for skin pathologies.
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18.9 Summary and Concluding Remarks

The skin is home to a diverse array of bacteria, fungi, and viruses. Many factors
influence the microbial composition of the skin, including the microenvironment,
host genetics, age, ethnicity, lifestyle, gender, and daily habits. Recent studies have
begun to elucidate the intimate relationship between resident skin microbiota and
the immune system, which has furthered our understanding of the role of skin
microbiota in skin pathologies. Prevalent taxa differ between patients with infec-
tious and non-infectious skin conditions; however, whether the microbial com-
munity directly affects and/or reflects the host immune status remains to be
determined. As many skin diseases and disorders potentially arise from dysbiosis,
restoring balance by introducing beneficial microbes or applying their active
metabolites may prove to be a worthwhile prevention or treatment strategy. Fully
realizing this strategy requires a more detailed understanding of the variability of
the skin microbiota, the link between specific taxa and disease, and the effect of
certain taxa on the immune system and the microbiome as a whole.
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Chapter 19
Sensing Environmental Factors: The
Emerging Role of Receptors in Epidermal
Homeostasis and Whole-Body Health

Mitsuhiro Denda

Abstract Epidermal keratinocytes have been recognized to form the water-
impermeable structure and this barrier function is critical, especially for terrestrial
animals. However, recent findings have dramatically changed the picture of epi-
dermal keratinocytes, placing them at the forefront of the sensory system.
Keratinocytes contains environmental sensors and a sensory information-processing
system, and it generates a variety of hormones and neurotransmitters that influence
whole-body states and emotions. Specifically, epidermal keratinocytes contain
sensors of mechanical stress, temperature and chemical stimuli. Moreover, all the
components of the hypothalamo-pituitary-adrenal (HPA) axis appear to be present
in epidermal keratinocytes. These results suggest that the epidermis plays an
important role in adapting whole-body physiology, and probably also emotional
response, to changing environments.

Keywords Keratinocyte � Stratum corneum � Neurotransmitter

19.1 Introduction

In humans, the epidermis is the outermost part of the skin, and consists predomi-
nantly of keratinocytes, which differentiate as they move from the basal layer to the
surface, from which dead keratinocytes (corneocytes) are finally lost by desqua-
mation. The outermost layer of the epidermis (stratum corneum), which consists of
corneocytes and intercellular lipids, serves as a water-impermeable barrier, pro-
tecting the organism against environmental dryness, as well as chemicals, ultravi-
olet light, mechanical stress and infectious agents. Other terrestrial vertebrates have
a variety of skin coverings, such as scales in the case of reptiles, feathers on birds,
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and hair on most mammals, that may have a skin-protective function. On the other
hand, humans have famously been called ‘naked apes’. So, might there be an
evolutionary advantage to this situation?

It is noteworthy that aquatic cnidarians (such as jellyfish) have sensory systems
and dispersed nerve systems on the surface of their body. Thus, it is plausible that
sensory systems on the skin surface provide a survival advantage, at least in the
aqueous environment. Similarly, the presence of sophisticated sensory systems
located close to the skin surface in humans, protected only by the stratum corneum
consisting of 15–20 layers of corneocytes, might also be advantageous for sensi-
tively detecting and rapidly responding to changes in the terrestrial environment.
Indeed, we have demonstrated that multiple sensory systems are functionally
expressed in human epidermal keratinocytes. Some are associated with homeostasis
of the epidermal water-impermeable barrier, but others respond to a broad range of
environmental factors. We also found a series of neurotransmitter receptors, which
are known to play key roles in information processing in nerve systems, including
the brain. Moreover, we demonstrated that various hormones and neuropeptides
that can potentially influence whole-body physiology and emotion, are generated
and released from epidermal keratinocytes. This situation is actually quite reason-
able, because both neural systems and epidermis are originally derived from
ectoderm at an early stage of development.

These discoveries led us to hypothesize that multiple receptors expressed in
epidermal keratinocytes play an important role not only in epidermal homeostasis,
but also in whole-body physiological responses, including emotion. In this chapter,
I would like to introduce these receptors, and discuss the potential roles of the
epidermis as an active interface between our body and the environment.

19.2 Effects of Environmental Factors on Epidermal
Keratinocytes and Candidate Receptors Mediating
These Effects

19.2.1 The Transient Receptor Potential (TRP) Receptor
Family as a Sensory System for Temperature
and Chemical Factors

A series of receptors named the transient receptor potential (TRP) family, the mem-
bers of which are activated at defined temperatures, have been cloned in the past two
decades. These receptors were first discovered in the nervous system (Dhaka et al.
2006). However, several thermo-sensitive TRP receptors were subsequently found to
be expressed in epidermal keratinocytes (Denda and Tsutsumi 2011). We first dis-
covered the expression and function of TRPV1 (VR1) in epidermal keratinocytes
(Denda et al. 2001; Inoue et al. 2002). TPRV1 is activated by heat (>43 °C), acidic
basic pH and capsaicin (Caterina et al. 1997; Dhaka et al. 2009). TRPV3 and TRPV4,
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which are both activated by heat (at around 30–40 °C), were also found in ker-
atinocytes (Peier et al. 2002a; Chung et al. 2003) (Fig. 19.1).

Two cold-sensitive proteins, TRPA1 and TRPM8, which are activated by low
temperature, have been cloned from peripheral nerve cells (Story et al. 2003; Peier
et al. 2002b). TRPA1 is activated at temperatures lower than 17 °C and TRPM8 is
activated at temperatures lower than 22 °C. Both of them are also functionally
expressed in human epidermal keratinocytes (Tsutsumi et al. 2010; Denda et al.
2010a, b) We also reported expression of TRPV2, which is activated at tempera-
tures above 52 °C (Tsutsumi et al. 2011).

Interestingly, some of the TRPs are associated with epidermal barrier home-
ostasis. To evaluate the influence of these receptors on barrier homeostasis, we kept
hairless mouse skin and human skin at various temperatures immediately after tape
stripping. At temperatures from 36 to 40 °C, barrier recovery was accelerated in
both cases compared with that at 34 °C. At 34 or 42 °C, barrier recovery was
delayed. Topical application of 4αPDD, a specific TRPV4 agonist, accelerated
barrier recovery, while ruthenium red, a TRPV4 blocker, delayed barrier recovery.
Capsaicin, a TRPV1 activator, delayed barrier recovery, while capsazepin, a
TRPV1 antagonist, blocked this delay (Denda et al. 2007a, b).

We also examined the effects of topical application of TRPA1 agonists and brief
cold exposure on the barrier recovery rate after barrier disruption (Denda et al.
2010a). Topical application of a TRPA1 agonist, allyl isothiocyanate or cin-
namaldehyde, accelerated barrier recovery after tape stripping. The effects of both
agonists were blocked by HC030031, an antagonist of TRPA1. Brief exposure
(1 min) to cold (10–15 °C) also accelerated barrier recovery and this acceleration
was also blocked by HC030031.

Fig. 19.1 Schematic
illustration of the putative
roles of epidermal
keratinocytes. Epidermal
keratinocytes sense a variety
of environmental factors via a
series of receptors, and
environmental information
from these receptors is
processed in the epidermis,
leading to release of effector
molecules that may influence
whole-body and brain
homeostasis
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We next examined the effect of topical application of TRPM8 modulators on
epidermal permeability barrier homeostasis (Denda et al. 2010b). Topical appli-
cation of TRPM8 agonists, menthol and WS 12, accelerated barrier recovery after
tape stripping. The effect of WS12 was blocked by Ruthenium Red, a non-selective
TRP antagonist, and by BTCT, a TRPM8-specific antagonist. Topical application
of WS12 also reduced epidermal proliferation associated with barrier disruption
under low humidity, and this effect was blocked by BTCT. Overall, our results
indicate that these TRPs expressed in epidermal keratinocytes play a role in epi-
dermal permeability barrier homeostasis.

It has been reported that activation of TRP on keratinocytes induced generation
and release of prostaglandin (Huang et al. 2008). Moreover, a recent study sug-
gested that TRPV1 expressed in keratinocytes plays an important role in acute
nociception-related pain (Pang et al. 2015). Thus, TRPs expressed on keratinocytes
might be associated with a variety of patho-physiological conditions of whole skin.

19.2.2 Keratinocytes as a Sensory System Responsive
to Mechanical Stimuli and Their Influence
on Peripheral Circulation

It had long been believed that nerve endings in the dermis are involved in tactile
sensation. However, although pressure points are located with a separation of
millimeter order of magnitude, our fingertips can recognize micron- or even
nanometer-scale patterns (Nakatani et al. 2011). Thus, we hypothesized that indi-
vidual keratinocytes play a role in tactile sensation.

We first evaluated the changes of intracellular calcium concentration ([Ca2+]i) of
cultured keratinocytes in response to external hydraulic pressure (Goto et al. 2010).
First, we compared the responses of undifferentiated and differentiated ker-
atinocytes with those of fibroblasts, vascular endothelial cells and lymphatic
endothelial cells. Calcium propagation extended over a larger area and continued
for a longer period of time in differentiated keratinocytes, as compared to the other
cells. The response of the keratinocytes was dramatically reduced when the cells
were incubated in medium without calcium. These results suggested that a
mechano-sensitive calcium channel expressed in keratinocytes might play an
important role in tactile sensation.

We next studied the intracellular calcium responses of individual cultured human
keratinocytes, fibroblasts, endothelial cells, and neurons from dorsal root ganglion to
air pressure. The [Ca2+]i of differentiated keratinocytes was changed significantly
when the pressure was increased, remained at the same level for a while, and then
decreased, whereas undifferentiated keratinocytes and other cells derived from skin or
dorsal root ganglion showed no response. The threshold of air pressure increase from
the original level for inducing [Ca2+]i response was 5–20 hPa (Ikeyama et al. 2013).
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The keratinocyte receptors that respond to mechanical stimuli have not yet been
identified. It has been suggested that TRPV4 and/or TRPA1 might be activated by
mechanical stimuli (Dhaka et al. 2006), but we could not confirm any relationship
between mechanical stimuli and these TRPs expressed in keratinocytes.

On the other hand, we studied the effects of mechanical stimulation on nitric
oxide (NO) synthesis and release from epidermal keratinocytes and its influence on
the cutaneous circulation (Ikeyama et al. 2007, 2010). Mechanical stimulation
resulted in NO release from a skin organ culture. NO release also occurred from a
reconstructed skin model containing only keratinocytes and fibroblasts, and was
suppressed after detachment of the epidermal layer. Moreover, stimulation-induced
NO release was significantly lower in skin organ culture of neuronal NO synthase
knockout (nNOS-KO) mice, compared with wild-type (WT) mice. Mechanical
stimulation of skin organ cultures of WT, nNOS-KO, endothelial NOS-KO
(eNOS-KO) and WT mice caused enlargement of cutaneous lymphatic vessels. The
degree of enlargement was significantly decreased after detachment of the epider-
mal layer, and was significantly lower for nNOS-KO than for WT mice. Skin blood
flow in nNOS-KO mice after stimulation was significantly lower than in WT mice.
eNOS-KO mice also showed lower responses than WT mice, and the difference was
similar to that in the case of nNOS-KO mice. These results suggested that NO
generated by nNOS expressed in the epidermis influences the cutaneous circulatory
response to mechanical stimulation.

19.2.3 Responses to Humidity Changes

Seasonal changes affect the condition of normal skin and may trigger various
cutaneous disorders (Wilkinson and Rycroft 1992; Sauer and Hall 1996). We
demonstrated that low humidity stimulates epidermal DNA synthesis and amplifies
the hyperproliferative response to barrier disruption (Denda et al. 1998a). The
morphology of the stratum corneum is also influenced by dry environments (Denda
et al. 1998b; Sato et al. 2000). When animals were kept in a dry condition for more
than 1 week, barrier function was enhanced (Denda et al.1998b). On the other hand,
a drastic decrease of environmental humidity induced barrier abnormality (Sato
et al. 2002), and a decrease in the water retention capacity of the stratum corneum
(Katagiri et al. 2003). Ashida et al. found an increase of IL-1α in the epidermis
(Ashida et al. 2001a) and an increase of histamine and mast cells in the dermis
(Ashida et al. 2001b) in a dry environment. Allergic response was also enhanced
(Hosoi et al. 2000).

We investigated the signaling system of epidermal keratinocytes in response to
low humidity, and found that calcium propagation was induced by exposure of
cultured human keratinocytes to air (Denda and Denda 2007). A transient increase
of intracellular calcium concentration, [Ca2+]i, was induced, followed by a
wave-like increase in adjacent unexposed keratinocytes, which showed oscillations
of [Ca2+]i with a frequency that varied from cell to cell. The increase of [Ca2+]i did
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not appear when calcium was removed from the medium or in the presence of
suramin, a purinergic receptor antagonist. The ATP concentration also increased
immediately after keratinocytes were exposed to air. Thus, we speculated that ATP
is secreted from keratinocytes upon exposure to air, and induces an increase of
intracellular calcium concentration. The receptor involved has not been identified,
though it has been suggested that TRPV4 is a sensor of osmotic pressure (Liedtke
2007).

19.2.4 Responses to Visible Radiation

The effects of ultraviolet or infrared radiation on skin are well known, but relatively
little is known about the effect of visible light. We showed that visible light
influenced the epidermal barrier recovery rate after disruption (Denda and Fuziwara
2008). Irradiation with red light significantly accelerated the barrier recovery, while
irradiation with blue light delayed it, compared with the control. White or green
light did not affect the barrier recovery rate. An electron-microscopic study sug-
gested that red light accelerated lamellar body secretion, while blue light blocked it.
These results indicate that visible radiation influences skin barrier homeostasis, i.e.,
epidermal keratinocytes appear to have a sensory system for visible radiation.

Rhodopsin is a well-known photosensitive protein present in rod cells of the
retina, and detects light/dark contrast. Cone opsins are photosensitive receptors in
cone cells of the retina, and detect color. We found that these proteins are expressed
in human epidermis (Tsutsumi et al. 2009a). Since transducin and phosphodi-
esterase 6 play key roles in signal transmission in the retina, we hypothesized that
these proteins might also be present in epidermal keratinocytes and be associated
with barrier homeostasis. First, we confirmed the expression of both transducin and
phosphodiesterase 6 in epidermal keratinocytes (Goto et al. 2011). Topical appli-
cation of zaprinast, a specific inhibitor of phosphodiesterases 5 and 6, blocked the
acceleration of barrier recovery by red light, while T0156, a specific inhibitor of
phosphodiesterase 5, had no effect. These results indicate that phosphodiesterase 6
is involved in the recovery-accelerating effect of red light on the disrupted epi-
dermal permeability barrier, and suggest that epidermal keratinocytes have a similar
energy conversion system to the retina.

In our studies described above, we focused on the effect of visible light on
epidermal barrier homeostasis. However, several other reports have described
non-visual photoreceptors. Reptiles have photoreceptors in the brain, and they form
the parietal eye (Solessio and Engbretson 1993). Several photoreceptors were found
in pineal body of chicken and rat (Okano et al. 1994; Zhao et al. 1997). However, in
humans, the pineal body is located in a deeper area of the brain. On the other hand,
exposure to bright light was shown to influence the circadian rhythm of blind
patients (Czeisler et al. 1995). This result supports the idea that a photo-sensitive
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system exists on the surface of the human body. Thus, visible light might influence
endocrinological condition via photoreceptor proteins and the energy transduction
system in epidermal keratinocytes.

19.2.5 Responses to Sound

The frequency range of audible acoustic sound for adult humans is approximately
20–16000 Hz (Heffner 2004). However, Oohashi and his coworkers demonstrated
that ultrasound at a frequency above 20000 Hz (20 kHz) influences human brain
electrical activity and systemic hormonal levels (Oohashi et al. 2000, 2006; Kawai
et al. 2001; Yagi et al. 2003). Interestingly, these effects did not occur via the ears
(Oohashi et al. 2006). On the other hand, a recent study demonstrated that a slight,
inaudible puff of air on the skin influenced auditory perception (Gick and Derrick
2009). These findings suggested that a so-far-unidentified system that is responsive
to ultrasound exists at the human body surface. Based on the above findings, we
speculated that audible or inaudible sound frequencies might influence epidermal
barrier homeostasis.

To test this idea, we first evaluated the effects of 5, 10, 20 and 30 kHz sound on
intact skin of hairless mice (Denda and Nakatani 2010). We disrupted the perme-
ability barrier by tape stripping and immediately exposed the skin to sound for one
hour. The speaker cone lightly touched one side of the flank, and we attached a
silent speaker cone to the other flank as a control. Application of sound at a
frequency of 10, 20 or 30 kHz accelerated barrier recovery, while 5 kHz sound had
no effect.

The sound-sensitive receptors of keratinocytes have not been identified.
Presumably mechano-sensitive receptor(s) play a role in the ability of skin to sense
sound.

19.3 Information Processing in the Epidermis

There is evidence that information processing takes place in the skin (Pruszynski
and Johansson 2014). Specifically, when different-shaped molds were pressed on
the fingertip, different electrophysiological patterns were observed in the peripheral
nerves in the forearm. That is, when we touch a shape, geometrical information
might be recognized in the skin.

As already mentioned, epidermal keratinocytes appear to play an important role
in tactile sensation. Information derived from the environment is transferred by
afferent nerve fibers to the central nervous system, and processed in the brain with
the aid of multiple neurotransmitters and specific receptors. We have shown that
many of the neurotransmitter receptors originally found in the central nervous
system are also expressed in epidermal keratinocytes (Denda et al. 2007a, b). We
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also showed that neurotransmitters, such as glutamate, dopamine and nitric oxide
are released from keratinocytes (Fuziwara et al. 2003, 2005; Ikeyama et al. 2007),
and these molecules are candidate messengers from keratinocytes to the nervous
system.

In the brain, a spatiotemporally variable electro-physiological pattern is observed
on the cortex, and this might represent information processing (Iijima et al. 1996).
Interestingly, we also observed distinct spatiotemporal patterns of calcium con-
centration in monolayer-cultured human keratinocytes after physical or chemical
stimulation (Tsutsumi et al. 2009b, 2013; Denda and Tsutsumi 2014). Thus, epi-
dermal keratinocytes might be involved in information processing related to tactile
sensation in the skin.

19.4 Signals from Epidermal Keratinocytes
to the Whole Body and Brain

The role of the brain is not only information processing, but also control of
whole-body homeostasis via signaling mediated by release of molecules such as
neuropeptides and hormones. A variety of studies suggest that epidermal ker-
atinocytes might also have a similar role; i.e., signals from epidermal keratinocytes
might act on not only whole-body physiology, but also on emotion.

Immediately after barrier disruption, epidermal keratinocytes secrete multiple
cytokines, including IL-1α,β, IL-6, TNFα, and INFγ (Wood et al. 1992). For
example, skin surface dryness induces IL-1α generation (Ashida et al. 2001a).
UVB-exposed keratinocytes secrete ATP, which induces IL-6 release (Inoue et al.
2007). Thus, barrier abnormality, insult or UVB irradiation may lead to release of
multiple cytokines from epidermal keratinocytes. This is significant, because ele-
vated serum cytokine levels are associated with impaired mental state, such as
depression, in cancer patients (Miller et al. 2009; Capuron and Miller 2011). Also,
in patients with severe dermatitis, a large area of skin may be involved, and
secretion of cytokines might be sufficient to influence mental state. This idea is
consistent with a report that etanercept, a TNFα inhibitor, improved symptoms of
depression and fatigue in psoriasis patients (Tyring et al. 2006).

Dermatologists have found a correlation between the severity of atopic der-
matitis and the level of patients’ depression or anxiety (Hashiro and Okumura 1997;
Arima et al. 2005). Sleep disturbance due to itching and concern over appearance
might be associated with depression and anxiety. On the other hand, it has also been
reported that cortisol plays an important role in depression and post-traumatic stress
disorder (PTSD) and might directly affect the hippocampus (Sapolsky 1996;
Sorrells et al. 2009).

These studies led us to hypothesize that environmental dryness might induce
increased cortisol secretion in the epidermis. Therefore, we incubated a
skin-equivalent model under dry (relative humidity less than 10 %) and humid
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(relative humidity approximately 100 %) conditions for 48 h and evaluated cortisol
secretion and mRNA levels of cortisol-related enzymes (steroid 11β-hydroxylase,
CYP11B1) and IL-1β. Under the dry condition, cortisol secretion and expression of
both CYP11B1 and IL-1β mRNAs were much higher than those under the humid
condition. Occlusion of the model with a water-impermeable plastic membrane
partially blocked the increases of cortisol secretion and CYP11B1 and IL-1β
mRNA expression in the dry condition (Takei et al. 2013). These results suggest
that environmental dryness might induce increased cortisol secretion in epidermis
of diseased skin characterized by epidermal barrier dysfunction (Denda et al. 2013).

We also found that keratinocytes generate and secrete oxytocin in response to
stimulation with a stable ATP analog (Denda et al. 2012). Oxytocin is involved in
behavior, memory and social bonding (Ferguson et al 2000; Kirsch et al. 2005).
Further, systemic oxytocin infusion reduced repetitive behavior in patients with
autism and Asperger’s syndrome (Hollander et al 2003). Therefore, oxytocin pro-
duced in epidermal keratinocytes could potentially influence mental state.

19.5 Conclusion

Many studies, including ours, over the past decade or so have revealed that epi-
dermal keratinocytes functionally express multiple receptors that respond to a
variety of environmental factors. There is also increasing evidence that environ-
mental information is processed in the epidermis and that the keratinocytes generate
signals that may influence whole-body homeostasis and emotion in response to the
changing environment. Thus, in addition to its protective role, the epidermis also
appears to serve as a sophisticated, brain-like interface between our body and the
environment. From this standpoint, systematic studies of the epidermis might lead
to novel strategies for whole-body healthcare and even mental problems.
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Chapter 20
The Cutaneous Circadian Clock
as a Determinant of Environmental
Vulnerability: Molecular Pathways
and Chrono-pharmacological
Opportunities

Kyongshin Cho, Rajendra P. Gajula, Kenneth I. Porter
and Shobhan Gaddameedhi

Abstract Circadian clocks have received consistent attention for decades due to their
great potential for elucidating the mechanisms underlying psychiatric and neurode-
generative diseases. More recently, attention has been focused on molecular mech-
anisms contributing to other health outcomes, especially malignancies. The circadian
system is essential for normal cellular homeostasis and maintenance of biological
rhythms at cellular and systemic levels. Since circadian regulation has implications in
a wide range of physiological functions, disrupted clocks can lead to metabolic
diseases, including cancer. In addition, emerging evidence indicates that circadian
regulation is critically involved in the pathogenesis of several cutaneous diseases.
Solar radiation is the main cause of skin cancer as well as other skin conditions and,
coincidentally, it is an important environmental time cue for human circadian
rhythms.Moreover, circadian regulation ofmelatonin production can protect or repair
solar UV-induced DNA damage, which has therapeutic prospects for skin cancer
owing to endocrine and physiological functions of melatonin. Circadian mechanisms
also havemultidisciplinary interventions with epigenetic mechanisms in the rhythmic
expression of clock genes. Considering the vulnerability of skin cells to environ-
mental changes, skin can be a principal target of current therapeutic approaches based
on circadian mechanisms. Therefore, chronotherapeutic intervention studies may
yield more clinically meaningful results for curing or preventing cutaneous diseases
including skin cancer. In this review, we discuss recent progress in our understanding
of skin circadian mechanisms as they are challenged by environmental factors and
future directions in designing strategies for chronotherapeutic applications.

K. Cho � R.P. Gajula � K.I. Porter � S. Gaddameedhi (&)
Experimental and Systems Pharmacology, College of Pharmacy, Spokane, USA
e-mail: shobhan.gaddameedhi@wsu.edu

S. Gaddameedhi
Sleep and Performance Research Center, Washington State University, Spokane,
WA 99210, USA

© Springer International Publishing Switzerland 2016
G.T. Wondrak (ed.), Skin Stress Response Pathways,
DOI 10.1007/978-3-319-43157-4_20

415



Keywords Skin � Circadian clock � Circadian rhythm � Clock genes � Ultraviolet
radiation � Skin cancer � Circadian disruption � Melatonin � Chronotherapy �
Epigenetics

20.1 Circadian Clock

All living organisms interact with the environment that provides fundamental
sources for sustaining life on the earth. Light from the sun is one of the energy
sources of the planet’s ecosystems and shows a 24-h day/night periodicity due to
the earth’s rotation. In response to this predictable daily cycle, humans and other
organisms including plants have evolved the circadian (from the Latin phrase circa
diem, meaning about a day) system by which they can coordinate homeostatic
processes including photosynthesis and respiration to maintain their growth and
metabolism under the influence of solar radiation (Hastings et al. 2007; Mohawk
et al. 2012). The circadian rhythm is a self-sustained system that plays important
roles in a wide variety of behavioral and physiological adaptations (Mohawk et al.
2012). The circadian clock is an endogenous oscillator that enables organisms to
respond appropriately to the daily and seasonally changing environment (Schultz
and Kay 2003; Hastings et al. 2007). The circadian rhythmicity arises at molecular
to cellular to systemic levels, and ubiquitous circadian mechanisms driven by
autonomous biological clocks are closely related to many aspects of cell cycle
regulation, DNA damage repair responses and metabolic functions (Sancar et al.
2004, 2015; Takahashi et al. 2008). Basically, the 24-h circadian rhythm is gen-
erated through the interplay between external stimuli (environmental zeitgebers)
and intrinsic circadian oscillations, and it serves a defensive role to protect
organisms against diverse diseases (Sancar et al. 2004; Mohawk et al. 2012).
Indeed, circadian rhythmicity has a profound influence on human health; therefore,
chronic circadian disturbance exhibits prolonged adverse consequences such as
sleep and psychiatric disorders, heart disease, and cancer (Boivin 2000; Mohawk
et al. 2012). It is now generally believed that more than 43 % of the genes in a
given tissue are circadian-controlled and transcriptionally rhythmic (Zhang et al.
2014), suggesting that circadian disruption may be at least partially responsible for
such adverse health consequences (Storch et al. 2002; Scheer et al. 2009; FitzGerald
2014).

20.2 Mammalian Circadian System

In mammals, the circadian system is composed of a hierarchy of functionally
interconnected oscillators (central and peripheral clocks) distributed throughout the
brain and peripheral tissues (Reppert and Weaver 2002; Mohawk et al. 2012). The
central clock is located within the hypothalamic suprachiasmatic nuclei (SCN) as
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the master circadian pacemaker, orchestrating endogenous circadian rhythms in
peripheral tissues (King and Takahashi 2000; Mohawk et al. 2012). The central
neural and peripheral tissue clocks are interlocked by transcriptional-translational
feedback loops (TTFL) that precisely synchronize their intrinsic circadian oscilla-
tors to the daily light/dark cycle through neural and hormonal cues (Reppert and
Weaver 2002; Mohawk et al. 2012). Nevertheless, mechanisms that involve the
circadian oscillators in both SCN and peripheral tissues are similar, yet the
mechanism of such hierarchy in human pathogenesis still remains largely unknown.
Light exposure is the most efficient environmental synchronizer of the circadian
system, thus, though the circadian rhythmicity is also attributable to other factors
such as temperature, locomotor behaviors, metabolites, hormones, and
chronotherapeutic interventions, mammalian circadian rhythms are mainly affected
by the 24-h ambient light/dark cycle (Smolensky and Peppas 2007; Takahashi et al.
2008; Mohawk et al. 2012).

20.3 Circadian Molecular Pathways

The molecular mechanisms of circadian rhythms have been studied mostly in
rodent models, where the cell-based circadian machinery governs rhythmic oscil-
lations by autoregulatory TTFL (King and Takahashi 2000; Shearman et al. 2000).
The mammalian circadian clock comprises a series of interlinking positive and
negative feedback loops of transcriptional regulation of clock genes which act as
activators or repressors, such as circadian locomotor output cycles kaput (Clock),
brain muscle ARNT-like 1 (Bmal1), period circadian protein homolog 1-3 (Per1-3),
cryptochrome 1-2 (Cry1-2), retinoic acid-related orphan receptor (Ror), and
Rev-erba (Nr1d1) (Huang et al. 2011; Albrecht 2012). The principal
CLOCK/BMAL1 activating complex binds to cis-acting E-box elements to activate
clock-controlled genes, including Cry and Per genes whose protein products form
the CRY/PER repressor complex (Albrecht 2012; Mohawk et al. 2012). Next, the
CRY/PER repressor complex actively suppresses the CLOCK/BMAL1 activating
complex, resulting in indirectly inhibiting its own synthesis (Albrecht 2012;
Mohawk et al. 2012). Additionally, the feedback loop is fine-tuned by a secondary
feedback loop composed of the nuclear receptors, ROR and REV-ERBa (Akashi
and Takumi 2005; Albrecht 2012). Moreover, the mammalian circadian clock is
regulated not only by interconnected post-transcriptional feedback loops but also by
post-translational mechanisms involving casein kinase 1 delta and epsilon (CK1d/e)
and glycogen synthase kinase 3 (GSK3) (Harmer et al. 2001; Lee et al. 2001;
Lowrey and Takahashi 2011).

Substantial evidence has accumulated supporting the overall role of circadian
rhythms in influencing metabolic and physiological disorders. The recent insights
on genetic mouse studies have revealed that the circadian TTFL is a key component
of the molecular clock (Albrecht 2012; Mohawk et al. 2012). In mice, homozygous
dominant-negative mutation (ClockD19/D19) shows disrupted circadian rhythms,
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leading to increasing susceptibility to metabolic syndrome (Ko and Takahashi
2006; Maury et al. 2010). The mutated CLOCK protein causes forming functionally
impaired CLOCK/BMAL1 heterodimers which bind to E-box elements in Cry and
Per genes (Ko and Takahashi 2006; Maury et al. 2010). Mice homozygous for
Bmal1 deletion (Bmal1−/−) also exhibit severely disrupted circadian rhythms with
characteristic phenotypes, such as aberrant levels of reactive oxygen species which
are essential for homeostasis, infertility, arthropathy, and aging (Bunger et al. 2005;
Dubrovsky et al. 2010). This suggests that CLOCK and BMAL1 proteins play a
crucial role in circadian rhythmicity. However, the circadian rhythm remains
functional when any single negative regulator (Cry1, Cry2, or Per1, Per2 alone) is
mutated, but simultaneous defects in both genes result in behavioral and molecular
arrhythmicity (Vitaterna et al. 1999; Zheng et al. 2001; Asher and Schibler 2011).
These data indicate that compensation or substitution for the function of each
mutated clock gene may be absent, partial, or complete for maintaining circadian
periodicity, and it may be determined by the presence of alternative pathways
(Asher and Schibler 2011; Johnson and Egli 2014).

20.4 Tissue-Specific Expression Patterns of Circadian
Genes

The molecular basis for mammalian circadian clocks involves the central, or master,
circadian pacemaker located in the SCN of the brain, which is responsible for
coordinating peripheral clocks present in other tissues (Huang et al. 2011; Albrecht
2012). This organization of the circadian system helps orchestrating biological
oscillators at the organismal level as well as local levels (Albrecht 2012). However,
recent studies showed that peripheral tissues have their own autonomous and
self-sustained oscillators to generate SCN-independent rhythms (Albrecht 2012).
For example, constitutive Clock mRNA expression is observed in the SCN, but it is
also detected at various levels in the peripheral tissues (Dibner et al. 2010; Mohawk
et al. 2012). In addition, the Ror family which comprises three members, Rora,
Rorb, and Rorc shows variations in gene expression patterns and circadian peak
times across different tissues (Jetten and Ueda 2001; Guillaumond et al. 2005).
Rora is most specific to the SCN but less specific to peripheral tissues, whereas
Rorbc are most specific to peripheral tissues but less specific to the SCN (Jetten and
Ueda 2001; Guillaumond et al. 2005). Moreover, RORa-deficient staggerer mice
(RORasg/sg) display normal clock gene expression in peripheral tissues, suggesting
that RORs affect the expression of molecular clock components in a
tissue-dependent manner (Akashi and Takumi 2005; Kang et al. 2007). The way
that the expression of clock genes and clock-controlled genes contributes to the
amplitude of circadian oscillation can also vary greatly among tissues (Partch et al.
2014). For example, CLOCK-deficient mice (clock−/−) show gene-specific and
tissue-specific regulation of circadian transcription (Ko and Takahashi 2006).
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Whereas CLOCK deficiency displays the critically reduced amplitude of the Rev-
erba transcript oscillation in the liver, the deficiency results in the partially affected
amplitude of the Rev-erba mRNA oscillation in the SCN (Triqueneaux et al. 2004;
Ko and Takahashi 2006). However, CLOCK deficiency less affects Per1 tran-
scription less, having an almost similar level compared with the wild-type, whereas
the deficiency shows a lower Per1 level in the SCN (Chen et al. 2005; Gery et al.
2006; Ko and Takahashi 2006). Furthermore, Per2 transcription also displays cell-
and tissue-dependent manners by Clock gene mutation (Chen et al. 2005; Gery et al.
2006; Ko and Takahashi 2006). Together, these findings imply that the mammalian
circadian hierarchy system is much more complicated than our current under-
standing, and investigating circadian gene expression patterns in gene- and
tissue-specific manners is particularly important to understanding the circadian
oscillation network at the systems level.

20.5 Circadian Physiological Effects

Circadian clocks are linked intimately with all aspects of physiological and
behavioral homeostasis, including sleep-wake cycle, hormone release, body tem-
perature, and cardiovascular function, which is almost certainly relevant for the
pathogenesis of diseases, such as cancer, cardiovascular disease, and immune
system decline (Laposky et al. 2008; Morris et al. 2012). Given the marked dif-
ference in circadian gene expression and phase distribution between tissues, studies
comparing two or more tissues suggest that circadian gene expression patterns are
regulated in a tissue-specific manner showing little overlap of the transcribed
regions (Reppert and Weaver 2002; Lamia et al. 2008). Interestingly, a number of
genes associated with circadian expression are preferentially silenced or expressed
depending on the type of tissue (Lamia et al. 2008). Since circadian rhythms in
peripheral tissues are important for maintaining normal cellular homeostasis, cir-
cadian fluctuations in the degree of both core clock genes and clock-controlled
genes are believed to play an important role in the transcriptional and
post-transcriptional control of metabolism in response to a wide variety of stress
conditions (Albrecht 2012; Mohawk et al. 2012).

Circadian rhythm sleep disorder (CRSD) in humans is a clear example of how
circadian regulation impacts physiology and metabolism, particularly in the context
of specific sleep disorders including delayed and advanced sleep phase syndromes
and free-running disorder (Dagan 2002; Sack et al. 2007). A number of animal
studies have shown that CRSD is linked to mutations in circadian genes, resulting
in altered sleep homeostatic features such as irregular sleep time and sleep frag-
mentation, lack of adequate sleep compensation, and sleep deprivation (Dagan
2002; Sack et al. 2007). These findings indicate that circadian gene expression is a
key regulator conferring the susceptibility to sleep disorders and sleep homeostasis.

Circadian regulation of clock gene expression also underlies a variety of
metabolic pathways, which reveals that circadian rhythms regulate metabolic
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regulation affecting the susceptibility to metabolic disorders (Mohawk et al. 2012).
For example, Clock gene mutation in mice mediates changes in food intake and
causes obesity and metabolic syndrome including hepatic steatosis, hyperlipidemia,
hyperglycemia, and hypoinsulinemia (Zvonic et al. 2007; Takahashi et al. 2008).
Moreover, BMAL1 deficiency in mice induces obesity and metabolic syndrome
including hypoinsulinaemia and diabetes (Zvonic et al. 2007; Marcheva et al.
2010). Both genes, Clock and Bmal1, are also involved in lipid metabolism through
activation of adipocyte-related genes, such as peroxisome proliferators-activated
receptor (PPAR) (Inoue et al. 2005).

20.6 Skin Circadian Clock

The cutaneous circadian clock seems to create its own oscillation in skin cells
(Tanioka et al. 2009), which is important for maintaining skin homeostasis from
UV- and visible light-induced direct DNA damage response signaling and oxidative
stress (Slominski et al. 2005; Gaddameedhi et al. 2011, 2015; Geyfman et al. 2012).
While it has been reported that UVB radiation may involve multiple pathways
down-regulating the expression of circadian genes, the core clock genes such as
Clock, Bmal1, Per1, Cry1 have been described at the molecular and genetic level in
various human skin melanocytes, fibroblasts, and keratinocytes (Bjarnason et al.
2001; Hardeland et al. 2003). A circadian transcription factor Kruppel-like factor 9
(KLF9) in human epidermis is found to oscillate in a cortisol dependent manner and
effects keratinocyte proliferation/differentiation through its downstream targets
(Spörl et al. 2012). Collectively, these studies suggest that the cutaneous peripheral
clock may participate in defense mechanisms against environment stresses
(Fig. 20.1).

20.7 DNA Damage Repair and Skin Circadian Control

UV radiation that reaches earth’s surface from sunlight is comprised of *95 %
UVA (320–400 nm) and *5 % UVB (280–320 nm) and induces DNA damage by
generating two major photoproducts: cyclobutane pyrimidine dimers (CPDs) and
(6-4) photoproducts [(6-4) PPs] that are mutagenic and carcinogenic (Bowden
2004). Melanin, a pigment synthesized in melanocytes is well established for its
protective role against UV radiation (Sinha and Häder 2002). However, there are
independent reports that show melanin contributing to additional DNA damage and
promoting development of melanoma in response to UV (Noonan et al. 2012).
Melanoma induction by UVA is dependent and UVB is independent of the melanin
pigment (Noonan et al. 2012). In another study, UVA was found to induce UV
signature mutations, C ⟶ T CPDs even hours after exposure to radiation called
“Dark CPDs.” Here, melanin acts as a molecular vector by exciting to triplet state
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and transferring energy to DNA in a radiation-independent manner and this sug-
gests that melanin contributes to additional DNA damage (Premi et al. 2015).
Moreover, a recent report suggests that silencing the BMAL1 or PER1 expression
in human hair follicles increases melanin synthesis as well as tyrosinase enzyme
expression and activity suggesting that pigmentation is circadian-clock controlled
(Hardman et al. 2015). However, understanding the molecular mechanisms of how
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Fig. 20.1 Circadian modulation of skin stresses. Skin circadian rhythm has a peripheral clock and
is regulated by the master clock controlled by the suprachiasmatic nuclei in the lower
hypothalamus region of the brain. Also, skin cells are capable of synthesizing glucocorticoids
(Slominski et al. 2013) and a study in zebrafish suggests that there might be a concert between the
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mechanical factors. These external factors will greatly affect the health or physiology, proliferation
(growth) and aging of the skin. UV radiation is known to induce DNA damage by generating
CPDs and 6-4PPs by UVB and oxidative stress (8-oxoG) by UVA. There are repair mechanisms
such as nucleotide excision repair (repairs photoproducts) and base excision repair (repairs
oxidative damage), which oscillate in a circadian manner. Chemotherapeutic drugs such as
Dacarbazine, 5-FU are used to treat skin cancers and melanoma in conjunction with radiation
therapy. Hence, exposure to such radiation or chemo drugs at low DNA repair activity would
predispose skin cells to development of skin cancers or aging. For physical insults such as wounds,
infections and inflammation the best time for recovery is during the night hours where the cells
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the skin clock regulates melanin lineage pathway gene expression would be
interesting.

In humans, CPDs and (6-4) PPs are solely repaired by nucleotide excision repair
(NER), which is circadian regulated (Kang et al. 2009; Gaddameedhi et al. 2011).
Defective NER is highly correlated with increased melanoma (Wang et al. 2009).
Observations in mouse-cortex and skin cancer models show that NER activity is
high in the afternoon/evening hours and is lowest in the morning hours. The
Xeroderma Pigmentosum A (XPA) gene, a rate limiting factor in the NER pathway,
exhibits daily rhythmicity in mouse skin with a minimum in the morning and a
maximum in the afternoon/evening and hence influences DNA repair activity (Kang
et al. 2009; Gaddameedhi et al. 2011). This suggests that humans probably have
more repair activity in the morning hours compared to the afternoon/evening hours,
as mice are nocturnal and humans are diurnal, however, there is no experimental
evidence in humans.

Melanin is also involved in inducing oxidative DNA damage by generating
8-Oxo-7, 8-dihydro-2′-deoxyguanosine (8-oxodG) in response to UVA radiation.
The eumelanin containing black mice and cultured melanocytes have showed rapid
accumulation of nuclear 8-oxodG (Yarosh et al. 2005). However, eumelanin
lacking albino mice or melanocytes did not show any DNA damage. The enzyme 8-
oxo-guanine glycosylase (OGG1), a key gene in DNA base excision repair (BER) is
involved in repairing these common DNA adducts generated by UV radiation, and
defects in this gene lead to an increased risk of skin cancer (Yarosh et al. 2005). In a
recent study OGG1 was shown to follow a circadian pattern in clearing 8-oxoG
adducts at the mRNA level. In a recent study on human volunteers, it was elegantly
shown that OGG1, a rate limiting gene in base excision repair (BER) pathway,
oscillates in a circadian pattern, suggesting that human circadian clock might
regulate the BER that removes oxidative DNA damage (Manzella et al. 2015).

20.8 Circadian Clock and Skin Cancer

Living organisms on the earth, including humans, are exposed to solar radiation,
which has a 24-h cycle and a seasonal variation. These organisms respond to
environmental changes, which have an enormous impact on their biological func-
tions. The solar radiation is essential for the survival of all organisms, but some
ultraviolet (UV) wavebands have been identified as risk factors for human health
(Jhappan et al. 2003). Two ranges of UV wavebands (UVB and UVA) have been
reported to penetrate to considerable depths in the skin, and DNA damage is
attributed directly to UVB and indirectly to UVA photosensitization, both con-
tributing to skin cancer development (Bowden 2004; Nichols and Katiyar 2010).
Hence, while acute UV radiation participates in vitamin D3 photosynthesis and
subsequent systemic immune function, chronic exposure has unwanted adverse
effects such as skin cancer (Sinha and Häder 2002; Narayanan et al. 2010). Solar
UV radiation has long been considered a significant risk factor for skin cancer and,
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as a major environmental cue, it can lead to cutaneous melanoma at a wide range of
human body sites through DNA damage (de Gruijl et al. 2001; Nichols and Katiyar
2010).

Skin cancer is the most common form of malignancy in many human popula-
tions worldwide, and the incidence of melanoma and non-melanoma skin cancers
has recently been increasing rapidly (Siegel et al. 2015). Although genetic, phys-
iological, and environmental influences contribute to the etiology of skin cancer,
environmental factors are gaining much interest to decrease the risk of this disease
(Narayanan et al. 2010). Further efforts at identifying environmental risk factors for
skin health allow a systematic approach for incorporating qualitative methods in the
treatment and prevention of skin cancer, because the cancer risk can be easily
modified by ensuring adequate conditions such as decreasing levels of exposure to
UV radiation from sunlight (Smedby et al. 2005; Hardman et al. 2015).

Such considerations suggest that under certain circumstances, chronotherapeutic
regimens based on circadian rhythms could be a novel approach in the treatment of
skin cancer (Mormont and Levi 2003). The evidence presented in recent years
shows that of endogenous repair mechanisms, the skin circadian clock principally
controls the pathogenesis of UV-induced skin cancer, sunburn, and erythema
(Sancar et al. 2015; Gaddameedhi et al. 2011, 2015; Desotelle et al. 2012; Geyfman
et al. 2012). Several studies also showed that low levels of melatonin inversely
associate with the risk for developing skin cancer, and more recent studies have
shown that through sirtuin-1(Sirt1) inhibition, melatonin induces apoptotic cell
death in melanoma cells (Jung‐Hynes et al. 2010; Lévi et al. 2010).

20.9 Circadian Melatonin Regulation

Melatonin (5-methoxy-N-acetyltryptamine) plays a critical role in homeostatic
regulation of circadian rhythmicity, which is closely associated with the light/dark
and sleep/wake cycles (Jung‐Hynes et al. 2010). While melatonin can be synthe-
sized from pineal and extra-pineal sources, the nocturnal melatonin, which is almost
exclusively released in the pineal gland and regulated by the SCN, is largely light
responsive, so that its concentration remains relatively low during the daytime, rises
in the evening, and peaks near the middle of the night (Reiter 1991; Simonneaux
and Ribelayga 2003). The pineal melatonin secretion with the neuronal connectivity
of the SCN, dorsomedial hypothalamic nucleus (DMH), and locus coeruleus
(LC) importantly influences the central and peripheral circadian timing system
(Aston-Jones et al. 2001; Colwell 2011). Since the nocturnal melatonin increase
inhibits the wake-promoting activity of the SCN-DMH-LC circuit, exogenous
melatonin is generally used as a sleep aid with appropriate dosage and timing
(Aston-Jones et al. 2001; Colwell 2011). This inhibitory and phase shifting effect on
the neuronal firing rate is mediated by membrane bound G protein-coupled

20 Cutaneous Circadian Clock and Environmental Vulnerability 423



melatonin receptors in the SCN to compensate sleep debt which is accumulated
during wake (Aston-Jones et al. 2001; Colwell 2011).

Light during the night suppresses melatonin production, which is widely thought
to be the cause of many different physiological and medical problems in night shift
workers (Burgess et al. 2002). Exposure to bright light at night, which was a very
uncommon event before the introduction of electric lighting, is a major concern of
modern nocturnal physiology, because it disrupts the human endogenous circadian
rhythmicity (Burgess et al. 2002). Recent studies showed that melatonin and cir-
cadian disruption by exposure to light at night stimulates tumor growth and
metabolism, and cancer risk decreases by using optical filter shields or goggles to
reduce low-wavelength light reaching the retina (Rahman et al. 2008). Melatonin
has also been reported to have a protective effect against oxidative DNA damage by
influencing the DNA repair pathway (Fischer et al. 2008). Such a mechanism could
partially explain how melatonin inhibits tumorigenesis and why its levels inversely
correlate with the risk of developing cancer (Fischer et al. 2008). Indeed, blind
women without light perception show lower breast cancer incidence than blind
women who have ability to process some degree of light perception (Davis et al.
2001; Kliukiene et al. 2001).

It has also been recognized in the mammalian system that melatonin markedly
influences coordinating photoperiodic changes in immune defense responses, sea-
sonal body weight and reproductive responses, diabetes and other chronic health
conditions (Burgess et al. 2002; Rahman et al. 2008). Certainly, high concentrations
of melatonin and large numbers of cell surface melatonin receptors are found in the
bile, cerebrospinal fluid, saliva, bone marrow, lymphocytes, skin, and other organs
(Reiter et al. 2000; Rahman et al. 2008). Considering that melatonin concentrations
vary greatly among different organs and show a wide range of antioxidant potential
and physiological efficacy, melatonin seems to have a tissue-specific manner for
responding to regional stressors and overcoming circadian arrhythmicity, suggest-
ing the existence of a localized melatoninergic system (Reiter 1991). In the skin, it
was recently demonstrated that melatonin is involved in a melatoninergic antiox-
idative system to prevent and repair UV-induced skin damage by facilitating the
gene expression of key antioxidant enzymes (Fischer et al. 2008).

Melatonin synthesis in the skin involves the amino acid tryptophan (Trp) and its
derivative serotonin (5-hydroxytryptamine), which is finally converted to melatonin
by hydroxyindole-O-methyltransferase (Simonneaux and Ribelayga 2003; Fischer
et al. 2008). Interestingly, both the key precursors have antioxidant properties
(Simonneaux and Ribelayga 2003; Fischer et al. 2008). Melatonin receptors,
including both subtype 1 (MT1) and subtype 2 (MT2), are expressed in a cell type-
and subcellular compartment-dependent manner, while MT1 exists predominantly
as a melatonin receptor in both human skin and cultured melanoma cells
(Simonneaux and Ribelayga 2003; Fischer et al. 2008).
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20.10 Circadian Clock and Chronotherapy

Chronotherapy is commonly defined as the application of biological rhythms to
medical treatment to improve the therapeutic efficacy of a given treatment
(Mormont and Levi 2003). These new approaches offer very attractive therapeutic
strategies for treatment of cancer and other diseases (Mormont and Levi 2003).
Moreover, skin cancer is well suited for chronotherapy because the discrepancy in
the risk of developing melanoma by the timing of UV exposure is well documented
in epidermal carcinogenesis (Rigel 2008). Chronotherapeutic interventions are
prominent and essential in developing risk-reducing strategies for treatment and
prevention of several diseases (Mormont and Levi 2003; Smolensky and Peppas
2007). Recent research advancements show that the chronotherapeutic approaches
as well as experimental and computational approaches are most promising sys-
tematic approaches in drug discovery, by exploring both favorable and unfavorable
environments for drug metabolism (Mormont and Levi 2003; Smolensky and
Peppas 2007). The levels of certain types of target receptors (proteins) for drugs
have circadian fluctuations, resulting in time-dependent adverse events;
chronotherapeutic interventions have recently gained much attention for their
potential roles in assessing optimal timing of drug application and reducing adverse
drug reactions (Ohdo 2010).

In fact, recent findings show that the majority (56/100) of best-selling drugs in
the United States are direct targets of circadian clock regulated genes (Zhang et al.
2014; FitzGerald 2014). However, considering that many attempts have been made
to define conditions for optimal therapeutic range of drugs, the possibility of cir-
cadian variation in adverse drug reactions has not yet been widely characterized
(Ohdo 2010). On the other hand, we are obtaining more evidence that circadian
disruption could be a major target for chronotherapy, since the hierarchical circa-
dian system can amplify its rhythmic disruption through TTFL of clock genes
(Ohdo 2010; Albrecht 2012; Mohawk et al. 2012). Therefore, some pathological
symptoms can be alleviated by manipulating timing cues such as bright light
treatment, exogenous melatonin, and sedative/hypnotic drugs (Srinivasan et al.
2009).

Radiation therapy is gaining importance in chronotherapy of skin cancers
including melanoma (Desotelle et al. 2012). Chemo-sensitization of tumors using
radiation and radio-sensitization of tumors with chemotherapy are the two ways that
ionizing radiation (IR) can be used for therapeutic means. The strategic time to
administer IR or any chemotherapeutic drug is during periods of low DNA repli-
cation combined with high DNA repair capacity of the normal cells which would be
ideal to reduce the toxicity associated with radiation therapy. Recently published
studies on genetic mouse models suggest that the cutaneous circadian clock regu-
lates the DNA repair and replication where the repair capacity is high during
evening hours compared to morning hours. The circadian rhythmicity of DNA
replication is antiphase to that of DNA repair (Gaddameedhi et al. 2011; Geyfman
et al. 2012). Interestingly another recent finding has shown that mice irradiated in
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the morning with a single dose of ionizing radiation (up to 5 Gy) had more hair loss
than the evening group (Plikus et al. 2013).

The skin cell proliferation and radiation sensitivity using concurrent
5-Flourouracil (5-FU) and radiation show circadian fluctuations when the tumor cell
proliferation is opposite to that of normal skin cells (Lévi et al. 1997). The main
side effects of radiation therapy of skin cancers include radio-dermatitis. In a recent
clinical study, administering radiation with concomitant BRAF inhibitors showed
significant increase in acute radio-dermatitis in 36 % of a total 161 melanoma
patients enrolled (Hecht et al. 2015). Understanding the role of the circadian clock
in radio-dermatitis might be helpful in minimizing radiation associated melanoma
therapy (Fig. 20.2).

20.11 Circadian Immune Regulation

There are other aspects of the circadian system that are relevant not only to pre-
venting but also to curing various diseases, which are very closely linked to the
immune system (Scheiermann et al. 2013; Plikus et al. 2013). The immune system
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is remarkable in its ability to trigger a sophisticated network of defense mechanisms
against external challenges (Logan and Sarkar 2012). It has long been assumed that
diurnal and nocturnal fluctuations of immune components can also affect immunity
(Petrovsky and Harrison 1997; Plikus et al. 2013). Recent studies show that
immune cells are a major source of autonomous circadian phenotypes (Logan and
Sarkar 2012; Scheiermann et al. 2013). For example, the response of immune cells
to environmental stimulation shows circadian cyclic elevation in circadian gene
expression, though the variations display a wide range of transcriptional activities
depending on cell types (Logan and Sarkar 2012; Scheiermann et al. 2013). As a
key regulator of the circadian system, melatonin has been known to interact with
the circadian daily and seasonal rhythms in immune responses, showing that
chronotherapeutic interventions may be prominent and essential in developing
preventive strategies for immune-related diseases (Fu and Lee 2003).

20.12 Circadian Clock and Epigenetics

Epigenetics is generally considered a hallmark of a series of oncogenic transfor-
mation processes since its mechanisms, such as DNA methylation and histone
modification, create heritable changes in gene expression without changes in DNA
sequence (Jaenisch and Bird 2003; Sharma et al. 2010). Epigenetic mechanisms
have been well documented in transgenerational effects of intrauterine environ-
mental factors in cancer, and those mechanisms are especially important for sup-
porting defensive roles in pathogenesis against diverse diseases (Jaenisch and Bird
2003; Cho et al. 2012). Circadian and epigenetic mechanisms are prone to be
vulnerable to external stimuli, and both can be modified relatively easily by
changing environmental conditions (Masri and Sassone-Corsi 2013). Recent efforts
have focused on epigenetic approaches in the transcriptional control of circadian
clock genes, and genome-wide comparisons reveal that there is a reciprocal con-
nectivity between circadian and epigenetic mechanisms and high chance of syn-
ergistic interactions (Masri and Sassone-Corsi 2013). The mammalian circadian
rhythm is generated through TTFLs by the central CLOCK/BMAL1 activating
complex which can act as a transcriptional activator of Cry and Per genes, causing
the CRY/PER repressor complex to repress their own transcription by binding to
the activating complex (Shearman et al. 2000; Sahar and Sassone-Corsi 2009). The
steps of TTFL require a variety of phosphorylation, acetylation/deacetylation and
methylation/demethylation of genes histones and in some cases proteins, which
regulates chromatin structure and post-translational modifications of clock genes
(Shearman et al. 2000; Sancar 2008; Sahar and Sassone-Corsi 2009). This indicates
that exploring the emerging complexity in TTFL is a key step in understanding the
molecular mechanisms of mammalian circadian rhythms. Given these, growing
multidisciplinary research on circadian rhythmicity and epigenetic regulation across
human cancers will be helpful to delineate the underlying mechanisms to develop
new cancer chronotherapeutics.
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20.13 Conclusions

This review encompasses molecular mechanisms and therapeutic applications
emerging from studies of the cutaneous circadian system. Despite recent progress in
understanding the mechanisms of mammalian circadian clocks which consist of
hierarchically organized systems, the systemic and peripheral mechanisms which
produce rhythmic abundance have remained largely unknown. There is also increasing
evidence that in some cases the circadian system is a crucial driving force behind the
diverse aspects ofmammalian behavioral andphysiological responses,which indicates
that the endogenous circadian clock oscillates many pathways associated in chrono-
biological properties involved in pharmacodynamics of drug absorption, distribution,
metabolism, and excretion (Rigel 2008; Albrecht 2012; Mohawk et al. 2012). Such
collective properties should be investigated further to better understand themany facets
of time-dependent rhythms in the pathogenesis and treatment strategies of a variety of
diseases (Rigel 2008; Albrecht 2012; Mohawk et al. 2012). Moreover, skin stress
represents one of the most feasible models of circadian regulation since skin is con-
tinuously exposed to solar radiation so that it is extremely vulnerable to external stimuli
(i.e., environmental zeitgebers) compared with other body sites (Bjarnason et al. 2001;
Rigel 2008). Therefore, as a chronotherapeutic approach, possible potential of the
cutaneous circadian clock should be broadly conceived. In recent years,more emphasis
has been placed on describing for multidisciplinary interventions of circadian and
epigenetic mechanisms in transcriptional regulation of genes encoding circadian
proteins (Sahar and Sassone-Corsi 2009; Masri and Sassone-Corsi 2013). Further
investigation is required to define epigenetic regulation of the circadian clock.Of all the
circadian mechanisms and chronotherapeutic applications discussed throughout this
review, a better understanding of the cutaneous circadian system will lead to devel-
oping better strategies to treat cutaneous diseases.
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Chapter 21
Psychological Stress as a Determinant
of Skin Barrier Function: Immunological
Pathways and Therapeutic Opportunities

Mark E. Mummert

Abstract Psychological stress is proposed to be an evolutionary adaptation to the
flight or fight response. Physiological changes occur in a number of systems during
psychological stress, including the immune response. Classically, acute psycho-
logical stress leads to activation of the immune response and chronic psychological
stress leads to suppression of the immune response. Skin is the outer most barrier of
the body and possesses both innate and adaptive immune responses. Because many
dermatological diseases have an immune system component (e.g., atopic dermatitis)
we will assess the impact of psychological stress on the skin immune responses
herein. Psychological stress has been reported to affect both the innate and adaptive
immune responses in experimental systems and in skin disease states. A number of
mechanisms have been proposed to explain how psychological stress exerts its
impact on the skin immune response including redistribution of the lymphocytes,
modulation of immune cell functions and differential expression of cytokines.
Although rare, psychtropic drugs can also cause unwanted skin pathologies. The
finding that adverse reactions of psychotropic drugs are related to major histo-
compatability haplotype may suggest an immune mechanism of action. On the
other hand, some drugs used to treat skin diseases can results in psychiatric dis-
orders. Finally, a number of psychological methods have been used to successfully
treat or reduce the symptoms of skin diseases including hypnosis, cognitive
behavioral therapy, psychotherapy and biofeedback.
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21.1 Introduction

The concept that psychological stress could cause physiological responses was
proposed over a century ago by Canon who hypothesized that the release of sub-
stances (e.g., adrenalin, epinephrine) by the adrenal medulla during “pain and the
major emotions” (fear, rage, and asphyxia) increased cardiac vigor and increased
sugar content in the blood and led to cessation of the activities of the alimentary
canal (Cannon 1914). These physiological alterations, which operate to endow the
organism to flee or to fight, were considered an evolutionary adaptation for survival.
However, for most modern human’s physiological changes induced by psycho-
logical stress, including the skin can be unwanted.

Skin is the largest sensory organ of the body. Due to its anatomic location the
skin also serves as a protective barrier to the internal organs from a variety of
environmental agents including: (1) microorganisms, (2) ultraviolet radiation
(3) ozone, (4) mechanical damage and (5) allergens. In addition to providing a
physical barrier, the skin is also an immunological organ equipped with antigen
presenting cells (i.e., epidermal Langerhans cells and dermal dendritic cells) that
continuously monitor their microenvironment. Exposure of skin to
pro-inflammatory stimuli results in the migration of these cells to the lymph nodes
where they behave as antigen presenting cells by presenting antigen to their cognate
T cells.

In addition to the role of skin in performing its role as a physiological and
immunological barrier to physical threats, the skin is also linked to the nervous
system. In fact, the skin and nervous system are derived from a common ectodermal
origin. Skin is highly innervated and reacts to psychological stimuli induced by
neuroendocrine factors. The cells of the immune system are also generally equipped
with receptors to react to neuroendocrine factors. Thus, the skin and the cutaneous
immune system can respond to psychological factors. As a result, factors such as
psychological stress can result in changes to the skin. Indeed, a number of der-
matological diseases are exacerbated by psychological stress including relatively
common dermatoses such as psoriasis and atopic dermatitis. The importance of
psychiatric conditions with skin disease is highlighted by the finding that
co-occurring psychiatric disorders in patients with skin disorders show a prevalence
of around 30 % (Shenefelt 2011).

21.2 Types of Psychological Stress

Dhabhar and McEwen have proposed that psychological stress exists as a spectrum,
with acute psychological stress and chronic psychological stress at the far and
opposite ends of a spectrum (Dhabhar and McEwen 1997a). This model also
predicts an area of resilience, which is defined by the authors as the ability of
physiological systems to enable survival for extended periods of time under
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increasingly challenging conditions. Acute psychological stress has been defined as
isolated, single stress events that last only minutes to hours while chronic psy-
chological stress has been defined as several stress events that last multiple hours
per day for a time period of several weeks or months (Dhabhar et al. 2012). Acute
and chronic psychological stress generally is different in terms of their immuno-
logical outcome with acute psychological stress enhancing the immune response
and chronic psychological stress suppressing the immune response.

Although the immunological outcomes of psychological stress has been viewed
mostly in a negative light, the findings that acute psychological stress enhances the
immune response and chronic psychological stress suppress’ the immune response
may have potential benefits. Evolutionarily the immune enhancing activity induced
by acute psychological stress may have benefitted the organism by preparing it to
sustain injury and consequent infection. Such a scenario is especially easy to
appreciate in the context of predation where the prey is attacked by a predator.

Immunosuppression due to chronic psychological stress at first glance appears
harder to reconcile. However, previous research has shown that larger numbers of
social networks appear to lower the immune response, particularly under stress.
Segerstrom has argued that ecological immunosuppression due to high energy
demands (such as during chronic psychological stress) is offset by conserving
energy due to social connectedness (Segerstrom 2008). Thus, in this model social
connectedness is likely to outweigh the cost of changes in immunity.

21.3 Skin and the Neuroendocrine System

The central hypothalamic-pituitary-adrenal (HPA) axis is activated following stress
signals including factors such as 5-hydroxytryptamine (Calogero et al. 1989;
Tsagarakis et al. 1989) and inflammatory cytokines (Kariagina et al. 2004; Raber
et al. 1998). Stress signals also activate the locus coeruleus of the brain stem
eliciting a sympathetic nervous system response. When the HPA axis is activated,
stress hormones are released including corticotropin-releasing hormone (CRH) and
arginine vasopressin (Bernardini et al. 1994) from the hypothalamus which induces
adrenocorticotropic hormone (ACTH) release from the anterior pituitary (Whitnall
1993). CRH also activates the noradrenergic pathways resulting in norepinephrine
secretion by the peripheral sympathetic nervous system and norepinephrine and
epinephrine secretion from the adrenal medulla (Tausk et al. 2008). ACTH regu-
lates secretion of glucocorticoids including cortisol from the adrenal gland (Tsigos
and Chrousos 2002) while cortisol negatively regulates CRH production in a
feedback loop mechanism (Miyazaki et al. 2000). Norepinehrine, a major neuro-
transmitter, is released by sympathetic fibers to innervated tissues, including the
skin (Kellogg 2006; Pergola et al. 1993; Zimmerman and Whitmore 1967).
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Investigations have shown that human skin expresses CRH as well as CRH
receptors (CRH-R). The CRH-R1α isoform is the predominant CRH receptor in
skin and is expressed in all major cell populations of epidermis, dermis and sub-
cutis. In addition to CRH, human skin also expresses urocortin I (Slominski et al.
2000a) and urocortin II mRNA (Slominski et al. 2004). CRH-R1 binds to urocortin
I,but not to urocortin II while CRH-R2 binds to urocortin II but not urocortin I
(Grammatopoulos and Chrousos 2002; Hsu and Hsueh 2001), (Slominski et al.
2000b). Finally, skin produces the precursor protein proopiomelanocortin protein
(POMC) and POMC derived peptides that give rise to ACTH and other polypeptide
products (Kono et al. 2001; Slominski et al. 2000b). Interestingly, human hair
follicles can synthesizes cortisol, and cortisol synthesis is regulated by endogenous
feedback controls (Ito et al. 2005). Thus, the skin apparently has a fully functional
peripheral equivalent of the HPA axis. The peripheral skin HPA axis may coor-
dinate or fine tune peripheral stress responses with the central HPA axis. In addition
to expressing components of the HPA axis, skin also produces a number of other
neuroendocrine signals including prolactin (Langan et al. 2010; Ramot et al. 2010),
melatonin (Slominski et al. 2008) and catecholamines (Schutz et al. 2008; Weihe
et al. 2005).

Skin is also highly innervated with sensory nerves that produce neurotrophins
and neuropeptides. Psychological stress has been shown to lead to increased con-
centrations of cutaneous nerve growth factor (NGF) (Joachim et al. 2007).
A number of biological activities are associated with NGF, including axon
sprouting of peptidergic and sympathetic neurons, promoting cross-talk between
neural cells, glia and immune cells and facilitating monocyte/macrophage migration
through vascular endothelium (Levi-Montalcini et al. 1996). Moreover, NGF results
in upregulation of SP + nerve fibers in the dermis of stressed mice. Calcitonin
gene-related peptide (CGRP) is a potent vasodilator that is also upregulated in
response to NGF (Joachim et al. 2007). SP and CGRP have different distributions
within the skin with SP nerve fibers detected in the dermis and subcutis and CGRP
nerve fibers are in the epidermis around the distal hair follicle and the arrector pili
muscle (Peters et al. 2001).

21.4 Impact of Psychological Stress on Skin Immune
Responses

The innate immune response consists of elements that contribute to the immediate
and generic defense of the skin and immunological memory does not develop. By
contrast, the adaptive immune response requires time for the development of a
specific defense and can create immunological memory.
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21.4.1 Innate Immune Responses to Stress

The stratum corneum is terminally differentiated epidermis that forms the outer
most skin layer. The corneocytes forming the stratum corneum arise from the
underlying keratinocytes. The spaces between the corneocytes contain high con-
centrations of non-polar lipids which contribute to the water impermeability of the
stratum corneum. The stratum corneum plays a role in maintaining tissue hydration,
and its disruption results in transepidermal water loss. The stratum corenum is
normally sloughed off, potentially removing skin microorganisms such as potential
pathogens. Lastly, the stratum corneum protects the skin from ultraviolet radiation
via melanin derived from melanocytes (Marks 2004). Investigations have evaluated
the impact of immobilization stress and crowding stress on the barrier function of
the stratum corneum as measured by barrier recovery after its removal by tape
stripping or sodium dodecyl sulfate treatment in rats. In that study, immobilization
induced stress and crowding stress both significantly delayed barrier recovery for
up to 7 days in both male and female mice. However, the tranquillizers diazepam
and chlorpromazine resulted in an increased rate of barrier recovery suggesting that
pharmacological reduction of psychological stress promoted stratum corneum for-
mation (Denda et al. 1998).

The impact of psychological stress on barrier recovery in humans has also been
studied (Garg et al. 2001). Individuals with high levels of perceived psychological
stress had significantly delayed barrier recovery rates as compared with those
reporting low perceived stress levels. Based on these findings these investigators
concluded that stress-induced changes in epidermal function may precipitate der-
matoses. Using mice and stress induced by continuous light and radio noise, Choi
et al. found that impaired stratum corneum barrier function was linked to decreased
synthesis of epidermal lipids (Choi et al. 2005). Treatment of psychologically
stressed mice with RU-486 (a glucocorticoid receptor antagonist) or antalarmin (a
CRH antagonist that blocks increased glucocorticoid production) returned stratum
corneum recovery to normal rates. These results underscore the potential impor-
tance of glucocorticoids induced during psychological stress and stratum corneum
homeostasis.

Anti-microbial peptides encapsulated in lamellar bodies are synthesized and
secreted by skin. Aberg et al. evaluated the effect of cutaneous Streptococcus
pyogenes infections on psychologically stressed mice (Aberg et al. 2007). Stressed
mice downregulated anti-microbial peptides (cathelin-related peptide and
β-defensin) and developed significantly more severe cutaneous infections as com-
pared with non-stressed control animals. Pharmacological blockade of CRH or
glucocorticoid production returned anti-microbial peptides to normal levels and
reduced the infection severity. These results suggested that psychological stress is
directly linked to the innate immunity conferred by anti-microbial peptides via the
central or peripheral HPA axis.

Mast cells are found throughout connective tissues, including the dermis (Cowen
et al. 1979; Eady et al. 1979; Graham et al. 1955). ACTH and CRH activate mast
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cells, and human mast cells express CRH receptors (Cao et al. 2005). Asadi et al.
has shown that SP can induce the expression of functional CRH receptor-1 in
human mast cells (Asadi et al. 2012). Moreover, acute psychological stress is
associated with mast cell activation and the release of IL-6. The finding that serum
levels of IL-6 are abrogated in mast cell deficient mice following restraint stress as
compared with their wild-type control counterparts shows the importance of mast
cells in the production of systemic IL-6 (Huang et al. 2002). IL-6 can cross the
blood/brain barrier (Banks et al. 1994) and activate the HPA axis (Mastorakos et al.
1993) and can also induce immune reactions including lymphocyte activation
(Takeda et al. 1998; Kitani et al. 1992) and increased antibody production via
CD4 + T cell help (Dienz et al. 2009). Systemic effects of IL-6 include induction of
fever (Kagiwada et al. 2004; Castell et al. 1989a, 1989b) and acute phase protein
production (Castell et al. 1989a, 1989b). Mast cells also play a role in neurogenic
inflammation. Singh et al. reported that restraint induced stress resulted in signifi-
cantly enhanced degranulation of mast cells in mice as compared with their
non-stressed counterparts. Pre-treatment of mice before stress with CRH antiserum,
the neurotensin receptor antagonist SR48692 and capsacin to deplete sensory
neurons were all found to inhibit mast cell degranulation. These results suggested a
role for neurogenic inflammation in psychological stress in addition to the HPA axis
(Singh et al. 1999).

21.4.2 Adaptive Immune Responses to Stress

The adaptive immune response requires the interaction of antigen presenting cells
with antigen specific T cells. Activation of T cells requires their interplay with
antigen presenting cells and co-stimulatory molecules on the surfaces of both cell
types as well as the production of cytokines.

In classic experiments, Dhabhar and McEwen investigated the impact of acute
stress on contact hypersensitivity (CHS) reactions in rats using stress induced by a
2 h confinement in a box (Dhabhar and McEwen 1999). Briefly, animals were
sensitized using 2,4-dinitrofluorobenzene (DNFB), stressed on day 5 following
sensitization and challenged on the pinna of the ear on day 6 and the ear swelling
measured after the DNFB challenge. Acute stress significantly increased the ear
swelling response in stressed rats as compared with the control animals. Elimination
of glucocorticoid and epinephrine by adrenalectomy abrogated the stress-induced
enhancement, highlighting the importance of these hormones for immunomodula-
tion. Injections of corticosterone or epinephrine at low doses also enhanced
stress-induced ear swelling suggesting that these hormones play a role in immu-
noenhancement. By contrast, high doses of corticosterone or epinephrine had the
opposite effect with the ear swelling response reduced. Thus, the physiological
outcome of corticostrone and epinephrine depends on their concentrations. Using a
different contact sensitizing reagent (trinitrochlorobenzene) and isolation stress,
Nakano also found that stress enhanced the cutaneous immune response as
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evaluated by ear swelling (Nakano 2007). On the other hand, stress alone did not
enhance the ear swelling response of mice treated with the contact irritant, sodium
dodecyl sulfate. These results showed that elements of the adaptive immune
response were required for acute stress-induced immune enhancement, as irritants
do not develop immunological memory.

Different strains of mice have been shown to have different skin sensitivities to
psychological stressors. For example, Flint et al. reported that C57BL/6 mice had
blunted ear swelling responses to restraint stress as compared with BALB/c mice
(Flint and Tinkle 2001). The ear swelling responses in the stressed C57BL/6 strain
could not be enhanced even after injection of corticosterone. The nature of the
stressor also appears to impact the degree of the CHS response in animals. Bowers
et al. compared CHS responses in mice acutely or chronically stressed by restraint,
forced swim, isolation, handling and low temperature (Bowers et al. 2008).
Restraint stress and forced swim stress resulted in the most dramatic increase in the
CHS response.

The impact of chronic stress on skin immune responses has also been experi-
mentally investigated. Chronic stress has been reported to lead to immunosup-
pression in a number of systems, including skin graft rejection (Wistar and
Hildemann 1960) and in CHS responses (Hall et al. 2014; Dhabhar and McEwen
1997b). By contrast, other studies using chronic restraint-induced stress resulted in
enhanced CHS responses (Bowers et al. 2008). Again, the mouse strain appears to
play a role in if the psychological stress induces enhancement or suppression of the
immune response.

A number of factors may account for psychological stress-induced changes in
the adaptive immune response including the numbers, proportions and distributions
of immune cells. For example, previous studies found that psychological stress
markedly decreased the percentages of leukocytes in the blood (Hall et al. 2014;
Dhabhar et al. 1994, 1995). Interestingly, administration of corticosterone to
adrenalectomized mice closely mirrored the decrease in blood leukocytes observed
in stressed animals (Dhabhar et al. 1995).

Psychological stress may also modulate the activities of immunological cells.
For example, psychological stress has been shown to impair lymphocyte function
(Bartrop et al. 1977). Psychological stress has also been shown to decrease the
density of Langerhans cells in the epidermis in both mice and humans (Kleyn et al.
2008; Hosoi et al. 1998). Langerhans cells are epidermal members of the dendritic
cell family of antigen-presenting cells. Conventionally, Langerhans cells have been
considered pivotal for the generation of adaptive immunity; although current studies
suggest their immunological activities may be considerably more complex (re-
viewed in (Clausen and Kel 2010)). A number of stress related molecules have been
shown to impact Langerhans cells and dendritic cells. Corticosteroids have been
shown to induce the apoptosis of Langerhans cells and impair their expression of
co-stimulatory molecules (Hoetzenecker et al. 2004). In vitro studies have shown
that epinephrine inhibits antigen presentation in epidermal cell preparations and by
purified Langerhans cells (Seiffert et al. 2002). Glucocorticoids inhibit dendritic cell
production of IL-12 (Panina-Bordignon et al. 1997; Elenkov et al. 1996); and IL-12
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suppression may skew the TH1/TH2 balance toward TH2 and thus impact the
nature of the immune response (Seiffert and Granstein 2006). Importantly, blockade
of β2-AR with the antagonist ICI188, 551 impaired the migration of Langerhans
cells to the lymph nodes and blunted the subsequent CHS response when mice were
sensitized with the fluorescein isothiocyanate contact sensitizing reagent (Seiffert
et al. 2002). By contrast, other stress related molecules appear to enhance dendritic
cell functions. For example, it has been shown that noradrenaline enhanced phos-
phatidylinositol 3-kinase induced antigen endocytosis by dendritic cells in vitro
(Yanagawa et al. 2010).

21.5 Human Skin Diseases Linked to Psychological Stress

A number of human skin diseases may be preceded or exacerbated by psycho-
logical stress including urticaria, alopecia areata, rosacea, psoriasis and atopic
dermatitis (Jaffernay 2007). Despite the number of animal studies showing a cor-
relation between psychological stress and the immune response, mechanistic studies
in humans are much rarer. Perhaps the best studied human dermatopsychological
disease is atopic dermatitis. Atopic dermatitis affects approximately 6 % of the
population in the USA and is a chronic inflammatory disorder that is characterized
by eczematous lesions and pruritus (Hanifin et al. 2007). A psychological profile
that includes excitability, depression and anxiety has been linked to this disease.
Although the etiologic agent(s) that causes atopic dermatitis remain to be fully
identified results of sequential patch testing have suggested that it has a biphasic
TH1/TH2 T cell response. The initial acute inflammation is primarily TH2 with a
shift toward TH1 chronification (Grewe et al. 1998; Thepen et al. 1996).

Studies comparing atopic and nonatopic controls using the Trier Social Stress
Test (TSST) have been conducted (Buske-Kirschbaum et al. 2002b). Importantly,
both groups showed similar levels in serum levels of lymphocytes, monocytes,
neutrophils and basophils. On the other hand, eosinophil numbers were signifi-
cantly higher in patients with atopic dermatitis as compared with nonatopic con-
trols. Moreover, concentrations of IgE were greater in patients with atopic
dermatitis as compared with nonatopic controls.

In addition to higher numbers of eosinophils and increased IgE concentrations,
patients with atopic dermatitis had reduced concentrations of cortisol and ACTH as
compared with nonatopic controls when TSST stressed. These results suggested
that atopic dermatitis patients have a blunted HPA axis. By contrast, catecholamine
concentrations were significantly higher in patients with atopic dermatitis as
compared with nonatopic control patients. These results suggested that atopic
dermatitis patients had an overactive sympathetic adrenomedullary system
(SAM) (Buske-Kirschbaum et al. 2002a). These results may provide a plausible
explanation for how psychological stress enhances atopic dermatitis. Both the HPA
axis and SAM inhibit TH1 activity, possibly through IL-12. Psychological stress
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impedes TH1 activity via the suppressed HPA axis skewing the TH1/TH2 balance
to TH2 and thus, acute disease symptoms.

21.6 Cutaneous Side Effects to Psychtropic Medications

Treatment of psychiatric disorders with psychotropic drugs can result in undesirable
side reactions in the skin. Although the overall incidence of skin side effects is
reportedly rare (incidence of 0.1 %) (Lange-Asschenfeldt et al. 2009) some psy-
chotropic drugs can lead to significantly higher incidences. For example, up to
17 % of patients may have cutaneous side effects to the loading dose of the mood
stabilizer, carbamazepine (Chadwick et al. 1984). Clinically relevant skin side
effects follow the general scheme that mood stabilizers have a greater incidence
than antidepressants (39 % vs. 29 %). In turn, antidepressants have a greater
incidence than neuroleptics (29 % vs. 19 %) (Lange-Asschenfeldt et al. 2009).

Risk factors associated with cutaneous side effects to psychotropic drugs include
female gender (Arndt and Jick 1976), African American ethnicity (Kalow 1982),
age (Hajjar et al. 2003; Ives et al. 1992) and concurrent abuse of illicit drugs
(Lange-Asschenfeldt et al. 2009). Although the mechanisms underlying these
propensities are somewhat speculative, immunogenetic background appears to
underlie sensitivity to some drugs. Patients with the HLA-B1502 allele are
100 times more likely to develop epidermal necrolysis and those carrying the
HLA-A3101 allele are 9 times more susceptible than the general population.
Among the antiepileptic drugs HLA-B1502, HLA-A3101, HLA-B1508,
HLA-B1511, HLA-B1518 and HLA-B1521 all have increased incidences as
compared with the population as a whole (Mitkov et al. 2014).

It is interesting to note that adverse psychiatric effects to drugs used in derma-
tology have also been reported. Depression due to treatment with isotretinoin and
IFNα is one example and psychosis due to treatment with daposone is a second
example (Locala 2009).

21.7 Psychological Methods to Reduce Dermatological
Diseases

The notion that skin is intertwined with the psyche, and that psychological methods
can impact the skin, is not a new concept. For example, Ullman reported that under
hypnosis it was possible to cause blister formation and to induce the recurrence of
Herpes simplex (Ullman 1947). Moreover, hypnosis has been used to treat skin
diseases. An early report showed that ichthyosis could be significantly cleared after
the patient was given the hypnotic suggestion that the disease would clear (Mason
1952). Shenefelt performed a MEDLINE search that covered the years 1966–1998
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using search terms related to hypnosis and skin disease (Shenefelt 2011). Results
from MEDLINE showed that a wide range of dermatological disorders could be
improved using hypnosis as an alternative or complementary therapy for skin
disease treatment, including (1) atopic dermatitis, (2) psoriasis, (3) alopecia areata,
(4) rosacea, (5) vitiligo, (6) hyperhidrosis, and (7) ichthyosis vulgaris (Shenefelt
2000).

The apparent psychophysiologic responses of many dermatoses suggests that
treatment programs structured at the dermatology/psychiatry interface may be
useful for patient treatment, including programs that incorporate (1) psychotherapy,
(2) biofeedback, (3) hypnosis, and (4) cognitive behavioral methods (Heller et al.
2011; Shenefelt 2000, 2003).

Other psychological methods have also been found to lead to resolution of skin
disease. For example, Fortune et al. has reported that patients that chose to par-
ticipate in a cognitive behavioral therapy program reported less frequencies and
numbers of psoriasis symptoms up to 6 months after the program ended (Fortune
et al. 2004).

21.8 Conclusions

Skin is a highly innervated organ that arises from an ectodermal origin in common
with the nervous system. Both the innate and adaptive immune responses of the
skin respond to psychological stimuli. In fact, many skin diseases have been shown
to precede or to be exacerbated by psychological stress. Perhaps the most studied
human skin disease to date is atopic dermatitis, which is a TH2 disease with TH1
chronification. Psychological stress impedes TH1 activity via the suppressed HPA
axis skewing the TH1/TH2 balance to TH2 and thus, acute disease symptoms. In
addition to disease, psychotropic medications can affect skin, mostly by inducing
exanthematous eruptions. Conversely, drugs used to treat skin diseases can also
induce psychiatric comorbidity. The ability to manipulate reactions in the skin by
psychological means may be one way to alleviate skin disease. The apparent
psychophysiologic responses of many dermatoses suggests that treatment programs
structured at the dermatology/psychiatry interface may be useful for patient treat-
ment, including programs that incorporate (1) psychotherapy, (2) biofeedback,
(3) hypnosis, and (4) cognitive behavioral methods.
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