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Preface

Ultraviolet (UV) light is sometimes referred to as UV radiation. In this sec-
tion, I will be using UV light which would mean the same. There are two
major sources of this light — our sun and the man-made UV lamps. The UV
light from the sun ranges from 180 to 400 nm. This light is classified in three
main types: UVA (320-400 nm), UVB (290-320 nm), and UVC (180-290
nm). Recently UVA and UVB bands are subclassified into narrowband UVB
(311-313 nm), UVA2 (320-340 nm), and UVA1 (340-400 nm). Also a vari-
ety of UV lamps of different wavelengths and different capacities and filters
are available for various applications.

Solar UV light has been exerting major impacts on almost all forms of life
including its useful roles in photosynthesis and the production of vitamin
D. On the other hand, it plays damaging roles on human health including
promoting various forms of skin diseases, the most devastating being skin
cancers. The UVC light in laboratory conditions has been shown to be the
most damaging to biological systems especially to DNA, leading to various
forms of cancers. Fortunately most of it is absorbed by the stratospheric
ozone layer. Some UVB however can reach us, and this appears to play roles
in inducing skin cancers including melanoma, basal cell carcinoma, and
squamous cell carcinoma. Out of these three types, melanoma is the most
dangerous, and if not attended soon, its metastasis can occur fairly rapidly in
the body. The gradual depletion of the atmospheric ozone layer during the
past few years, increasing the incidence of solar UVC radiation on the Earth’s
surface, is one of the environmental concerns, because of the harmful effects
of this radiation in all forms of life.

The indirect effect of UV light on human health is when it photoactivates
biological or nonbiological compounds and the reaction products are reactive
oxygen species (ROS). A large number of photolyzing chemicals have been
identified to react with the UV light generating ROS. These chemically gen-
erated highly reactive species are hydrogen peroxide, superoxide, hydroxyl
radical, and singlet oxygen. In vivo, ROS are formed as a natural by-product
of the normal metabolism of oxygen and have important roles in cell signal-
ing and homeostasis. ROS have also been implicated in a variety of inflam-
matory responses including cardiovascular disease, hearing impairment via
cochlear damage, and mediation of apoptosis and ischemic injury. ROS also
play important positive roles in driving certain biochemical reactions as well
eliminating invading microbial pathogens.
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Preface

For readers’ easy reading, the contents of the chapter have been sectional-
ized below.

Part I: Chapter 1 includes the introduction, historical aspects, and sources of
the UV light and their applications.

Part II: Chapters 2 and 3 cover the photoactive products of biological and
nonbiological compounds, impacts of UVA and UVB on a biological sys-
tem, and what we have learned from the UV studies on microorganisms.
In Chap. 4 the author presents a detailed account of the impacts of UVA
and UVB light on living organisms and human health and diseases.

Part ITI: This section covers a major area of UV studies combining Chaps. 5,
6,7,8,9,10, 11, 12 and 13 describing a number of human diseases induced
by UV light. In Chap. 5 a detailed analysis of various forms of skin can-
cers is covered, and in Chap. 6, extreme UV sensitivity of children suffer-
ing from xeroderma pigmentosum and the precautionary measures
required to reduce its effect are highlighted. Due to its prominent pheno-
type, coupled with the chronic and incurable nature, vitiligo has a signifi-
cant negative impact on the quality of life of patients suffering from it.
This has been critically highlighted in Chap. 7; also discussed is the
supremacy of UV light in vitiligo as an established therapeutic option over
and above several treatment modalities instituted over the years, with
varying efficacy. Polymorphous light eruption, the commonest immuno-
mediated photodermatosis, occurs after solar or artificial UV light expo-
sure, and because the reaction mostly appears on exposed areas, the
exclusive association of this light in inducing this kind of skin problem is
emphasized. Apart from shedding light on the mechanism involved in its
development, in Chap. 8, broad-spectrum sunscreens and antioxidants,
PUVA, and narrowband UVB have been recommended to prevent the dis-
ease. A detailed description of UV damage mechanism to skin cells and
the defense mechanism is depicted in Chaps. 9, 10 and 11. Generalized
photobiology in dermatology and the roles of UVAI in dermatological
effects and diseases such as sunburn, immunosuppression, skin aging, car-
cinogenesis, and photoprotection are comprehensively described. Also
highlighted is that when used under controlled conditions, UV radiation
can be helpful in the diagnosis and treatment of many skin conditions.

The differences seen between the pigmented- and non-pigmented-type
skins when exposed to UV light can be read in Chap. 12. Psychoneuroendocrine
immunology is a new and novel field of study that investigates the link
between bidirectional communications among the nervous system, the endo-
crine system, and the immune system and the correlations of this cross-talk
with physical health. This unusual field of UV studies has been addressed in
Chap. 13.

Part IV: This section provides the information we reap from the UV light.
Vitamin D in recent years drew considerable attention from researchers
and medics, playing important roles in a number of biochemical reactions;
in Chap. 14, the author, a leading player in vitamin D synthesis, describes



Preface

the historical aspect as well as the detailed mechanism of the synthesis of
vitamin D when a human body is exposed to UVB light. As mentioned
above, UV is also an inducer of skin cancer, thus raising the question of
how much sun exposure should a human have to synthesize the required
amount of vitamin D without risking cancer development. The biochemi-
cal aspect of vitamin D in health and diseases has also been adequately
described at different angles in Chap. 15. Further importance of vitamin D
in human health has been made clear in Chaps. 16, 17, 18, 19, 20, 21, and
22 where it has been shown that its deficiency can lead to rheumatoid
arthritis (Chap. 16) and asthma and allergy (Chap. 17). Vitamin D levels
and its metabolism also play roles in the development of atherosclerosis
leading to cardiovascular disease (Chap. 17); also in this chapter, the
authors discuss both normal and disordered vitamin D metabolism and
major clinical trials regarding vitamin D levels and effects of its supple-
mentation. Although the importance of vitamin D in type 2 diabetes
remains a controversial issue, the authors in Chap. 19 have discussed this
issue fairly critically. Some of the remaining diseases triggered by vitamin
D deficiency have been pooled in Chap. 20 in the form of metabolic syn-
drome; these include obesity, dyslipidemia, and cardiovascular diseases
including myocardial infarction, coronary artery disease, and stroke. Also
highlighted is the role of vitamin D in skeletal growth and maintenance.
Furthermore the ubiquitous expression of vitamin D receptor in body cells
such as immune, vascular, and myocardial cells, pancreatic beta cells, neu-
rons, and osteoblasts points to an involvement of vitamin D-mediated
effects on metabolic syndrome. Chapter 21 focuses on how important
genome stability is for human health and, when genomes are damaged by
UV exposure, what overall effects can be seen on health. In Chap. 22 the
author presents a comprehensive treatise of the current knowledge of vita-
min D effects from a cardiovascular health perspective and roles of vita-
min D in relation to cardiovascular diseases such as ischemic heart disease
and stroke; the traditional cardiovascular risk factors such as hypertension,
abnormal blood lipids, and obesity; and the emerging risk factors such as
hyperparathyroidism, microalbuminuria, chronic obstructive pulmonary
diseases, and nonalcoholic fatty liver disease due to vitamin D
deficiency.

Part V: Chapters 23, 24, 25 and 26 have been dedicated to understand the

roles of UV light in sterilization and their impacts on human health. Out of
several different ways that food and common-use materials are sterilized,
it is suggested that exposure to UV light is one cheap, clean, and efficient
method to get rid of unwanted pathogenic and nonpathogenic contamina-
tions. Some microbial species have evolved their mechanisms to produce
biofilms to protect themselves from the killing effect of UV light. UV
treatment of water, besides eliminating the pathogenic microbes, can have
the side effects of photoactivation of certain organic compounds leading to
the production of mutagenic/genotoxic by-products including certain
nitrogen-containing aromatic compounds; these are formed by the photo-
Iytic products of nitrate with natural organic matter. Hence, while treating
the water by UV light, precaution must be taken to filter out such
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by-products before water is supplied for consumption; this has been
addressed in Chap. 24. Chapter 26 comprehensively addresses that the
presence of bacteria, viruses, and other pathogens in municipal wastewater
can adversely affect the environment, human health, and economic activ-
ity. One way to mitigate these effects is a terminal disinfection step using
UV light. The advantage of this method of disinfection, when compared to
traditional chlorine disinfection, is that no chlorinated by-products and no
chemical residues are produced by the former method. Chapter 25 empha-
sizes that the UV disinfection method holds promise for reducing the level
of contamination in operating rooms and thereby lowering the risk of
infection to patients. In Chap. 23 the production of biofilm and its use in
adaptation against UV radiation are presented, and also the application of
UV light to monitor and destroy biofilms in man-made surfaces is
addressed.

Part VI: In this section, various methods of UV phototherapy of different
skin diseases, which have been in use for many years, are highlighted; for
this it is either that UV light is employed on its own or in combination with
certain photolyzing compounds. Chapter 27 addresses atopic dermatitis
which is one of the most common chronic inflammatory skin diseases that
are treated by a variety of methods including exposure of the affected
areas to broadband UVB (290-320 nm), narrowband UVB (311-313 nm),
UVAL therapy (340—400 nm), UVA therapy plus 8-methoxypsoralen
(PUVA), 308 nm excimer laser (EL), and full-spectrum light (FSL).
Currently, narrowband UVB phototherapy is the most employed treatment
due to its availability, security, ease of administration, and efficacy.
Chapter 28 emphasizes that phototherapy remains the only therapeutic
option for certain patient groups where modification of the systemic
immune reactions is contraindicated, such as HIV, internal malignancy, or
pregnancy, and for this the UVB treatment is highly cost-effective. Chapter
32 addresses the safety and efficacy of phototherapy in the management of
eczema treatment, and in Chap. 29 it has been claimed that the UV light
can be used to decontaminate blood. This process was extensively used in
the 1940s and 1950s to treat blood for diseases such as septicemia, pneu-
monia, tuberculosis, arthritis, asthma, and even poliomyelitis, but then for
some reason, it could not prevail. The author suggests that ultraviolet
blood irradiation is a valuable process to eliminate any pathological con-
tamination and hence must be revitalized. Chapter 30 addresses the sun-
screen commonly used to prevent or reduce the damaging effects of UV
light on skin especially during holiday period at the seaside places as well
to those working in the open field. A number of sunscreens with variable
composition and strength (known as SPF or sun protection factor) are
available in the market, and their effective use and possible abuse is
included in the discussion. In Chap. 31, the author has presented a novel
weed Parthenium hysterophorus found to grow ubiquitously in various
continents with warmer climates; it has been found to induce contact der-
matitis and possible mechanisms of photosensitization. The influence of
UV light on the pattern of parthenium dermatitis is also discussed.


https://doi.org/10.1007/978-3-319-56017-5_32
https://doi.org/10.1007/978-3-319-56017-5_30
https://doi.org/10.1007/978-3-319-56017-5_31
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Parts VII and VIII: These sections address the use and abuse of tanning
salons (Chap. 33) to tan human bodies and the importance of dosimeters
when UV lamps are employed for skin tanning, for phototherapy, or for
sterilization and decontamination (Chap. 34).

It is hoped that the materials presented in this book will present immense
benefit and will stimulate both novice and expert researchers in the field with
excellent overviews of the current status of research and pointers to future
research achievements. Clinicians, medical general practitioners, technicians,
and staff working in UV-related industries and especially those working in
tanning salons should benefit from the information presented in the safe han-
dling of UV light. Also the insight obtained should prove valuable for further
understanding at the molecular level of damages caused by UV light and
allows the development of new biomarkers, novel diagnostic tools, and highly
therapeutic drugs and preventive measures.

Nottingham, UK Shamim I. Ahmad
3-2-2017
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A Tribute to Aziz Sancar: The Nobel Prize
Winner in Chemistry, 2015

It gives me immense pleasure to write about one of the most renowned scien-
tists in the field of molecular biology. As this book covers a variety of chap-
ters on ultraviolet (UV) light, including its major role in determining the
molecular aspects of DNA damage, repair, and mutagenesis, and as Professor
Sancar has extensively used the UV light in his investigations, I consider it
appropriate to present a tribute to him here. Although studies in this area of
molecular biology started with work on Escherichia coli, the knowledge
gained on this bacterium has been successfully applied to higher eukaryotes,
including man.

Dr. Aziz Sancar, after receiving his medical degree and practicing for
about 2 years, in Turkey, in 1971 won a NATO fellowship to fund his PhD
research and selected the USA as his destination. He initially started his stud-
ies at Johns Hopkins University, moving after a period to the University of
Texas at Dallas to work under the supervision of Dr. Claud S. Rupert.

In this laboratory, Dr. Sancar started working on photolyase, an enzyme
discovered in 1958 by Dr. Rupert. His isolation of an E. coli mutant deficient
in photolyase synthesis and subsequent cloning of the photolyase gene earned
him the PhD degree awarded in 1977. Dr. Sancar subsequently moved to Yale
University and used his molecular biology experience to clone the uvrA,
uvrB, and uvrC genes of E. coli, responsible for repairing DNA damaged by
UV light. The first major breakthrough came when he developed a unique
technique (maxicell) to identify any plasmid-encoded protein. The report of
this ingenious method has provided his most cited research paper until now.
He employed the maxicell technique to purify UVR ABC proteins and named

XXi
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them “ABC exinuclease.” These proteins participate in the repair of DNA
damaged by the UV light, a process called nucleotide excision repair. This
discovery created excitement in the scientific community when in 1982 his
results were presented in France at an International Meeting on Recombination
and Repair.

Despite his significant achievements in research, in 1981 his 50 applica-
tions to find a faculty position in the USA were unsuccessful, until Dr. Mary
Ellen Jones, chair of the Department of Biochemistry at the University of
North Carolina (UNC) at Chapel Hill, offered him a position. He moved to
UNC in 1982. Since then he has worked ceaselessly in the field of molecular
biology, publishing no less than 358 research papers (ref. PubMed June 2016)
and winning the most prestigious award in science — The Nobel Prize in
Chemistry — in December 2015, sharing it with two of his academic friends,
Dr. T. Lindahl of Cancer Research UK, Hertfordshire, England, and Dr.
P. Modrich of Duke University Medical Center, Durham, NC, USA.

After making significant progress in the study of photoreactivation and
nucleotide excision repair, Dr. Sancar moved to study another phenomenon
of excision repair termed transcription-coupled repair (TCR). This was dis-
covered in 1985-1986 by another renowned biological scientist, Professor
Phil Hanawalt of Stanford University, California. Dr. Sancar elucidated the
mechanism of TCR. He found that when RNA polymerase arrives at the dam-
age in DNA, it is stalled and this is the rate-limiting step in NER. Dr. Sancar
discovered the transcriptional repair coupling factor (TRCF) protein which
recognizes the stalled RNA polymerase, displaces it from the damaged site,
and facilitates the assembly of excision nucleases to accelerate the repair rate.
This seminal study was published in Science in 1993 and played an important
role in the selection of DNA repair enzyme as the “Molecule of the Year” by
Science magazine in 1994.

Based on the wealth of knowledge he accumulated on the mechanism of
the NER system in E. coli, Dr. Sancar subsequently moved to working on
NER-induced DNA repair in humans. The motivation came from the work
published by Dr. James Cleaver, who in a 1968 publication in Nature showed
that skin biopsy cells from patients suffering from xeroderma pigmentosum
were deficient in NER (details may be found in “Historical Aspects of
Xeroderma Pigmentosum and Nucleotide Excision Repair” by James
E. Cleaver in Molecular Mechanisms of Xeroderma Pigmentosum, Shamim
I. Ahmad and Fumio Hanaoka (eds.), 2008, page 1-9, Landes Bioscience
Publication). Dr. Sancar’s studies showed that this system exists in humans as
well as in E. coli, with certain important differences, in that there are seven
genes, XPA to XPG, responsible for the removal of UV-induced photoprod-
ucts compared to three in E. coli. Furthermore, unlike in E. coli where there
are only 3 NER proteins which remove DNA damage in 12—13-nucleotide-
long oligomers, in humans there are sixteen proteins in six repair factors, and
all these are necessary for making the dual incisions in DNA to remove the
damage in 26-27-nucleotide-long oligomers. Other less important but
remarkable differences were also observed.
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Dr. Sancar subsequently moved to working on the cryptochrome (which is
revolutionarily related to the bacterial photolyase involved in the circadian
clock in humans, an innate timekeeping molecular mechanism that maintains
daily rhythmicity in biochemical, physiological, and behavioral function
independent of external input).

I (Shamim I. Ahmad), after spending a number of years studying the
genetics and physiology of enzymes involved in the regulation of nucleotide
catabolism and thymine metabolism in E. coli and receiving my PhD from
Leicester University, England, in 1973, got a lectureship at Trent Polytechnic
and was happy to accept this instead of a postdoctoral fellowship at NIH in
Bethesda, USA. My active research restarted when I was invited as a post-
doctoral fellow by Professor Abe Eisenstark (director of biological science)
of the University of Missouri, Columbia. I went there in 1978 and was
assigned to determine the mechanism of synergistic action of UVA light plus
hydrogen peroxide My 9 months’ stay at this laboratory culminated in show-
ing that the superoxide anion is produced in this process, and I also success-
fully isolated and partially analyzed an E. coli mutant hyper-resistant to UVC
light. This was the point in my academic career when I started my deeper
interest in DNA damage and repair and reactive oxygen species in biology.

Back at Trent Polytechnic, I managed to isolate another mutant of E. coli
hyper-resistant to 8-methoxypsoralen and UVA (PUVA). A PAGE study
identified a heavy spot of 55-kDa protein but I was unable to progress this
time.

It was at this time that I wrote a letter to Professor Aziz Sancar sharing my
results on PUVA-resistant E. coli and asking his help in identifying this 55-kDa
protein. He agreed and I sent him the mutant strain. Then a letter arrived on
September 14, 1987, which reads that Dr. Van Houten (an able scientist in his
laboratory) tried to carry out the protein purification but the majority of this was
removed from the cell-free extract by high-speed centrifugation, suggesting
that the 55-kDa protein may be a membrane protein. From the small amount of
protein in the soluble fraction, we managed to purify it but could not carry out
the nicking or footprinting activity due to a high background of nuclease activ-
ity precluding any conclusion. Subsequent studies, however, identified this pro-
tein as malate dehydrogenase, suggesting the role of this enzyme (as well as a
few others) in protecting against PUVA-induced DNA damage (Ahmad et al.,
J. Photochem Photobiol B, 2012, 116, 30-36)

In 2015, when I heard the news that Dr. Sancar has received the Nobel
Prize, in the congratulation letter, I reminded him of the collaboration we had
in 1987. I was delighted to receive a response from him saying that “I remem-
ber you very well.” As I had signed a contract with Springer to produce a
book on UV light, I decided to put a tribute to Dr. Sancar in it. I am thankful
to him for sending me his biography and the text of the Nobel lecture with his
permission to use them.

I wish to end this tribute with a warm congratulation to Dr. Sancar for receiv-
ing the honorable supreme “Nobel Prize Award” and, as he is continuing his
research, a warm wish for him to receive further awards in the coming years.
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Abstract

The use of ultraviolet (UV) light, for the treatment of skin conditions,
dates back to the early 1900s. It is well known that sunlight can be of
therapeutic value, but it can also lead to deleterious effects such as burning
and carcinogenesis. Extensive research has expanded our understanding of
UV radiation and its effects in human systems and has led to the develop-
ment of man-made UV sources that are more precise, safer, and more
effective for the treatment of wide variety of dermatologic conditions.
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1.1 Introduction

Ultraviolet (UV) light is an electromagnetic
radiation varying in its wavelength from 100-
400 nm. At one side of this band is visible light
which is longer than 400 nm starting with blue
light and on the other is x-rays which is of
shorter length than 100 nm. Two major sources
of UV lights are: the sun and the man-made UV
lamps. In earlier days the solar UV light, ranging
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from 180-400 nm, was divided in three basic
types: UVA, 320-400 nm, UVB 290-320 nm
and UVC 180-290 nm, but now is classified into
narrowband UVB of 311-313 nm, man-made
Excimer laser of 380 nm, UVA2 of 320-340 nm
and UVA 340-400 nm. Ultraviolet light has
played a major role in biological research and
according to (PubMed, November 2016) 82,617
research papers have been published involving
UV light.
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1.2  The Discovery of UV Light

UV light was discovered in 1801 by German
Physicist, Johann Wilhelm Ritter. The discovery
was based on his observation that there exist
invisible rays of light beyond the violet end of the
visible spectra, capable of darkening silver
chloride-soaked paper more rapidly than the vio-
let light itself, termed “Oxidizing rays”. Soon
after its discovery, its name was changed to
“chemical rays” but finally these names were
dropped in favor of ultraviolet rays. Then, in
1878 the effect of short-wavelength UV light on
bacteria was discovered which was used in steril-
ization. The earliest record (PubMed, June 2016)
of the role of UV light on a biological system is
of 1903, when this light was used to treat Lupus
in humans [14]. Then, in 1922 the importance of
UV light on living organisms was shown on
Drosophila; a detailed monograph can be seen
published in 1928, implicating the importance
and application of UV light in therapeutics [40,
46]. Although the exact type of UV light used is
unknown, it is likely that short-wavelength UVC
light was used in the experiments.

In earlier days most biological experiments
were carried out using germicidal UV lamp emit-
ting UVC band of light. Later, various filters
were developed stopping unwanted bands of UV
light to go through, which led to the production
of various types of UV lamps including those
emitting only UVB (TLO1) and UVA also known
as black light or Near UV Lamps or Philips TL12
lamp [6, 34].

While the research on biomolecules and on
living organisms was taking place, the methods
of making UV filters, transmitting UVA light
(and possibly some UVB), and absorbing visual
light were developed [58]. These developments
allowed studies on the properties of chemicals
such as monoalkyl substituted benzene, absorb-
ing UVA light, and the development of hyper-
conjugation and Baker-Nathan effects [41].
Analysis was also carried out on other photo-
sensitive biochemicals and proteins such as
glyceraldehayde-3-phosphate dehydrogenase
[55] and in 1989 Hoeter and Eisenstark showed

that E .coli mutant lacking manganese or iron
superoxide dismutase (Mn-SOD or Fe-SOD
respectively) was causing 9-fold increase in
mutation frequency employing the role of super-
oxide (O,) in causing the damage to DNA.

1.3  TheTypes of UV Light

There are two major sources of Ultraviolet (UV)
light — our sun and the man-made UV lamps.
The UV light which comes from the sun ranges
from 180-400 nm. In the earlier days, this range
of UV light was classified in three types: UVA
(also called near UV or black-light) ranging
320400 nm, UVB ranging 290-320 nm and
UVC ranging 180-290 nm. At a later stage, this
classification was further sub divided into nar-
rowband UVB of 311-313 nm, man-made
Excimer laser of 380 nm, UVA2 of 320-340 nm
and UVA 340-400 nm. Beyond 400 nm is blue
light [56]. It is interesting to note that these syn-
onymous words have been used: UV light, UV
radiation and UV rays, which mean the same,
but for consistency in this book, we wish to keep
the word “UV radiation or sometimes UV light
as needed.”

1.4 Man-Made UV Generating
Lamps
1.4.1 ArcLamp

Arc lamps, also known as gas discharge lamps,
are composed of two electrodes with plasma (the
arc) between them; these are sealed within a
transparent envelope with gas (e.g. mercury or
xenon). When high voltage is applied, the elec-
trons become excited and the light is emitted
when they return to the ground state [39].
Different gases and pressures lead to different
spectral output. Xenon lamps are used as solar
simulators. The arc lamp was the first effective
artificial light source and is currently used in pho-
todynamic therapy for treatment of conditions
such as acne and actinic keratosis [17].
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1.4.2 Cold-Light UV-A1

A filter is installed in this lamp to eliminate the
light of the 530 nm wavelength and it dissipates
the excessive heat load generated by the UV-Al
generator. This type of UV light has been found
to be more effective than UV-A alone or conven-
tional UV-Al at clearing lesions and reducing
duration of atopic dermatitis (AD) flares [63].

1.4.3 Excimer

This lamp consists of a coherent single-
wavelength light source of UV-B light at 308 nm.
The excimer is a complex of excited gases which
upon decomposition gives off excess energy in
the form of ultraviolet radiation (UVR). The
excimer exists both as a lamp and a laser. The
lamp is a polychromatic (wavelengths 306—
310 nm), non-targeted (incoherent) light used to
treat a range of body surface areas. The laser, on
the other hand, is a monochromatic (308 nm),
intermittent (pulsing) light, which can deliver tar-
geted therapy (coherent). It is commonly used for
the treatment of psoriasis, atopic dermatitis, and
vitiligo [49, 50], and has also been used in the
treatment of early stage mycosis fungoides [45].
Excimer Laser exposure for 10 weeks has been
shown to yielded good results in the prurigo form
of atopic dermatitis (AD) versus clobetasol pro-
pionate [8].

Also a far UVC light with single wavelength
of 207 nm, generated by excimer lamp, has been
produced which can kill microbes of all kinds.
An advantage of this germicidal lamp over con-
ventional UVC lamp is that the former lamp is a
human health hazard, is catastrophic, and carci-
nogenic; in contrast, this single wavelength gen-
erating excimer lamp is safer and shown in
laboratory conditions to be totally harmless to
human skin tissues. A biological explanation is
that, due to its extremely short range, this light
cannot penetrate the human stratum corneum or
even the cytoplasm of human cells [9].

1.4.4 Fluorescent Lamp

Fluorescent lamps are cylindrical glass tubes
coated with phosphors and containing mercury.
When current is applied to the ends of the tubes,
the mercury is vaporized to a higher state and
radiation is produced when the mercury falls to
its ground state. The phosphors coating the tube
act as a fluorophores (i.e. chromophores for fluo-
rescence), absorbing the light and then re-
emitting it at longer wavelengths [39]. Different
phosphors lead to UVA, UVB, or visible light.
Fluorescent lamps can be used for both treatment
and diagnosis of dermatologic conditions. In fact,
they are the most frequently used sources of ther-
apeutic UVR in dermatology. They can be used
for full body treatment or targeted treatment such
as for hands and feet. The Wood’s lamp, com-
monly used for diagnosis of vitiligo, fungal
infections, and erythema, emits UVA, which is
absorbed by skin fluorophores (collagen, elastin,
and porphyrins) and then re-emitted at a longer
wavelength as visible light [5].

1.4.5 Full Spectrum Light

The Full Spectrum light (FSL) is a newly devel-
oped phototherapy device. It generates full spec-
tral light with a continuous wavelength ranging
from 320-5000 nm and has been used in con-
junction with an emollient, demonstrating greater
improvement in AD severity scores at 4 weeks as
compared to the emollient alone [10].

1.4.6 UV Gas Discharge Lamps

These are specialized arc lamps which are loaded
with gases such as argon or deuterium and may
be used without windows or with magnesium
fluoride window; they produce UV light at par-
ticular spectral lines. These kinds of lamps are
often used in UV spectroscopy equipment for
chemical analysis. They are also suitable for gen-
erating several lined spectra of hydrogen (85—
160 nm) and the Hopefield continuum helium
(60-100 nm) [47]. Also available are
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gas-discharged bulbs to be used in headlight and
better visibility of colored road signs [62].

1.4.7 Narrowband UVB

Narrowband ultraviolet B (NBUVB) (311-
312 nm) was developed for the treatment of pso-
riasis. It has been shown to be more effective than
broadband UVB [48, 64] and allows for a lower
dose of UV to be used. NBUVB is also effective
for the treatment of AD, early stage mycosis fun-
goides, vitiligo, and pityriasis rosea [15].
NBUVB can also be used in combination with
topical agents such as calcipotriol, or oral agents
such as retinoids, to augment efficacy and pro-
mote faster resolution of skin disease [11, 15].

NBUVB is safe enough to give to children and
women during pregnancy [15]. The most com-
mon side effect from UVB exposure is an acute
phototoxic reaction manifesting as erythema [5].
Other side effects may include conjunctivitis and
keratitis (if adequate eye protection is not used
during treatment) [25] and an increased long
term risk of skin cancer [15].

1.4.8 Narrow Band Ultraviolet B
and C Lamp

This lamp is a combination of UVB/UVC with a
ratio of 8.7 or Wolff Helarium lamps with UVB/
UVC greater than 1300. These lamps have been
found safe to treat AD although leaving a risk of
melanoma [27].

1.4.9 Near UV or UVA Light

The near UV light, also known as black light and
UVA light, emits UV light of 315-400 nm. This
lamp was invented in 1935 and this fluorescent
lamp uses a phosphor on the inner glass surface
of the tube which absorbs the visible light and
allows the UVA light to go through. Certain other
lamps make use of the deep bluish purple Wood’s
glass optical filter that blocks the visible light of
the wavelength longer than 400 nm. Other

cheaper versions of UVA lamps are available in
the market.

This light on its own has weak damaging
effects on the biological system. This is evi-
denced by studies on E. coli Sod A or sod B
mutant which could not be mutated when carry-
ing an individual mutation but when the double
mutant Sod A/Sod B was exposed to NUV a
9-fold increased mutation was seen, suggesting
the weakness of the UVA light [23]. Also, results
from a number of studies on other systems,
Salmonella typhimurium, Streptomyces gricius,
embryonic fibroblasts, fertilized sea urchin eggs,
and mouse ocular tissues supported that UVA
alone can affect these organisms more weakly
than UVC [13, 29, 65, 67]. ROS have been impli-
cated in this effect [37, 52].

Although UVA alone affects living organisms
more weakly than UVC, when this energy is
combined with a photosensitive agent, its potency
is significantly enhanced known as synergistic
action [21]. An earlier study on the reactivity of
NUV with hydrogen peroxide showed that a
combination of these two can produce the ROS,
superoxide anion killing phage T7 synergistically
[1]. Several subsequent studies revealed that a
large number of other agents can be reactivated
by UVA generating ROS [2].

1.4.10 Plasma and Synchrotron
Sources of Extreme UV

Non-coherent extreme UV (EUV) light at
13.5 nm has been produced and used for extreme
ultraviolet lithography (From Wikipedia, the free
encyclopedia: 19th October, 2015).

1.4.11 Microwave Discharge
Electrodeless Lamp

A novel Microwave discharge electrodeless lamp
(MDEL) has been produced consisting of a three
layered cylindrical structure that is effective for
the removal of 2,4-D herbicide and near total
sterilization of bacteria (E. and other
microbes inactivated up to 99%) in waste water

coli
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through photolysis with the emitted vacuum-UV
(185 nm) and UVC (254 nm) light. In this pro-
cess, the chemical oxidation with ROS is pro-
duced by the photolysis of dioxygen and air
oxygen through one of the photoreactors. The
integrated UV/ROSO2 and UV/ROSair methods
have been found to be more effective than either
the UV alone or ROSO2 and ROSair [22].

1.4.12 TL-01 Ultraviolet Lamp

This lamp emits a narrowband UV spectrum of
311 nm and has shown to be most effective for
the treatment of psoriasis [6]. A modified version
of this lamp (Narrow-band, TL-01 UVB air con-
ditioned) has been developed and tried to treat a
number of patients suffering from AD. This nar-
row band UVB phototherapy was found to be an
effective and sparing steroid treatment for chronic
severe atopic dermatitis, offering long term ben-
efits in the majority of the patients treated [16].

1.4.13 TL-12 Philips Lamp

This near UV broadband lamp emits light 270—
350 nm covering small amount of UVC, all UVB,
and certain wavelength of UVA. It use is limited
[18].

1.4.14 Black-Light ILTs

This UVA lamp which was originally developed
in 1935 and used in agriculture since then, is also
used as the insect light traps (ILTs). Now this
lamp is universally used all over, in industry, in
food production, in hospitals, and as indoor set-
tings [57].

1.4.15 UV Light-Emitting Diodes

Light emitting diodes (LEDs) are semiconduc-
tors that convert electrical current into narrow
band light in wavelengths ranging from 274 to
1300 nm. LEDs can deliver the same wavelengths

as lasers but at lower energy output. Therefore,
LEDs provide a more gentle delivery of light and
do not carry the same risk of tissue damage as
lasers do [4]. Because LEDs can be made into
panels, they can cover greater body surface areas
compared to lasers [12] resulting in faster treat-
ment times.

LEDs have been used safely in the accelerated
healing of wounds, both traumatic and iatrogenic,
inflammatory acne and the patient-driven appli-
cation of skin rejuvenation [30]. Other wide
range of applications of this lamp include: treat-
ing skin wound [36], colonoscopy [54] and
reducing stethoscope contamination [42]. Also in
a recent study a pulsed 405 nm light emitting
diode (LED) light has been tested for its efficacy
as antimicrobial photodynamic inactivator [19].

1.4.16 Ultraviolet Lasers

Laser is an acronym for light amplification by
stimulated emission of radiation. In lasers, the
incident and emitted photons are of the same
wavelength, phase, and direction; this character-
istic gives lasers their monochromatic (i.e. single
wavelength) and coherent spectral output [39].
The wavelength is determined by a lasing
medium (e.g. solid, liquid, gas) in the optical cav-
ity of the laser through which the light passes. It
is selected based on the depth and absorption
characteristics of the target chromophore.
Hemoglobin, melanin, artificial pigment (tat-
toos), and collagen are some of the chromophores
targeted by lasers.

Once laser energy is absorbed in the skin, pho-
tothermal, photochemical, or photomechanical
effects are possible. Photothermal and photome-
chanical reactions are the most commonly
observed effects in current laser practice.
Photothermal effects occur when a chromophore
absorbs a specific wavelength and the conversion
of absorbed energy into heat leads to destruction
of the target (chromophore). Rapid thermal
expansion can lead to acoustic waves and subse-
quent photomechanical destruction of the absorb-
ing tissue [60].
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Currently, lasers work on the principle of
selective photodermolysis (i.e. selective thermal
damage), in which a wavelength is chosen that
will be preferentially absorbed by the target tis-
sue (chromophore) and cause its destruction with
minimal thermal damage to the surrounding tis-
sue. To limit the amount of thermal energy depos-
ited within the skin, the exposure duration of
tissue to light (pulse duration) must be adequate
and is chosen based on the size of the target;
smaller targets require shorter pulse [39]. Lastly,
the energy density (fluence, measured in joules
per square centimeter) must be sufficient to
achieve destruction within the allotted time [3].
Lasers have been used in the treatment of benign
vascular and pigmented birthmarks, hypertrophic
scars and keloids, removal of facial or body hair,
tattoos, and rhytides.

1.4.17 UVA-1,UVA-2
and a Combination of Both

Although UVA lamp (see above) is a broad spec-
trum light emitter covering light of 320,400 nm,
now UVA-l lamp has been produced which
makes use of the lower frequencies of UV-A light
spectrum (340-400 nm) and filters out UV-A2
radiation (320-340 nm) and hence its adverse
effects when used [53].

UVA and UVB lamps exist on their own, for
the treatment of certain skin diseases, such as
atopic eczema, and although UV-A had been
found to be quite effective for the treatment of
AD, its long exposure time remains unaccept-
able. This problem was overcome with the devel-
opment of UV-Al lamps. UV-Al can be
administered either employing a high dose (80—
130 J/cm?), medium dose (40-80 J/cm?), or low
dose (<40 J/cm?) [27]. An issue with UV-A1 is
the high dose producing excessive heating of the
equipment making its use intolerable in many
situations [51]. Although these lamps have been
used independly, a combination of these two
lights has been shown to result in the most effec-

tive treatment when compared to either lamp
used alone [43]. Additional importance of
combination therapy is the reduction in exposure
time required to treat diseases by UVA which
decreases potential side effects.

1.4.18 Short Wave Ultraviolet Lamp

This is also known as UVC or germicidal lamp
emitting radiation of 180-290 nm. This is one of
the most widely used lamps in biological
research. It has played the most important roles
in determining the DNA damage and its repair, as
UV of 254 nm is maximally absorbed by DNA
causing a number of different types of damage.
As mentioned above in Introduction section that
according to Pub Med 82,617 research papers
have been published in which UV light has been
used. Another PubMed search (November, 2016)
shows that 11,774 papers have been published
when papers on UVC light searched. This shows
the importance of UVC light on human life and
importance of UVC light in research. To produce
more accurate results from short wavelength
lamps, cut off-filters were developed for the UV
radiation [7].

1.5 Phototherapies

1.5.1 UVA1 Phototherapy

By penetrating deep into the dermis, UVA1 pho-
totherapy has led to therapeutic responses with-
out the usual side effects caused by less
penetrating UVB wavelengths and UVB-like
wavelengths in the UVA-2 region [26]. UVALI has
been shown to induce apoptosis of skin-
infiltrating T-helper cells [44] and their depletion
from affected skin, eventually leading to clearing
of atopic dermatitis [20, 32]. It has also been
shown to be an effective treatment for sclerosis
by inducing collagenase I expression in a dose
dependent manner [33, 35].
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1.5.2 PUVA Therapy

PUVA, also known as photochemotherapy, is the
combination of 8-methoxypsoralens (MOP) plus
UVA light. MOP are compounds found in plants
that when taken orally or applied topically, absorb
light and produce photochemical reactions in
skin cells resulting in a therapeutic effect [38].
Some of the skin disorders treated with PUVA
include psoriasis, dermatitis, vitiligo, polymor-
phic light eruption, and early stage cutaneous
T-cell lymphoma. Immediate side effects include
burning, itching, and nausea. Cumulative high-
dose exposure to PUVA causes photoaging and
increases the risk for skin aging, and skin cancer,
in particular squamous cell carcinoma and possi-
bly, melanoma [25, 66]).

1.5.3 Photodynamic Therapy

Photodynamic therapy (PDT) uses photosensitiz-
ing agents to amplify the effects of visible light or
lasers. A photosensitizer agent such as
S-aminolevulinic acid is applied to the skin,
where it accumulates in the target cells. These
cells absorb light and along with oxygen, lead to
formation of reactive oxygen species and selec-
tive cell apoptosis [59]. PDT is effective in treat-
ing neoplasms such as actinic keratosis and
superficial nonmelanoma skin cancers (i.e, super-
ficial basal carcinoma and Bowen’s disease).
Topical PDT can also be used for other non-neo-
plastic indications such as psoriasis, localized
scleroderma, acne, and skin rejuvenation [24, 28,
61]. Most common side effects include photo-
toxic reactions and pain. The pain is often
referred to as smarting reaction and it may require
analgesia for control [66].

1.5.4 Extracorporeal Photopheresis

Extracorporeal photopheresis (ECP), also known
as extracorporeal photochemotherapy, refers to a
type of systemic light treatment, in which leuko-
cytes are separated from the patient’s blood,
combined with MOP and irradiated with UVA

(PUVA). The treated white cells are then re-
infused into the patient. ECP is a first-line of
treatment for Sézary syndrome (leukemic
CTCL). Other indications include graft-versus
host disease and systemic scleroderma, among
others [31].

1.6  Conclusion

Multiple UV light sources in the form of lamps
and lasers are currently being used in the treat-
ment of dermatosis such as psoriasis, atopic der-
matitis, cutaneous T-cell lymphomas, morphea,
and vitiligo, and despite the development of
newer therapies, phototherapy remains, in many
cases, the first line treatment for these dermato-
logic conditions.
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Abstract

As ultraviolet (UV) radiation is naturally and ubiquitously emitted by the
sun, almost everyone is exposed to it on a daily basis, and it is necessary
for normal physiological function. Human exposure to solar UV radiation
thus has important health implications. The generation of reactive oxygen
species (ROS) by UV radiation is one of the mechanisms through which
UV light can manifest its possible detrimental effects on health. When an
imbalance develops due to ROS generation exceeding the body’s antioxi-
dant defence mechanisms, oxidative stress can develop. Oxidative stress
can lead to cellular damage (e.g. lipid peroxidation and DNA fragmenta-
tion), apoptosis and cell death. Broadly UV can induce ROS by affecting
the cellular components directly or by means of photosensitization mecha-
nisms. More specifically UV light can induce ROS by affecting the enzyme
catalase and up-regulating nitric oxide synthase (NOS) synthesis. It may
also cause a decrease in protein kinase C (PKC) expression leading to
increased ROS production. UVR is capable of modifying DNA and other
chromophores resulting in elevated ROS levels. The effects of raised ROS
levels can vary based on the intracellular oxidant status of the cell. It is
therefore important to protect yourself against the potentially harmful
effects of UV light as it can lead to pathological UV-induced ROS
production.
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2.1 Introduction

As ultraviolet (UV) radiation is naturally emitted
by the sun and thus regarded as ubiquitous,
almost everyone is exposed to it on a daily basis.
Human exposure to solar ultraviolet radiation has
important health implications. Suitable amounts
of UV radiation exposure has beneficial effects,
however many studies have demonstrated evi-
dence in support of harm associated with overex-
posure to UV. Adequate exposure is vital for
UV-induced vitamin D synthesis, while a number
of health effects (e.g. skin cancer, malignant mel-
anoma) have been identified as a result of excess
exposure.

The generation of reactive oxygen species
(ROS) by UV radiation is one of the mechanisms
through which UV light can manifest its detri-
mental effects on health. ROS are free radicals
and can be defined as an unstable chemical spe-
cies possessing an unpaired electron. When an
imbalance develops due to ROS generation
exceeding the body’s antioxidant defence mecha-
nisms, oxidative stress can develop. Oxidative
stress can lead to cellular damage (e.g. lipid per-
oxidation and DNA fragmentation), apoptosis
and cell death [22].

Due to industrialization there is a dramatic
increase in chlorofluorocarbons (CFCs), with
resulting loss of stratospheric ozone. This situa-
tion subsequently can lead to increased levels of
specially UVC radiation reaching the earth’s sur-
face (which otherwise cannot) and therefore
growing human exposure to UV radiation. The
burden on human health is more noticeable with
increased UV radiation induced pathologies and
thus the need to explore this phenomenon in
more detail. The chapter aims to provide a
detailed relationship between UV and ROS as
well as the associated burden.

2.2  Ultraviolet Light

Ultraviolet (UV) light is part of the solar emis-
sions spectrum which falls between the electro-
magnetic radiation spectrum of X-rays and
visible light with wavelengths ranging from

100 nm to 400 nm. Based on their wavelengths,
UV light can be subdivided into several catego-
ries with three bands, namely UVA, UVB and
UVC [3, 15]. Environmental and dermatological
photobiologists commonly use slightly different
divisions, which are more closely associated
with the biological effect of the different wave-
lengths [19].

UVA 320-400 nm: The most commonly encoun-
tered UV light as it passes through the atmo-
spheric ozone with little change. Initially
UVA cause pigment darkening (tanning) fol-
lowed by sunburn when over exposed. UVA is
necessary for Vitamin D production in humans
but over exposure could result in epidermal
hardening, immune system suppression and
formation of cataracts. UVA is vastly used in
the cosmetic industry (sunbeds or tanning
booths).

UVB 290-320 nm: UVB is the key factor in pho-
tochemical damage to cellular DNA. UVB is
also essential for production of Vitamin D in
humans; however, over exposure may hold
harmful effects to the human body. These
harmful effects include sunburn, cataracts as
well as the initiation of the carcinogenic pro-
cess in the skin.

UVC 220-290 nm: UVC is almost completely
absorbed by the atmospheric ozone and has
little effect on human health. Germicidal
lamps emit UVC in order to kill microbes.
Humans get exposed to UVC accidentally
may cause corneal burns and snow blindness.
UVC is absorbed by the dead outer layer of
the dermis thus exposure may cause severe
pain but clears up within a few days [3, 15].

2.2.1 The Global Solar UV Index

(uvi)

The global solar UV index [28] provides a
description of the level of solar UV radiation at
the Earth’s surface [19]. The values are reported
as a number from zero upwards; the higher the
number the greater the risk for UV induced dam-
age. The UV index (UVI) can be used as a guide-
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line and educational tool to determine the risk for
potential UV damage to the skin and eye when
exposed to solar UV radiation. This could be a
valuable tool to inform individuals of the
increased risk of skin cancers associated with
excessive UV radiation exposure, and to encour-
age individuals to adopt protective measures
[19].

UVl is presented usually as the maximum UV
radiation levels on a given day, which occurs
around solar noon. Geographical location plays a
determining factor but none the less, solar noon
takes place between local noon and 2 pm [19].

2.3  Sources of UV Light
Humans are exposed to UV radiation through
outdoor sun exposure or due to artificial sources.

2.3.1 Outdoor

Outdoor exposure by the sun is either through
deliberate activities (sun tanning) or as a result of
recreational or occupational activities.

2.3.2 Artificial Sources

Exposure includes sources from medical and cos-
metic treatments. The following sources are
major contributors to artificial UV exposure:

e Phototherapy/ sunbeds: They expose human
skin to UVA and some UVB radiation. Black
light, which is also referred to as a UV-A light,
is predominately used by tanning booths and
phototherapies

* Medical: Exposure will depend upon treat-
ment type but, include a majority of diagnostic
and treatment apparatus.

e Industrial/ commercial: Arc welding is a
potential source of UV exposure which can
cause severe damage to the eyes and skin.

e Lighting: Fluorescent lamps emit minor
amount of UV light which only contributes a

small percentage to the total yearly exposure

[3].

24  Tissue Exposure to UV

Vitamin D binds to steroid vitamin D receptors in
the body. These receptors are directly involved in
proliferation and differentiation of cells. The
vitamin D dependent renewal process takes place
in the keratinocytes. Keratinocytes accounts for a
large portion of the cells in the epidermis.

Vitamin D is able to regulate the low resting
levels of cell signalling components such as ROS
by means of controlling the expression of these
components. Therefore, vitamin D is vital in the
replenishment of new cells for the skin surface.
Vitamin D production is dependent on the amount
of melanin in the skin [4, 5]. The amount of mela-
nin the skin produces depends how fair or dark
the skin colour is and the Vitamin D production is
dependent on the amount of melanin in the skin.
Darker skins have more melanin which allows
less UVB to enter the skin. Due to less UVB
entering the skin, less vitamin D is produced;
therefore dark skinned individuals require more
sun exposure.

These factors make it difficult to determine
the amount of sun exposure time one requires in
order to get adequate vitamin D and avoid dam-
age. A good rule of thumb for sun exposure is to
expose your skin for half the time before it turns
pink. For fair skinned individuals it could be only
a few minutes, but darker skinned person requires
a longer exposure time [9].

A small amount of UV radiation is required
for the production of vitamin D in humans. The
amount of vitamin D one gets from exposing the
bare skin to the sun depends on the intensity of
the sun’s UV rays reaching the earth’s surface
which is influenced by a number of different fac-
tors [19]. Vitamin D’s role in cell proliferation
and differentiation could possibly have a protec-
tive role against UV-induced ROS damage.

Prolonged human exposure to solar UV radia-
tion may result in acute and chronic health effects
on the skin, eye and immune system. Sunburn
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and tanning are the best known acute effects of
excessive UV radiation exposure; in the long
term, UV radiation-induced degenerative changes
in cells, fibrous tissue and blood vessels lead to
premature skin ageing. UV radiation can also
cause inflammatory reactions of the eye, such as
photokeratitis [19].

2.5 UV LightInduced Reactive

Oxygen Species

Human skin provides continuous protection
against chemicals, radiation and infection. The
skin is composed of different layers namely the
epidermis (composed of mainly dead cells), the
dermis and subcutaneous tissue. The epidermis is
constantly renewed and is separated from the der-
mis by a layer of continuously dividing cells
namely keratinocytes and melanocytes. Melanin
pigment is produced by melanocytes, which is
the precursor of melanoma [17], and is trans-
ferred to the neighbouring keratinocytes.
Keratinocytes create a highly effective physical
barrier; they accumulate melanin pigments as
they mature, and epidermal melanin functions to
potently block UV penetration into the skin. A
third cell type is the Langerhans cells which are
present under the stratum corneum. They play a
role in immunological reactions of the skin and
their actions are highly sensitive to UV. The der-
mis contains collagen fibres which assists in the
skins’ elasticity and provides supportive strength.
Collagen fibres are broken down by high levels of
UV which leads to premature aging as skin loses
its elasticity [3, 12].

As the human skin is the largest organ and
covers the body’s whole surface area it is prone
to continuous UV light exposure [11]. Melanin
synthesis is stimulated by sun exposure [11], arti-
ficial sources [3] and inflammation. This results
in post inflammatory hyperpigmentation.
Epidermal melanocytes are thus susceptible to
ROS which is induced through excessive sun
exposure [11]. If homeostasis is disrupted by the
increased production of ROS this could possibly
drive the process of malignant transformation of
cells [11, 21].

2.5.1 What Are Reactive Oxygen

Species?

Free radicals are defined as molecules containing
one or more unpaired electrons in their electron
orbitals. Electrons are considered to be more sta-
ble when paired free radicals are generally more
reactive than non-radical species [13]. Radicals
can combine their unpaired electrons by forming
a covalent bond. Radical interactions with non-
radicals often involve the radical donating its
electron (a reducing action) or it could accept an
electron from the non-radical molecule (an
oxidising action) or it could simply join onto a
non-radical [13]. This results in the non-radical
becoming a radical and can have various physio-
logical repercussions.

ROS is the umbrella term used to describe
oxygen derived free radicals as well as non-
radicals such as hydrogen peroxide. Organisms
that are dependent on the reduction of oxygen for
energy, aerobic organisms, are the most suscep-
tible to the potentially damaging actions of ROS
that are released during this process [6]
(Table 2.1).

ROS is constitutively produced in the body
and sources of ROS can either be exogenous or
endogenous.

Endogenous ROS are predominantly pro-
duced by the mitochondria in the cell, as this is
where oxygen is reduced for ATP production by
the addition of four electrons to produce water as
the product. The largest portion of oxygen is
reduced in the electron transport chain (ETC). No
remaining intermediates are produced. However
approximately 5% of oxygen is reduced by the

Table 2.1 Examples of ROS

Superoxide ‘O,
Hydroxyl anion ‘OH~
Hydrogen peroxide H,0,
Peroxyl ROO™
Alkoxyl radicals RO’
Radicals of nitric oxide ‘NO
Peroxynitrite ‘ONOO~
Ozone 0O,
Oxygen singlet 0'0,

Adapted from Ref. [6]
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univalent pathway thereby leading to free radical
production. ROS producing capabilities are often
dependent on the composition of the mitochon-
drial membrane, the species of animal and the
age of the animal [6].

Most reactions that take place in the mito-
chondrial ETC consist of redox reactions. These
reactions involve the exchange and movement of
electrons, with the enzyme cytochrome oxidase
being the only enzyme involved in a reaction that
uses oxygen. It has been found that the redox
reactions in the ETC ‘leak’ electrons and subse-
quently generate superoxide (O,") with the
majority of the ROS formation taking place at
complex III and to a lesser extent at complex
I. ROS is also formed in the endoplasmic reticu-
lum (ER) and peroxisomes of the cell.
Extracellular or exogenous ROS sources are vast
and are responsible for a large percentage of ROS
present in the body. Common air pollutants and
industrial contaminants, exhaust fumes and the
smoke generated by cigarettes have been impli-
cated in ROS generated in the body. ROS gener-
ated in this manner has been found to both
directly and indirectly cause O,” formation and
various types of nitric oxide derivatives, either by
direct contact with the skin or by inhalation.
Some drugs, narcotic substances and anesthetiz-
ing gases are also thought to contribute to ROS
production. Certain food and alcohol consump-
tion have also been implicated in ROS formation.
Other environmental agents and non-genotoxic
carcinogens such as gamma irradiation can also
induce ROS formation [6].

2,5.2 UV -LightInduced ROS

Even exposure to the ultraviolet light spectrum
can indirectly lead to the production of a variety
of ROS including O,", singlet oxygen, hydroxyl
radicals and hydrogen peroxide through various
mechanisms [17] (Fig. 2.1).

2.5.2.1 Catalase

The first mechanism that will be discussed is the
UV induced ROS by the enzyme catalase.
Catalase is known to be able to degrade hydrogen

peroxide via the reaction 2H,0,22H,O + O,
through a process known as catalytic activity.
The enzyme catalase is also capable of exhibiting
peroxidatic activity when low concentrations of
hydrogen peroxide (H,0,) are present. However,
it was observed that UVB light caused a marked
increase in ROS in keratinocytes, more so in glu-
tathione depleted cells. Upon further experimen-
tation it was found that the oxidant generating
protein was catalase [14].

This is thought to be a result of the ability of
the short wave UV (Likely UVC) light to alter the
H,0O, binding site on the catalase enzyme, thus
allowing for water molecules to access the heme
iron. This essentially allows for the water mole-
cules to act as a source for the generation of pro-
tons. These protons are then able to interact with
diatomic oxygen to generate ROS such as reactive
peroxides. The activity of the charge relay net-
work of the enzyme was also found to be of
importance on the effect that UV light mediates
on catalase. The effects of UVB light on catalase
were found to be pH-sensitive and oxygen depen-
dent, this and the intracellular oxidant status influ-
ences whether the catalase activity in response to
UV light is cytotoxic or protective [14].

2.5.2.2 Nitric Oxide Synthase

UVB has also been implicated in the up-
regulation of membrane-bound nitric oxide syn-
thase (NOS) in human keratinocytes, thereby
resulting in increased production of NO [10].
While UVA has been shown by [2] to generate
increased superoxide levels at moderate UVR
levels in real time, O, is able to inactivate iron-
sulphur proteins leading to release of the reduc-
ing ferrous iron, thereby resulting in further
production of ROS [23]. The exact mechanisms
as to how UV causes these effects are not fully
elucidated, however the simultaneous production
of O, and NO within proximity of each other can
lead to the spontaneous generation of peroxyni-
trite, a highly reactive free radical [10].

2.5.2.3 Signalling Pathways

Various signaling pathways are activated by
UV-mediated ROS generation, especially in the
pathophysiology of skin diseases. MAPKSs have
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Fig. 2.1 UV radiation is able to mediate damage to cel-
lular components in two ways: The first mechanism is by
the direct absorption of incident rays by the cell and its
components. This results in the formation of an excited
state of the components and subsequent chemical reac-
tions. The second mechanisms are by means of photosen-
sitization. Incident rays are absorbed by endogenous or
exogenous photosensitizers such as bilirubin. This results

been shown to be a target of oxidative stress such
the oxidative stress induced by solar UV radia-
tion, the UV radiation influences the pathways in
a manner that closely resembles ROS [7, 16]. The
ROS produced lead to the activation of the
MAPKSs such as ERK and JNK. These MAPKs
play a pivotal role in the recruitment of factors
that lead to the downstream activation of tran-
scription factor AP-1. The factor p38 and the
inhibitory kappa kinase activation are vital in the
process of transcriptional activation of
NF-kB. UVA irradiation of the fibroblast cells in
the skin result in the release of labile iron, which
is implicated in the activation of NF-kB [7, 24].
AP-1 and NF-kB play essential roles in the regu-
lation of a diverse array of genes involved in pro-

l i ]
in an excitation of the sensitizers to their triplicate states.
The excited photosensitizers exert their effects by two
mechanisms. Type I photochemical reactions involve
electron transfer and the process of hydrogen abstraction
to form free radicals. Type II photochemical reactions

involve the transfer of energy with O, to yield reactive
state singlet oxygen ('0,) [20, 22]

cesses such as the cell cycle, proliferation and
apoptosis [7].

2.5.2.4 Protein Kinase C

UV irradiation was found to have an effect on
protein kinase C (PKC) in murine fibroblasts.
Several different isoforms of this serine/threo-
nine kinase exist and have been implicated in
UV-induced signal transduction pathways [8].
Low doses of UV exposure result in the adhesion
of cultured fibroblasts to the collagen matrices by
means of PKC isoform activation and integrins.
PKC « has also been found to be irreversibly
inhibited in UVA irradiated cells while PKC ¢ is
known to act as an endogenous photosensitizer
that plays a role in inducing UV-induced cutane-
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ous damage. The accumulation of ROS associ-
ated with skin aging is thought to be linked to UV
radiations effect on PKC. In a study done by
Bossi et al. [8] it was observed that UVA irradia-
tion causes an increase in ROS levels and lipid
peroxidation in both young and aging fibroblasts;
however basal ROS levels were much higher in
the aged cell population and they also exhibited a
much slower response to UV irradiation. A
decline in PKC & expression in these fibroblasts
was also observed to be closely linked to the
translocation of PKCS9 to the nucleus due to the
exposure to UV light. At the same time it also
resulted in an increase in ROS production. This
observation is suggestive of the role that PKC &
may have in regulating ROS production in ROS-
induced states and lean towards the idea that loss
of PKC § expression can cause the activation and
elevation of ROS levels [8]. It was also found that
PKC a expression post UV irradiation is not
linked to the elevation in ROS levels, regardless
of increased PKC a expression following UV
irradiation.

2.5.2.5 DNA Damage

Exposure of cells to UVA, UVB or UVC is capa-
ble of causing 8-0x0-7-8-dihydro-2'-
deoxyguanosine (8-oxodGuo). This is an
oxidatively modified DNA base that is often used
as a marker of possible oxidative DNA damage,
both in vivo and in vitro in calf thymus DNA as
well as cultured cells [28]. Various ROS have
been implicated in the UV-induced oxidation of
8-oxodGuo. Singlet oxygen (10,) is proposed to
be the only source of ROS involved in UVC-
induced production of 8-oxodGuo. While for
UVA and UVB 'O, is a large source of the ROS
involved. Both H,O, and hydroxyl radicals (‘OH)
were also found to play a significant role as well.
Surprisingly it was observed that the O,~, usually
a highly reactive free radical, was not involved in
UV-induced oxidative damage in these cells [28].
These observations were also noted in a study
conducted by Wei et al. [27] where they con-
firmed the role of 'O, in oxidative DNA damage
induced by UV exposure.

2.5.3 Biochemical Actions of UV
in the Skin

Chromophores absorb UV energy which allows
for biochemical reactions in human skin [26].
They are molecules that absorb certain wave-
lengths of visible light and transmit to others.
Chromophores could either be an exogenous
agent or endogenous compound [1]. Cutaneous
chromophores include DNA, urocanic acid, aro-
matic amino acids, retinoids, carotenoids, biliru-
bin, flavins, haemoglobin, melanin and NAD(P)
H [26]. Chromophores may be damaged directly
or they can act as photosensitizers. This results in
the generation of ROS in the presence of molecu-
lar oxygen [1].

If the epidermis is exposed to direct UV radi-
ation from the sun it can lead to oxidative stress
through activating the enzyme NADPH oxidase
or by promoting lipid peroxidation. When
molecular oxygen is reduced to O, the produc-
tion of ROS is initiated. This process can be
enzymatic through NADPH oxidase or xanthine
oxidase catalysed reactions or non-enzymatic.
Glutathione is recycled by glutathione reduc-
tase to the detriment of NADPH, which is recy-
cled by glucose 6- phosphate dehydrogenase
after glucose has been phosphorylated by hexo-
kinase [26].

UV radiation also causes oxidative stress in
the skin by inducing the release of mediators of
inflammation. Leukocytes produce the radical
anion O, catalysed by the enzyme NADPH oxi-
dase. O, then undergoes dismutation to oxygen
and H,0,, catalysed by superoxide dismutase.
Myeloperoxidase then converts H,O, to hypo-
chlorite. Another pathway for oxidative stress
caused by UV is the removal of a proton and an
electron from lipid molecules which produces
lipid radicals. Lipid radicals can interact with
molecular oxygen giving rise to lipid peroxidase
and new lipid molecules [26].
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26 UV,ROS
and Pathophysiological Skin
Effects

The best known effect of excessive UV radiation
exposure is erythema, which is reddening of the
skin due to sunburn. Chronic exposure to UV
radiation can cause a series of degenerative skin
conditions.

Photoaging is a consequence of exposure to
UVA and UVB. Abnormal elastic fibres in the
dermis and a decrease in collagen fibres are dis-
tinct characteristics of photo aged skin. Photoaged
skin displays an increased degradation of colla-
gen and elastic fibres in the dermis which is
caused by an increase in proteolytic activation
and abnormal Extra Cellular Matrix (ECM) turn-
over. UV rays can also contribute to the genera-
tion of ROS that stimulates the inflammatory
process in the skin. This causes reduced levels of
natural enzymatic and non-enzymatic antioxi-
dant defence mechanisms of the photoaged skin
as well as an increased neutrophil infiltration into
skin and increased inflammation [3].

UVA mainly drives the production of
ROS. UVA has the ability to penetrate the deep
dermal layer, inducing changes and driving the
process and progression of photoaging. Once
UVA penetrates the skin it is absorbed by cellular
chromophores which comprise of molecules like
riboflavins, melanin, bilirubin, but DNA is not
included. The absorption of photons/energy
results in the excitation of chromophores, referred
to as the singlet exited state. The photon/ener-
gized molecule then falls back to the ground state
and emits either heat or fluorescence or second an
intersystem crossing leading to a triplet excited
state. The triplet state could react with both DNA
and molecular oxygen which can induce changes
in DNA or lead to ROS production. Photoaging
could also drive DNA damage, particularly
mtDNA damage. ROS production in mitochon-
drial DNA increases as UV radiation causes a
well-recognized 4977 base pair long deletion of
the mtDNA [25].

UVB has the ability to penetrate the epidermis
but not the deeper dermal layer. Damage is thus
limited to keratinocytes and melanocytes in the

epidermal layer. However, UVA passes the
through the epidermal layer inducing damage
which leads to damage in the deeper dermal tis-
sue [25].

2.7  Conclusion

Humans are exposed to UV light on a daily basis,
with the skin bearing the brunt of this exposure
due to its large surface area. The constant UV
radiation is imperative for normal physiological
function. However over-exposure to UV light is
known to have detrimental physiological effects.
It is believed that these effects are a result of an
increase in ROS in the cells. UV light can induce
ROS in various ways, such as affecting the enzyme
catalase and up-regulating NOS synthesis. UV
radiation may also cause a decrease in PKC
expression leading to increased ROS production.
It can also modify DNA and other chromophores
resulting in elevated ROS levels. The effects of
raised ROS levels can vary based on the intracel-
lular oxidant status of the cell. However, it is still
important to protect yourself against the poten-
tially harmful effects of UV light as it can lead to
pathological UV-induced ROS production.
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Abstract

There are three major types of skin cancer: melanoma, basal cell carci-
noma (BCC) and squamous cell carcinoma (SCC). BCC and SCC are
often referred to as non-melanoma skin cancer (NMSC). NMSCs are rela-
tively non-lethal and curable by surgery, hence are not reportable in most
cancer registries all over the world. Melanoma is the deadliest skin cancer.
Its incidence rate (case number) is about 1/10th of that for NMSC, yet its
death toll is ~8 fold higher than NMSC.

Melanomas arise from melanocytes which are normally located on the
basement membrane with dendrites extending into the epidermal keratino-
cytes. A major known function of melanocytes is to produce pigments
which are enclosed by lipid membrane (termed melanosomes) and distrib-
ute them into keratinocytes, thus give different shade of skin colors. BCCs
arise from basal cells, which are a layer of cells located at the deepest part
of epidermis. Basal cells are recently considered to be skin stem cells as
they are constantly proliferating and generating keratinocytes which are
continuously pushed to the surface and eventually become a dead layer of
stratum corneum. Squamous cells are the keratinocytes which resembles
fish scale shape, ie, those initiated from basal cells and differentiated into
squamous cells. Both basal cells and squamous cells belong to keratino-
cytes, therefore sometimes BCC and SCC are termed keratinocyte
cancer.

These three types of cancer share many characteristics, yet they are
very different from etiology to progression. One shared characteristic of
skin cancer is that, according to the current views, they all are caused by
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solar or artificial ultraviolet radiation (UVR). UVA and UVB from solar
UVR are the major UV bands reaching the earth surface. Both UV types
cause DNA damage and immune suppression which play crucial roles in
skin carcinogenesis. UVB can be directly absorbed by DNA molecules
and thus causes UV-signature DNA damages; UVA, on the other hand,
may function through inducing cellular ROS which then causes oxidative
DNA damages [1-4]. This chapter will discuss the molecular signaling
differences of UVR in melanoma and NMSC.

Keywords
Ultraviolet * Melanoma ¢ Basal cell carcinoma ¢ Squamous cell carcinoma
e Non-melanoma skin cancer ¢ DNA damage ¢ Oncogenes ¢ Tumor

suppressors

3.1 UVR Impact on NMSC
3.1.1 Introduction

NMSC refers to non-melanoma malignant
growths that involve the skin and its appendages,
which mainly include basal cell carcinoma
(BCC) and squamous cell carcinoma (SCC).
Their incidence varies in race and region, and
mainly occurs in head, neck and other exposure
sites of the elderly [5]. NMSC is the most fre-
quently diagnosed cancer in the United States.

We receives UVR every day, and long-term UV
exposure will lead to photo-aging, such as rough,
loose and sagging skin, wrinkles and freckles, and
even the occurrence of benign or malignant
tumors. It has been well recognized that UVR is
the main predisposition of NMSC. However, the
molecular events leading to transformation is not
fully understood. Now we attempt to summarize
the current understanding of UVR in the occur-
rence and development of NMSC.

UV-induced skin carcinogenesis is a complex
and continuous biological procedure, caused by
the different wavelengths of UV. As stated above,
UVB can be directly absorbed by DNA and thus
causes DNA damage and changes in gene expres-
sion by intracellular signaling transduction,
which induces skin cancer. UVA irradiation can

produce reactive oxygen species (ROS), which
cause secondary damage to DNA, and thus
induce skin cancer, and often require chronic and
cumulative exposure. Cells are able to repair the
damaged DNA, however, DNA repair can go
wrong due to genetic or environmental factors,
therefore mutations in proto-oncogenes and
tumor suppressor genes may occur, which lead to
the formation of tumor. The various immunologi-
cal reaction (often decreased after UV exposure,
termed immune suppression), individual basic
level antioxidant protection, virus or genetic pre-
disposition may all participate in the regulation
of DNA repair efficiency, thus affecting tumori-
genesis in NMSC [1-4].

3.1.2 UVB-Caused DNA Damage
in Keratinocytes and Basal
Cells

UVB can penetrate several cell layers into the
dermal layer of skin, and perhaps also the basal
cell layer. The forms of DNA photodamage
induced by UVB include pyrimidine dimer,
purine and pyrimidine dimer, purine photo-
product and protein-DNA cross link and single
strand break, among which the most important
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form of DNA photodamage is pyrimidine
dimer.

The mechanisms of DNA photo-damage
include: (1) after the DNA bases directly absorb
UVB photons, the photoproducts, namely
cyclobutane pyrimidine dimers (CPD, the
majority) and 6-pyrimidine-4-pyrimidone pho-
toproducts (6—4(PP), the minority), are formed
between two adjacent pyrimidine sites (TT, CT,
TC, CC) in the same DNA strand. Both of them
are important premises for increased mutation
frequency, and the basis of the UVR-induced
skin cancer. Cells can repair (6—4) PP more
effectively than CPD dimers. The thymine-cyto-
sine (TC) and cytosine-cytosine (CC) dimers of
CPD are the most mutagenic, because in
UV-induced skin cancers, the C — T and
CC — TT mutations can be often seen in p53
gene, thus termed UV signature mutation [1].
The main photoproduct thymine-thymine (TT)
dimer rarely mutate due to the repair efficacy of
DNA polymerase. (2) UVB can induce forma-
tion of dimers by adenine residues and thymine
residues in DNA strands. Although the amount
is limited, it has been confirmed that such dimers
can cause mutations [1]. (3) UVB irradiation
also induced oxidation of guanine, generating
purine photoproduct, 8-hydroxy-2-deoxyguano-
sines (8-OHdG). 8-OHdG is the general marker
of oxidative stress. Although it only accounts
for a small part of DNA damages caused by
UVB, it induces G — T translocation thus lead-
ing to DNA mutation. In addition, UVB radia-
tion can also cause other types of DNA damage,
such as protein-DNA cross-linking and single
strand DNA breaks [6].

3.1.3 The DNA Repair Mechanisms

Normal human keratinocytes contain an effective
DNA damage repair system, which can prevent a
variety of gene mutations caused by UVR dam-
age. DNA can be repaired through a number of
signal pathways including DNA double strand
break repair (DSB), nucleotide excision repair
(NER), base excision repair (BER), mismatch
repair (MMR), and post replication repair (PRR)

[7]. For UV-induced lesions two major types of
DNA repair systems play crucial roles: The NER
and BER systems.

3.1.3.1 The NER System

It is the main repair pathway for DNA photoprod-
ucts. A large variety of DNA damages, such as
CPD and (6—4) PP, can be repaired by this sys-
tem. NER pathway is generally divided into the
following steps: (1) recognition damage site; (2)
cut the injury sites on both sides of the nucleotide
chains; (3) remove short nucleotide fragments
(24-32 bp) at damaged sites; (4) synthesize the
gap in DNA chains; (5) join the synthesized
nucleotide chain and the parent chain. The NER
system is well demonstrated by a group of geneti-
cally compensated mutations for Xeroderma pig-
mentosum (XP), which is a rare autosomal
recessive disease. Its characteristics are the high-
risk occurrence of skin cancers such as SCC,
BCC or epidermal benign tumors seborrheic ker-
atosis at exposure sites. The molecular basis is
the congenital defects of NER, i.e., mutations in
a series of XP genes including XPA, XPB, XPC,
XPD, XPE, XPF, and XPG, all of which play
roles in the NER pathway. Mutations in these
genes led to unrepaired damaged DNA and
results in mutations in other genes [7-9].

In addition, the endonuclease V of bacterio-
phage T4 (T4 N5) is a special kind of cyclobu-
tane pyrimidine dimer NER enzyme. Nishigori
et al. [10] used the T4 N5 liposome to apply to
UV-irradiated mice, and found that the delayed
hypersensitivity (DTH) and the contact
hypersensitivity (CHS) were inhibited, and the
inhibitory T lymphocytes was induced after
UVR. Using minimal erythema dose of UV to
irradiate buttock skins of 15 patients with skin
cancers, and topically applicate T4 N5 liposome
after 2, 4 and 5 hours, the endonuclease could be
found by biopsy after additional 6 hours.
Immunohistochemical study on the damaged
DNA showed that T4 N5 could significantly
enhance the repair after DNA damage. Although
the active T4 N5 could not significantly inhibit
the formation of erythema and sunburn cells after
UVR, it could almost completely inhibit UV
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mediated upregulation of IL-10, TNF-a and
IL-10 protein levels.

3.1.3.2 The BER System

Single base lesions such as 8-OHdG rely on this
mechanism to be repaired. BER system includes
enzymatic glycosylation, replication protein A
(RPA), proliferating cell nuclear antigen (PCNA),
apurinic/apyrimidinic site endonuclease
(APEX1/REF-1) [11]. Usually the glycosylation
enzymes recognize the lesion and cut off the gly-
cosylic bond between the base and the main DNA
strand, thus the lesion presents as an abasic site
(AP site), which is then recognized by the
APEX1/REF-1 protein. The APEX1/REF-1 pro-
tein generates a single-strand break (a nick site)
which is then repaired by DNA polymerase I and
DNA ligase III [11]. NER pathway repairs endog-
enous DNA damages caused by ROS, active
hydrolytic substance and alkylating agents. The
activity of BER system is regulated by HOGG,
and inhibited by nitric oxide (NO) [12].
Therefore, the NO induced by UVR not only can
cause DNA damage but also inhibit the activity
of BER system, resulting in the increase of gene
mutation and the risk of skin cancer [11].

3.1.4 UVR and Mutations

Usually, cells can accurately and effectively
repair the CPD and (6-4) PP lesions after
UVR. Defects in repair system or occasional
error-prone repairs can lead to gene mutations.
Mutations alter cell cycle regulation, which fur-
ther lead to the cloning hyperplasia and immor-
talized growth, and eventually the occurrence of
skin cancers. According to their different func-
tions, these genes can be divided into: (1) care-
taker genes: with the execution of DNA damage
repair and maintenance of genome integrity, such
as the repair gene XPA — XPG of XP. (2)
Gatekeeper genes: regulate signaling transduc-
tion pathways, cell proliferation, differentiation
and apoptosis, such as p53, patched (PTCH) and
RAS gene. In NMSC gatekeepers are closely
related to the occurrence of some skin cancers.
Their main mutations are CC — TT at the site of

pyrimidine-pyrimidine sequences, which are the
same with the main mutations of CPD and (6—4)
PPinducedby UVB [13-16],1.e. the UV-signature
mutations. The major tumor suppressors and
oncogenes are discussed in details below.

3.1.4.1 The p53 Gene

The tumor suppressor gene p53 can regulate cell
cycle, and its products play essential roles for the
induction of apoptosis and the maintenance of
normal cells. p53 monitors the integrity of the
genome. If cellular DNA is damaged, p53 acti-
vates cell cycle check points and allow sufficient
time to repair the damaged DNA. If repair fails,
p53 can cause programmed cell death to prevent
the generation of mutant cells. When a cell is
affected by the external environment carcinogens,
various reasons will lead to inactivation of p53
gene, so that DNA damage could not be repaired,
resulting in cellular transformation. UVR played
an essential role in causing mutations in p53 gene.
Mutations in p53 gene can be detected in more
than 90% of SCC and nearly 50% of BCC. The
biopsy of sun exposed skin showed C — T con-
version in DNA sequences [5]. The results clearly
indicate that after daily exposure to sunlight,
DNA mutations may exist in the skin without any
pathological abnormalities. Brash et al. [17] sug-
gested that the mutant p53 led to inability of apop-
tosis, resulting in clonal amplification of the
pS3-mutant cells in sun-exposed skin, resulting in
accumulation of gene mutations. Mutations in
p53 can be found in skin tumors such as BCC,
SCC, and precancerous lesions such as Xeroderma
pigmentosum [18] (Fig. 3.1).

UVR can also cause excessive expression of
heat shock proteins (HSP) in skin. Experiments by
Zhou et al. [19] cannot be replaced showed that
when human keratinocytes exposed to 300 J/m?
UVB in the culture medium, the heat shock pro-
tein expression was gradually increased and
reached a peak at 6 h after irradiation. This kind of
stress reaction was thought to be a double-edged
sword, because it is extremely important to protect
the skin from UVB, but also had certain potential
carcinogenic potential. The immunofluorescence
and immunoprecipitation analysis showed that
HSP 27, HSP 70, HSP 90 and mutant p53 were
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Fig. 3.1 Overview of UVR and skin cancer: The earth
surface solar UVR mainly are UVA and UVB types, both
of which cause immune suppression and DNA damage in
human skin. UVA causes DNA damage via ROS while
UVB directly cause DNA crosslink. UVR is the single
most important known etiological factor for NMSC (both
BCC and SCC) and melanoma

co-localized in the squamous cell carcinoma cell
line A431, indicating that the occurrence of molec-
ular chaperone complexes HSP and p53 had com-
bined effect of tumorigenesis [20].

3.1.4.2 PTCH (PATCHED1)

PTCH is a tumor suppressor gene initially isolated
from Drosophila. The gene product PATCHED is
a membrane receptor for sonic hedgehog signaling
pathway. The hedgehog-PTCH pathway is defec-
tive in over 70% of BCC according to one early
report [21], and over 85% BCC in a recent study
[22, 23]. In the absence of ligands, PTCH inhibits
expression of smoothened (SMO) gene, which
activates a transcriptional factor Glil and lead to
tumor formation [21, 24] (Fig. 3.2). PTCH point
mutations were found in 50% ~ 60% BCC and XP
patients with DNA repair defects. Most of the
PTCH mutations bore the UV fingerprint (i.e.,
C — T and CC — TT transitions at dipyrimidine
sites); and their mutations were associated with
irradiation dose. These mutations inactivate PTCH
function and allow constitutive activation of the
SMO-GIi pathway, which seems to be sufficient
for BCC development [25]. But mutations could
not be found in SCC, indicating that the PTCH
gene mutation is a crucial step for BCC but not for
SCC tumorigenesis.
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Fig. 3.2 The major oncogenic pathway for BCC:
Mutations in tumor suppressor pS3 and PTCH are all
UV-caused mutation types. PTCH functions through
SMO and Gli pathway for tumorigenesis while p53 muta-
tions function through loss of genome integrity

3.1.4.3 PTEN

PTEN is a classic tumor suppressor inhibiting
the pro-proliferating PI3K/AKT pathway. PTEN
has recently evolved to show activities in DNA
repair including DSB and NER pathways [7].
Targeted down-regulation of PTEN in mice epi-
dermis predisposed these mice to skin lesions,
and a possible mechanism is that PTEN loss
caused XPC down-regulation, a crucial compo-
nent for NER pathway [26, 27]. In addition, a
recent genomic profiling of DNA mutations in
BCC showed that a small percentage (2%) of
BCC tumors harbor PIK3CA mutations which is
the direct PTEN target [22].

3.1.4.4 RAS Oncogenes

There are three major RAS oncogenes: HRAS
(Harvey-RAS), KRAS (Kristen-RAS) and
NRAS (Neuronal RAS), all up-stream of MAPK
(mitogen activated protein kinase) pathway
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which is a crucial cell proliferation pathway.
The three RAS genes share sequence homology
and mutation spectrums; most oncogenic muta-
tions are found in codon 12, 13 and 61. It seems
that RAS gene mutations are not common in
BCCs and SCCs as published data is very lim-
ited. However, ectopic expression of HRAS in
immortalized keratinocytes introduced an inva-
sive phenotype [28].

3.1.4.5 Cell Cycle Genes and HPV Virus
Infection

The cell cycle regulation genes include a num-
ber of cell division cycle (CDC) genes, kinases
that regulate the CDC genes (CDKs) and inhib-
itors that inhibit the CDK genes (cyclin-depen-
dent kinase inhibitors, CKIs) such as p16™k#4,
p14ARE p19ARE (g]] three proteins are encoded
by the CDKN2A locus), p2 1 CPVWAFL gpd p27Kiel
(CDKN2B), and regulatory genes including
retinoblastoma (RB) family genes, checkpoint
kinase 2 (CHK?2), ataxia telangiectasia mutated
(ATM) protein, and p53. Viral oncogenes such
as E6, E7 genes carried by HPV virus are able
to interact with cell cycle genes and therefore
interfere their function, leading to aberrant cell
cycling. A recent study revealed that pl6'NK4A
staining can serve as a biomarker for HPV
infection [29]. Mutations in the above men-
tioned genes are often found in BCCs and
SCCs and are correlated with UVR [30]. On
the other hand, UVR also induces cell cycle
arrest through these genes, for example, sev-
eral studies showed that UVB induced p16™k+A
upregulation; and CDKN2A mutations were
found in 24% of SCC and 3.5% of BCC
samples [31].

3.1.5 UVR-Induced
Immunosuppression

Skin tumors are the result of both gene mutations
and the loss of immune surveillance. Numerous
studies revealed that UVR triggered immune sup-
pression response in skin through different sig-
naling molecules, including the Fas/FasL system,

TNF, interleukins, or even simple induction of
apoptosis of T cell.

3.1.5.1 The Fas/FasL System

Fas, also known as Apo-1, now named CD95,
belongs to the tumor necrosis factor receptor and
nerve growth factor receptor family and is a type
I cell membrane protein. Fas gene is expressed in
various types of tissues, and skin tissues express
relatively higher levels of Fas. Fas and its ligand
(FasL) together can induce apoptosis and play
important roles in maintaining the stability and
homeostasis of skin micro- environment, but its
excessive expression may contribute to immune
escape of some tumor cells. During tumor devel-
opment, tumor cells can actively express FasL to
kill the infiltrating T cells, thus weakening the
immune surveillance system. Fas was normally
found only in the cell membranes and intercellu-
lar bridges of keratinocytes in the basal layers of
the epidermis [32]. After long-term exposure to
sunlight, Fas was up-regulated in whole layers of
the epidermis [32], thus induced necessary apop-
tosis if cells were beyond repair. This UV-induced
up-regulation of Fas can be inhibited by protein
kinase C epsilon (PKC) [33], resulting in prolif-
eration of cells with mutations, thus enhancing
UV-induced carcinogenesis.

3.1.5.2 Langerhans Cells

UVR also elevates the TNF-a, IL-6 and IL-10
levels in epidermal cells, which are involved in
down-regulating the activities of Langerhans
cells (LC), thereby inhibiting the immune reac-
tion of the local skin [34]. Clinical and experi-
mental results show that the LC of the skin is the
main target of UVR. LC is the most important
antigen presenting cell, and is the key of UVB
induced skin immune suppression [35]. The main
manifestation of UVB induced skin immune sup-
pression is the defects of antigen presentation
ability. The mechanism may include the follow-
ing aspects: (1) UVR directly damages the epi-
dermal LC, reduces its number and makes alters
their morphology and function; (2) UVR inter-
feres the expression of membrane co-stimulating
molecules of LC and influences its function of
antigen presenting to T lymphocytes; (3) UVR
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interferes the migration, differentiation and mat-
uration of LC from epidermis to draining lymph
nodes; (4) light-induced DNA damage may be
another cause of UVR induced immunosuppres-
sion; (5) UVR induces secretion of IL-10 and
TNF-a by keratinocytes, which may be related to
the inhibition of delayed hypersensitivity and
contact allergy [36].

Although LC is the core cell of skin immune
suppression after UVR, the morphological and
functional changes of LC are not the only mecha-
nisms of UV impact on immune function. The
study on T lymphocytes, macrophages, mast
cells and cytokines such as [L-1, IL-10 and IL-12
has become a hot topic in recent years.

T cells play an important role in anti-tumor
immunity. T cells can be divided into two sub-
groups: CD4+ and CD8+. CD4+ is the T helper
cell and CD8+ is the suppressor T cell. Many
studies on infiltrating T cell subtypes of tumor
tissues suggest that the ratio of CD4/CDS is often
negatively correlated with the degree of malig-
nancy, but positively correlated with the progno-
sis. The experimental results showed that the
CD3+ T cells in human skins only expressed
CD4 but not CD8 1 week after UVR, and the
ratio of CD4/CD8 was up-regulated [37, 38],
indicating that UVR could activate inhibitory
CD4+ T cell and then mediate the proliferation of
antigen specific CD8+ T cells, thus executing the
inhibitory effect. If the changes of T cell subtypes
cannot recover to a normal state and thus persist,
it will result in a state of low immunity, which
promotes tumor development. In addition, UVR
may also inhibit Thl type of cellular immune
response, with no significant effect on Th2 type
immune response. But these results need further
confirmation as there was a contradictory report
[39]. The exact effect of UVB irradiation on local
changes of T cells has not yet been fully
explained.

3.1.5.3 Natural Killer Cells and Master
Cells

Natural killer cells (NK) are important immune

cells of the innate immune system. NKs not only

are related to anti-tumor, anti-viral infection and

immune regulation, but also in some cases par-

ticipate in the occurrence of hypersensitivity and
autoimmune diseases. UVR can produce dose-
dependent inhibition on NK cells. After UVB
irradiation, the number of NK was decreased, and
this inhibitory effect was positively correlated
with the UVB dose. Long-term exposure to UVR
can decrease the number of NK and inhibit its
activity [40].

Animal experiments found that mast cells
played key roles in the systemic immune modula-
tion induced by UVB in mice. UVB dose required
to complete the 50% immunosuppression was
linearly related to the number of mast cells, sig-
nificant increase of mast cells was also found in
the unexposed buttocks of BCC patients [41].
Studies of histamine receptor antagonists demon-
strated that histamine was the main product of
mast cells, and played a role in the prostaglandin
dependent pathways. Almost 50% of normal peo-
ple and more than 90% of BCC or SCC patients
are prone to produce inhibitory contact hypersen-
sitivity reaction. This susceptibility was not
related to the polymorphism of cytokines, nor the
trans-urocanic acid levels induced by UVB in the
exposure sites. It is speculated that the mast cells
in the human body can induce immune suppres-
sion and create an environment for the develop-
ment of tumors [41].

3.1.5.4 Cyclooxygenase (COX-2)

Cyclooxygenase (COX-2) is the key enzyme to
catalyze the initial step of arachidonic acid into
active prostaglandin. A large number of studies
have indicated that COX-2 is involved in the
occurrence and development of many kinds of
tumors in addition to the inflammatory response.
UVB exposure caused excessive expression of
COX-2 in mouse skin, which was confined to the
superficial layer of epidermis, dominantly on the
stratum granulosum and stratum spinosum of
SCC [42]. Upon UVR, mice deficient in the
COX-2 enzyme or those treated with pharmaco-
logical inhibitors of COX-2 developed signifi-
cantly fewer tumors than control mice [43].
Furthermore, COX-2 inhibitor indomethacin
(which also inhibits COX-1) diminished the
UV-induced immune suppression response [44].
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3.2 The UV Impact on Melanoma
Melanomas arise from the pigment-producing
cells called melanocytes, which normally reside in
the basal cell layer and extend their dendrites into
the keratinocytes for melanin transportation and
other cell-cell contacts. Usually one melanocyte is
corresponding to about 40 keratinocytes.
Melanocytes also interact with skin fibroblasts and
basal cells, which make this type of cell an excel-
lent model for studying cell-cell interaction. Many
researchers believe that the microenvironment of
melanocytes plays an important role in melanoma
development. In this chapter we will only focus on
the UV impact on melanomagenesis.

3.2.1 The UVR-Induced DNA

Damage in Melanoma

Because melanocytes are located relatively in the
deeper layer of the skin, it has been under debate
for the past decades as whether UVA or UVB
caused melanoma. UVA is able to penetrate to,
but UVB can hardly reach, the melanocytes layer.
Although UVA accounts for most of the solar UV
radiation (90-95%), the relative smaller portion
of UVB exhibits higher energy which is more
potent in inducing DNA damage. As discussed
above for NMSC, UVR causes similar mutations
at the DNA nucleotide levels in melanoma,
namely the UV-signature mutations. A distinct
difference is that the target genes are very differ-
ent. For example, mutations in p53 are common
in NMSC but very rare in melanoma.

3.2.1.1 The MAP Kinase Pathway: NRAS
and BRAF Oncogenes

Mutations in NRAS were found in 15-30% of
melanomas and mutations in BRAF were found
in ~60% of melanomas [45]. Mutations in these
two oncogenes are generally mutually exclu-
sive, i.e., if a tumor harbors an NRAS mutation,
it would not contain a BRAF mutation [46].
This is mainly because both of these genes are
upstream of the crucial cell proliferation path-
way: the mitogen activated protein kinase
(MAPK) pathway (Fig. 3.3). Quite interest-

ingly, BRAF mutations were found mostly on
intermittently sun-exposed body sites [47],
while NRAS mutations are more frequently
found on chronic sun damaged body sites. All
mutations are activating mutations which
enhance the MAPK pathway signaling. Most
frequently mutated codon (>90%) in BRAF is
codon 600 (nucleotide 1799 T > A; codon
GTG > GAQG) from a valine to a glutamic acid.
This mutation, however, is not a typical
UV-signature mutation, hence the cause of the
most common mutation in melanoma is actu-
ally unknown. BRAFY®E mutation is also fre-
quently found in many other cancer types such
as colon cancer and thyroid cancer, which are
not related to UV exposure.

In contrast to BRAF mutation, NRAS muta-
tions are more frequently found in sun exposed
body sites [48, 49]. The most frequent mutation
of NRAS found in melanoma is codon 61 muta-
tion from CAA (glutamine) to AAA (Lysine) or
CGA (Argenine) (Q61K or Q6IR) [48].
Opposite strain of this codon is TTG to TTT or
TCG. Again this is a C > A or A > G point
mutation on the plus strand, and G>T or T > C
on the minus strand, and are not the typical
C>T or CC>TT type of UV signature muta-
tion. These mutations are also found in other
cancer types, not specific for melanoma.
Therefore the mutations on NRAS, like those
found in BRAF codon 600, are not typical UV
signature mutations. However, when the entire
genome mutation profile was analyzed, the UV
signature mutations still ranked number one in
melanoma among all different signatures muta-
tions [50]. Nevertheless, comparing these muta-
tions to mutation types in bacteria in a previous
study [51], we believe that NRASQ61K or
Q61L mutations may be derived from oxidative
DNA damage, which could be a result from
UVA radiation.

3.2.1.2 The Newly Discovered

Oncogenes: RAC1and PREX2
The current genomics technology allowed for
large scale genomic profiling of all types of cancer.
Such studies revealed many previously unknown
oncogenes in melanoma, including RAC1, PREX2
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and ERBB4 [52-54]. Evidence for RACI and
PREX2 is solid and confirmed by multiple studies,
but evidence for ERBB4 is contradictory [55]. In
fact PREX2 and RACI are functionally linked
because they interact with each other to promote
PI3K/AKT pathway [56, 57], which ultimately
cross talks with the MAPK pathway for promoting
melanoma cell proliferation [58, 59] (Figure 3.3).
PREX?2 interacts with PTEN and inhibits PTEN
function which is an inhibitor for PI3K pathway
[60]. PREX2 full name is “phosphatidylinositol-
3,4,5-trisphosphate-dependent RAC exchange
factor 2”. The PREX2 mutations in melanoma are
also more frequently found in sun-exposed body
sites [53]. 11 of 25 melanomas harbored at least
one non-synonymous mutations, the mutation
spectrum included three truncating mutations
(K278*, E824* and Q1430%) and non-synony-
mous point mutations. Patients with these muta-
tions showed worse survival as compared to
patients with wild-type PREX2 [53].

o transcription
Transcriptional

Factors %@]W
1 |

| Cell proliferation/transformation |

The most studied mutation in RAC1 is an acti-
vating mutation (P29S), which ranks as the third
most common mutations in sun-exposed
melanomas (the other two were NRAS®! and
BRAFYS® mutations) [52, 61-64]. More impor-
tantly, RAC1%?S is a typical UV-signature muta-
tion (C- > T transition, unlike those in the
NRAS! and BRAFY¢® mutations), suggesting a
UV radiation origin of this mutation [61]; and it
is a driving mutation for melanoma [52].

3.2.1.3 MiTF

MiTF-m (microphthalmia transcriptional factor,
melanocytic specific) is a melanocytes lineage
transcriptional factor, which is one of the several
transcripts derived from the MiTF locus driven
by a melanocytic-specific promoter [65]. MiTF is
phosphorylated by ERK1/2, resulting in protea-
some degradation of this protein [66, 67]. Our
results showed that UVB did not affect MiTF-m
expression but UVA induced a transient MiTF
degradation [68]. This observation seemingly
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contradicts the role of MiTF as a master regulator
of melanin synthesis, because UVR induces mel-
anin synthesis. The exact role of MiTF in UVR
induced signal cascade is still to be defined.
MiTF mutations including gene amplification
were found in a small set of melanoma samples
[69]. Although MiTF played a pro-survival role
and serves as a specific and sensitive melanoma
diagnostic biomarker [70], evidence from many
research laboratories suggested that the role of
MiTF was much more complex than an oncogene
because over-expression of MiTF could directly
leading to cell cycle arrest and differentiation
[69, 71]. Therefore the cellular dose of MiTF
seems to be crucial for its function.

3.2.1.4 Cell Cycle Genes: CDK4
and CDKN2A

Of all the cell cycle genes and regulators, p16™K#,
CCNDI (cyclin D1) and CDK4 are the three major
genes which were found in familial melanoma
cohorts and sporadic melanomas [72]. CDK4 and
CCND1 amplification was found in many mela-
noma tumors without mutations in BRAF or
NRAS [73], and loss of pl6™&#A which enhances
the CDK4 activity and promotes cell proliferation,
was identified in most familial melanoma cases
[74]. As described above in this chapter, CDKN2A
locus encodes both p16™&*4 and p19RF proteins.
Loss of either gene product sensitized melano-
cytes to UVR induced transformation [75, 76]. On
the other hand, UVR also induced decreased
expression of pl6™&4 in skin cancer patients but
not in the normal healthy control individuals [77].
However, it seemed loss of pl16™&4 or amplifica-
tion of CDK4 did not impact the cellular DNA
repair capacity [78]; therefore the melanogenesis
through these cell cycle genes may be more
through promoting cell proliferation.

CDKN2A mutations are mostly gene deletion,
i.e., 9p21 deletions [79]. Point mutations and
short sequence duplications within the coding
region are also reported [80]. As these are all
familial cases, therefore the mutations are germ-
line and not related to solar UVR. Quite interest-
ingly, ambient UVR seems not to promote
melanoma development in individuals carrying
these mutations [81]. CDK4 mutation spectrum

includes gene amplification, R24C and R24H
point mutations. Both of the point mutations
impair the CDK4 binding with pl6™*A| thus
evading the p16™** inhibitory effect [82].

3.2.2 UV Radiation and Melanoma
Oncogenes

Although mutations in NRAS and BRAF were
found in most of human melanoma samples,
these same mutations were also found in benign
nevi, and the percentage of these mutations were
even higher than that in melanoma [83]. In gen-
eral, it is believed that activating mutations of
these oncogenes in fact led to senescence, which
is a typical feature for benign nevi. New evidence
from mouse models showed that UV played a
crucial role in stimulating these cells into cycling
and hence promoting oncogenesis. Ina BRAFVY6E
mouse model, under normal condition without
other mutation background, only skin hyperpla-
sia was induced, without melanoma formation
[84]. But when PTEN was also deleted, this
model would produce melanoma [84].
Furthermore, one time UVR greatly enhanced the
melanoma formation in these mice, and the
mechanism was through p53 pathway [74].
Therefore in the mouse model, the BRAF muta-
tions rely on loss of tumor suppressor p53 and/or
PTEN to induce melanoma. The p53 gene was in
general considered not to be crucial for mela-
noma development as mutations in this gene was
rare; however updated data suggest that other
mutations in the p53 pathway still played a prom-
inent role.

3.2.3 UV-Induced Immune
Suppression in Melanoma

The pioneer work by Kripke in 1974 demon-
strated that UV carcinogen induced much higher
degree of antigenicity compared with skin tumors
induced by chemical carcinogens [85]. Up to
date, the triggers for UV-induced immune sup-
pression include three major classes: DNA dam-
age, urocanic acid (UCA) and membrane lipids
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[86, 87]. UCA is a skin-rich histamine deamina-
tion product which is a well-known activator for
immune suppression [88]. UCA antibody was
shown to delay skin tumor formation upon UVR
[89]. The local immune suppression, as described
in NMSC section, was through local immune
cells, mainly Langerhans cells and suppressor T
cells, while the systemic immune suppression
was through cytokines [86]. A more recent study
indicated that solar simulated UVR did not
induce systemic immune changes in both men
and women, while the local response was promi-
nent [90]. Quite interestingly, the solar simulated
UVR caused more severe immune suppression in
men than in women [90], which may provide a
partial explanation why melanoma incidence in
men is higher than that in women.

Further evidence that UVR-induced immune
suppression plays a role in melanomagenesis
stems from epidemiological studies using
immune-suppressed populations. A comprehen-
sive study summarized melanoma and NMSC
incidence rates in organ transplant patients
(ORPs) in the literature [91]. ORPs with a pre-
transplant melanoma history showed a 19% rate
of recurrence, which was much greater than the
recurrence rate for general population [92]. ORPs
also showed higher de novo melanoma incidence
rates than the general population [91].

3.3  Conclusions

There are shared and distinct components in the
mutation spectrum and signal transduction in
UVR-induced NMSC and melanoma. The differ-
ence and share characteristics of NMSC and mel-
anoma are summarized in Figs. 3.2 and 3.3.
Specifically, the oncogenic mutation spectrum
and signal transduction pathways are quite differ-
ent in NMSC and melanoma, although all are
related or induced by UVR. The well- studied
tumor suppressors in NMSC include PTCH, p53
and PTEN. Oncogenes for BCC and SCC are
much less defined than those in melanoma [93].

In melanoma a major oncogenic pathway is the
MAPK pathway including NRAS, BRAF onco-
genes and PTEN tumor suppressor. New evi-
dence suggested that p53 and RB pathway was
also important, despite the classical point muta-
tions in p53 or RB were very rare in melanoma.
PTCH mutation was also rare in melanoma.

The UVR-induced immune suppression path-
way is very similar in both NMSC and mela-
noma. Both local and systemic immune responses
are involved, with similar cell types (Langerhans
cells, T cells and other immune cells) and cyto-
kines involved. The antigen-presenting function
of each cell type (basal cells, keratinocytes and
melanocytes) may be slightly different due to dif-
ferent cellular components.

Many other shared components in oncogene-
sis in NMSC and melanoma such as redox regu-
lating genes including APEX1/REF-1, the AP-1
gene family, the NFE2L1/NFE2L2 (nuclear fac-
tor erythroid 2 [NF-E2]-related factor 1 or 2,
NRF1/NRF2) gene family, NADPH oxidase gene
family, nitric oxide synthase gene family are not
included in this chapter because the mutations in
these genes seem not to be very common in both
cancer types. However they all showed certain
activities in UV-induced oncogenesis. It is impor-
tant to understand whether some sequence varia-
tions in the population affect the skin cancer
susceptibility.

Overall, although UVR is the single most
important etiological environmental factor for
both NMSC and melanoma, the oncogenic path-
way, mutation spectra and tumor suppression
genes are quite cell-specific. For this reason it
was proposed that cancers may exhibit lineage
specific oncogene addition which is crucial for
tumor development and growth [94]. In mela-
noma the MAPK pathway plus the MiTF-
dependent lineage specific oncogenesis play the
pro-survival role for cancer cells [69], while in
BCC the hedgehog-PTCH-SMO-Gli pathway is
crucial. Thus the targeted therapy and prevention
methods may require different approaches for
these different cancer types.
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Abstract

The sensitivity of Xeroderma pigmentosa (XP) patients to sunlight has
spurred the discovery and genetic and biochemical analysis of the eight
XP gene products (XPA-XPG plus XPV) responsible for this disorder.
These studies also have served to elucidate the nucleotide excision repair
(NER) process, especially the critical role played by the XPA protein.
More recent studies have shown that NER also involves numerous other
proteins normally employed in DNA metabolism and cell cycle regula-
tion. Central among these is ataxia telangiectasia and Rad3-related (ATR),
a protein kinase involved in intracellular signaling in response to DNA
damage, especially DNA damage-induced replicative stresses. This review
summarizes recent findings on the interplay between ATR as a DNA dam-
age signaling kinase and as a novel ligand for intrinsic cell death proteins
to delay damage-induced apoptosis, and on ATR’s regulation of XPA and
the NER process for repair of UV-induced DNA adducts. ATR’s regula-
tory role in the cytosolic-to-nuclear translocation of XPA will be dis-
cussed. In addition, recent findings elucidating a non-NER role for XPA in
DNA metabolism and genome stabilization at ds-ssDNA junctions, as
exemplified in prematurely aging progeroid cells, also will be reviewed.
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4.1 Introduction

Individuals with mutations in Xeroderma pig-
mentosa (XP) genes are especially sensitive to
the ultraviolet (UV) rays (180-315 nm) in sun-
light [1, 2]. These individuals accumulate DNA
damage in their skin cells after solar irradiation,
primarily as a cyclobutane pyrimidine dimer
(CPD) and, to a lesser extent, as a (6—4) photo-
product ((6—4) PP). Normally, these intrastrand
cross-links of adjacent pyrimidine bases are
removed from the DNA by nucleotide excision
repair (NER) [1, 3-5]. In addition to other repair
factors, seven XP gene products are involved in
the NER process: Xeroderma pigmentosa com-
plementation groups A through G (XPA-XPG).
Mutations in any of these XP gene products
reduces the efficiency of this repair process with
XPA and XPC mutations being the most frequent
[6] and XPA deficiency showing the highest sen-
sitivity to UV [7]. If adducts persist they may be
bypassed by error-prone translesion synthesis
using DNA polymerase eta (Pol 1), a product of
the XPV (pol H) gene [8]. The structure and
mutational features, plus post-translational modi-
fications of these XP proteins have been reviewed
recently by Feltes and Bonatto [9]. XPA mutation
is the most severe XP deficiency since this pro-
tein is required in both the global genomic NER
(GG-NER) and the transcription-coupled NER
(TC-NER) sub-pathways of nucleotide excision
repair [10-14]. XPC mutations, though relatively
frequent, are less severe since this protein is pri-
marily involved in GG-NER [10, 15]. Though
not an XP protein, the DNA damage checkpoint
protein ataxia telangiectasia and Rad3-related
(ATR) also is essential for initiation and regula-
tion of the NER process [16, 17]. Thus, this
review will focus on new information from the
last decade on the biochemical roles and cellular
mechanisms of XPA and ATR in the nucleotide
excision repair process and cell death, and dis-
cuss recent findings on possible non-NER func-
tions of XPA in both the nucleus and in the
cytoplasm.

4.2  ATRSignaling Mediates
the Cellular Response
to DNA Damaged Induced

by Ultraviolet Radiation

The presence of UV-induced CPD and (6-4) PP
adducts in mammalian nuclear DNA generates a
cascade of events as part of the DNA damage
response (DDR). Generally, these helix-
distorting, replication- and transcription-blocking
DNA adducts induce activation of the DNA
repair process and arrest the cell cycle to allow
for repair of the damaged DNA. ATR, a key regu-
lator of these processes, is a member of the phos-
phatidylinositol 3-kinase (PI3K) family. The
PI3K family of protein kinases also includes the
other stress-responsive protein kinases ataxia tel-
angiectasia mutated (ATM), DNA-dependent
protein kinase (DNA-PK) and mammalian target
of rapamycin (mTOR) [18, 19]. Although it func-
tions in multiple DDR processes [20] ATR is the
primary regulator of the nucleotide excision
repair pathway due to its ability to detect the rep-
licative and transcriptional stresses caused by
UV-induced damage and other bulky DNA
adducts resulting from chemical toxins and some
chemotherapeutic agents [21-24].

Induction of CPDs and (6-4) PPs in DNA gen-
erates obstacles to DNA replication and tran-
scription. The resulting replicative and
transcriptional stresses stall DNA polymerization
during replication and pol II progression in RNA
synthesis [11, 12], respectively, leading to an
accumulation of stretches of single-strand DNA
(ssDNA), which become coated with the sSDNA-
binding replication protein A (RPA) [25]. ATR in
complex with its nuclear binding partner ATR-
interacting protein (ATRIP) binds to this RPA-
coated ssSDNA via an ATRIP-RPA interaction.
ATRIP also serves to activate the checkpoint
kinase activity of ATR [4, 26-29]. Activated ATR
kinase phosphorylates many downstream media-
tors/effectors which include checkpoint kinase 1
(Chkl),  A-kinase-anchoring  protein 12
(AKAPI12), p38/mitogen-activated  protein
kinase-activated protein (MAPKAP) kinase 2
(MK?2), the tumor suppressor protein p53, ATRIP
and XPA [26, 30-32]. Phosphorylation activates
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these downstream proteins resulting in arrest of
cell cycle progression, activation of DNA repair
and, in cases of severe damage, apoptotic cell
death [21, 33, 34]. ATR is an essential gene for
the initiation and regulation of NER and for
genome maintenance [16, 35, 36].

Historically, ATR has been described as a nec-
essary protein kinase which functions in the cell
nucleus to regulate DNA replication and various
responses to DNA damage and cellular stress [37,
38]. Possible non-nuclear roles for ATR have
received little attention. However, a recent study
described an anti-apoptotic, cytoplasmic role for
ATR [39, 40]. It was demonstrated that in mam-
mals a small fraction of cellular ATR normally
exists in the cytoplasm (cytoATR) and that, in
response to DNA damaging agents, the amount of
this cytoATR increases and changes conforma-
tion, resulting in a slower-migrating, higher elec-
trophoretic band (ATR-H) as compared with the
faster-migrating, lower electrophoretic band
(ATR-L). The most efficient induction of ATR-H
formation was by UV irradiation, though it also
was induced by camptothecin and hydroxyurea,
agents which cause DNA double-strand breaks
(DSBs). Interestingly, the increase in cytoATR
appears to result from nuclear export and not
from new protein biosynthesis [40]. This nuclear
export of ATR-L and its conversion to cytoplas-
mic ATR-H by UV irradiation was observed in
normal human fibroblasts, transformed skin kera-
tinocytes, multiple human cancer cell lines, and
in transformed mouse embryonic fibroblasts [39].

It was found that the ATR-L is a prolyl trans-
isomer of cytoplasmic ATR while ATR-H is the
cis-isomer [39]. The formation of cytoplasmic
ATR-L (trans-ATR) from ATR-H (cis-ATR) is
mediated by peptidylprolyl cis/trans isomerase
NIMA-interacting 1 (Pinl) [39]; this enzyme is a
critical regulator of many biological processes in
both normal and diseased cells [41-47]. Since
ATR is naturally more stable in its cis-isomeric
form, newly-synthesized ATR is in the ATR-H
isoform but is quickly converted to the ATR-L
isoform by Pinl isomerization of the phospho-
Ser*®Pro*? site of the ATR protein [39]. This
isomerization converts Pro** from the cis- (ATR-
H) to the trans-isoform (ATR-L). Surprisingly,

this conformational change of only one out of
2644 amino acids is sufficient to reduce the elec-
trophoretic mobility of the ATR protein in 3—8%
gradient SDS-polyacrylamide gels, similar to
adding ~10 kilodaltons, to generate a clearly dis-
tinguishable higher band (ATR-H). The mecha-
nism of this protective response stems from
UV-induced changes in the phosphorylation sta-
tus of the Ser*®Pro*?’ site in ATR and the Ser”!
residue in Pinl. UV irradiation induces DAPK1
to phosphorylate Pinl at Ser’!, thus inactivating
the isomerase activity [48, 49]. The UV irradia-
tion also induces a dephosphorylation of the
phospho-Ser*®*Pro*? site in ATR, rendering it a
non-recognizable Pinl site [39]. Together, these
changes in phosphorylation status allow cytoATR
to assume the cis isoform, ATR-H. Although the
details of the UV-induced changes in DAPK1
kinase and the unknown phosphatase activities
remain to be elucidated these observations reveal
a very sensitive cellular sensor for ultraviolet
damage and ATR isomeric conversion.

Upon UV irradiation-induced DNA damage
ATR initiates the nuclear NER process to repair
the genome. To allow time for completion of this
repair the cell needs to stall two processes: cell
cycle progression, especially through S phase,
and the initiation of damage-induced cell death.
Cell cycle arrest is needed to allow time for DNA
repair and, thus, prevent the introduction of muta-
tions by replication through unrepaired CPD and
(64) PP damage sites. A classic feature of ATR
in response to UV damage is its phosphorylation
of Chkl kinase, which then phosphorylates other
proteins to arrest cell cycle progression [50].
UV-induced damage also can activate the intrin-
sic cell death pathway through the release of
mitochondrial cytochrome C into the cytosol
which activates caspase cleavage and eventual
apoptosis [51]. But how does ATR stall the onset
of apoptotic cell death to allow sufficient time for
cell recovery by repair of the CPD and (6-4) PP
damage? The answer lies in the interaction of
cytosolic ATR-H with the proapoptotic protein
tBid (truncated BH3 interacting-domain death
agonist) as described by Hilton et al. [39]. In
response to damage tBid promotes polymeriza-
tion of proapoptotic proteins Bax (bcl-2-
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associated X) and Bak (bcl-2 homologous
antagonist-killer) at the mitochondrial surface,
which induces cytochrome C release leading to
apoptotic cell death [51]. Hilton et al. surpris-
ingly found that ATR contains a BH3-like domain
which allows it to function like a prosurvival
Bcl-2 family protein. In the nucleus, ATR remains
in the form of ATR-L, regardless of UV, whose
BH3 domain appears to be masked in a folded
N-terminal region of the trans-isoform protein;
however, the N-terminus is unfolded in the cyto-
solic cis-isoform which exposes this BH3
domain, allowing ATR-H to bind to and seques-
ter tBid protein, thus delaying initiation of the
intrinsic cell death pathway [39]. Figure 4.1 illus-
trates how the cis- and trans-isoforms may affect
these changes in the accessibility of the BH3
domain in ATR-L vs. ATR-H isoforms, and how
the ATR-L form is necessary for the regulation of
XPA nuclear import and NER efficiency.
Nuclear ATR is well known for its association
with ATRIP, a necessary interaction which acti-
vates the kinase activity of ATR in addition to
localizing it to the RPA-coated ssDNA at damage
sites [4, 26-29]. This kinase activity is essential
for ATR’s activation of downstream proteins dur-
ing the DDR. In contrast, Hilton et al. found that
cytoATR is free of ATRIP, which remains seques-

tered in the nucleus after UV irradiation. Also,
the anti-apoptotic function of mitochondrial
ATR-H is independent of its checkpoint kinase
activity [39, 40]. Thus, the regulated cis- vs.
trans-isoform switching between ATR-H and
ATR-L allows distinct prosurvival functions of
ATR in the cytoplasm versus those in the nucleus
in response to UV irradiation. Particularly, the
cytoplasmic ATR-H prevents premature cell
death at mitochondria. This coordination of the
cytoplasmic anti-apoptotic and the nuclear cell
cycle arrest/DNA repair roles provides time for
damage repair before any decision on pro-
grammed cell death needs to be made. Note that,
once formed, ATR-H reaches a maximum within
2 h but persists in the cytoplasm for over 8 h, suf-
ficient time for most NER-competent cells to
repair all the (6-4) PP adducts and most, if not all,
of the CPD adducts [39, 40, 52]. Thus, this slow
re-isomerization of ATR-H to ATR-L may serve
as an internal timer of repair efficiency and death.

The novel finding of the cytoplasmic role of
ATR as an anti-apoptotic protein at mitochondria
highlights that much remains to be discovered
about the signaling molecules involved in the
DNA damage responses. These observations sup-
port previous findings that prolyl isomerization
of a single residue in a large protein may have

A. ATRH
ATRIP BD FAT PIKK
Flag| - — e
tBid
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XPA nuclear import

ATR-L + ATRIP (nuclear) ke
| i; _E

Fig.4.1 Possible alternative folding conformations of
ATR-H vs. ATR-L. There currently are no 3-demensional
structures described for ATR. The diagrammatic represen-
tations presented here are based on the predictions of
Hilton et al. for the N-terminal regions of ATR-H vs.
ATR-L [39]. A. The N-terminal region of ATR-H, which
has the cis-Pro*” isomer and an unphosphorylated Ser**,
is accessible to both tBid binding and to Flag antibody
binding. Thus, ATR-H is presented in an open conforma-
tion. B. In ATR-L, which contains a phosphorylated Ser***

l_:rﬂl‘
NER activity

and a trans-Pro*”, the BH3 domain is inaccessible to tBid
binding as is the Flag tag [39]. Thus, ATR-L is drawn with
a folded N-terminal region. The N-terminus of ATR con-
tains the ATRIP binding site; binding of ATRIP leads to
activation of the ATR kinase via interaction with the
C-terminal PIKK region [26-29]. Although speculative,
the lower diagram of ATR-L illustrates this folding of the
N-terminal region onto the C-terminal region, perhaps
mediated by ATRIP binding
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pleotropic effects on a protein’s structure and
function [47, 53]. Also, these cytoplasmic pro-
survival functions are not only novel for ATR
since ATM also displays similar stress functions
at peroxisomes in response to increased levels of
reactive oxygen species [54-58] and at mito-
chondria in response to DNA damage [59, 60].

ATR-XPA Interactions Are
Necessary for the Nuclear
Import of XPA

and for Efficient Nucleotide
Excision Repair

4.3

The data sheets accompanying nearly all com-
mercial anti-XPA antibodies recommended for
immunofluorescence studies by the suppliers
indicate that XPA is a protein located in the
nucleus only. This discrepancy stems from the
early studies in which formalin (2—4% para-
formaldehyde) was used for cell fixation [61, 62].
More recent immunofluorescence studies of
XPA’s subcellular distribution confirmed that in
para-formaldehyde-fixed cells the endogenous
protein was observed to be nuclear [63-65].
However, biochemical fractionation of millions
of cells into nuclear vs. cytoplasmic fractions
revealed that XPA occurs predominantly in the
cytoplasm of normal mammalian cells and that it
is translocated to the nucleus in response to DNA
damage, especially from UV irradiation [66—69].
These biochemical findings were confirmed by
immunofluorescence observations of methanol-
fixed cells [66—69]. We have observed that with
either fixative the anti-XPA antibodies revealed
XPA in the nucleus, but antibody detection of the
cytosolic XPA occurred only in cells fixed with
cold methanol. Methanol fixation extracts lipids,
dehydrates and permeablizes cells causing pro-
teins to denature and precipitate onto the cellular
architecture. In contrast, para-formaldehyde fix-
ation cross-links proteins and other macromole-
cules in place [70]. A possible explanation, then,
for the reported differences in the subcellular
localization of XPA with these two methods is
that methanol fixation disrupts the cloaking inter-
action between XPA and an as yet undescribed

cytosolic XPA sequestration protein (cXSP)
which sequesters XPA in the cytoplasm; the
methanol fixation with denaturation then exposes
XPA’s antigenic site; in contrast, para-
formaldehyde fixation locks this XPA-cXSP
complex in place, thus masking the XPA epitopes
in the cytosol. UV irradiation induces a disrup-
tion of this cytosolic XPA-cXSP complex, releas-
ing XPA for nuclear import and detection in
nuclei of cells fixed with methanol or para-
formaldehyde. This also could be true for other
so-called nuclear proteins.

Wu et al. reported that ATR regulated XPA
nuclear import in response to UV radiation [66,
71]. More recent studies by Li et al. have revealed
further important details of the cytosol-nuclear
translocation of XPA. The tumor suppressor pro-
tein p53 is a major downstream effector molecule
and phosphorylation substrate in the ATR-
mediated DDR. In support of earlier observations
[52, 66], Li et al. demonstrated that the nuclear
import of XPA in response to UV irradiation or
cisplatin treatment is ATR-dependent in normal
fibroblasts and in cancer cells that are p53 profi-
cient; XPA import also is dependent on the tran-
scriptional activity of p53 in these cells [68, 69].
In addition, this dependence on ATR checkpoint
activity is cell-cycle phase dependent, occurring
only during the S phase [68]. Most XPA remained
sequestered in the cytosol in the G, phase even
after UV treatment; in contrast, in G2-phase cells
the nucleus contained the majority of the XPA
molecules irrespective of UV irradiation.
Consistently, NER recently was found to recruit
ATR to the UV-damage sites and to activate ATR
in Gl-phase but not in S-phase [72-75].
Regulation of S-phase cytosolic XPA transloca-
tion into the nucleus by ATR is consistent with
previous findings that the peak activity of this
checkpoint kinase occurs in S phase as part of
normal DNA replication and also in response to
DNA damage [33, 76]. Li et al. observed that the
maximum UV-induced phosphorylation of Ser!'
of p53 occurred in S phase and that the NER
removal of CPD adducts also was most efficient
in S phase [68]. Recall that ATR binds to XPA via
the Lys!®® and Ser' residues in its HTH motif



46

P.R. Musich et al.

[52] and that these residues are important for the
efficient repair of CPD adducts.

Interestingly, the p53 status of cells signifi-
cantly influences the role of ATR in regulating
DNA repair after UV or cisplatin damage.
Although efficient NER removal of the damage
was dependent on ATR kinase activity in p53-
proficient (p53**) cells the repair process seemed
to be ATR-independent in p53-deficient (p53~-)
cells [68, 69, 76]. Consistently, nuclear import of
cytosolic XPA is dependent on p53 transcrip-
tional activity in p53** cells and occurs much
slower in p53~/~ cells, but the import still occurs
[69]. Thus, damage-induced ATR activation of
the p53 tumor suppressor protein appears to be a
primary but not the sole mediator of XPA nuclear
import in p53** vs. p53~'~ cells in S phase. The
cell cycle checkpoint kinases ATM, Chkl and
MK?2 appear not to have a role in XPA nuclear
import in p53** nor p53~'~ cells [68, 69].

The phosphorylation of XPA by ATR is essen-
tial for the NER function of XPA [71]. Shell et al.
found that ATR binds XPA via a specific helix-
turn-helix motif in the minimal DNA-binding
domain (DBD) and that this XPA motif contains
an ATR phosphorylation site (Ser'®) [52]. In
addition, disruption of this phosphorylation site
in XPA with a Ser'”Ala mutation significantly
reduced the repair efficiency of CPDs but not the
repair of (6-4) PPs. The nucleotide excision
repair of (6-4) PPs is generally much more effi-
cient than the repair of CPDs [77, 78] and the
above finding indicates that ATR’s phosphoryla-
tion of Ser!* in XPA is mechanistically important
in the repair of the more prevalent CPDs which
represent persistent UV damage. The phosphory-
lation of Ser' in XPA by ATR appears to stabi-
lize XPA against HERC2-mediated
ubiquitinylation and degradation [79].

Shell’s structure-function studies also found
that the Lys'®® residue, which is nearby in the
same helical DBD of XPA, was critical since a
Lys'®8Ala mutation disrupted the ATR-XPA
interaction, thus significantly reducing DNA
repair efficiency [80]. Moreover, the normal
UV-induced nuclear translocation of cytosolic
XPA was lost with the Lys'®Ala mutation.
However, the Ser'*°Ala mutation had no effect on

XPA’s nuclear translocation. The targeting of
XPA to the nucleus occurs via its nuclear local-
ization sequence (NLS) which contains basic
residues located at positons 30-34 of the 273
amino acid protein [61, 62, 67, 81]. This raises
the interesting and important question of how
XPA is normally held in the cytoplasm if it con-
tains a NLS sequence and its normal NER func-
tion is in the nucleus. One possibility is that XPA
is sequestered in the cytosol in normal cells via
association with ¢XSP, from which it is released
for nuclear import after a DNA damaging event
such as UV irradiation. Perhaps the stability of
the XPA-cXSP complex is disrupted by the phos-
phorylation of XPA at Ser'*® and/or by a post-
translational modification of the necessary Lys'
(i.e., acetylation). Note that highly over-expressed
XPA mutants lacking the NLS site can be detected
in the cytoplasm by immunofluorescence micros-
copy in para-formaldehyde fixed cells [62], indi-
cating that ¢cXSP may occur is physiologically
limiting amounts. This as yet uninvestigated
cytosolic XPA sequestration and release could be
one of the dynamic components of the
UV-induced damage response. Also, note that
AKAPI12 is normally a cytosolic protein associ-
ated with protein kinase A (PKA) but becomes
phosphorylated by ATR after UV irradiation and
then is transported into the nucleus in association
with ATR [30].

It is obvious that the DNA damage-induced
import of cytosolic XPA into the nucleus is a
highly regulated process. Mechanistic features of
this import process have been resolved in addi-
tional studies by Li et al. [67]. It was shown that
the NLS in the N-terminal region of XPA was
required for nuclear localization. In addition,
siRNA knockdown revealed that nucleo-
cytoplasmic transport proteins importin-o4 and
-o7 were required for XPA nuclear import, but
not the other importin-o proteins.
Co-immunoprecipitation studies demonstrated
that importin-a4 and importin-o7 mediate this
nuclear import by direct physical interactions
with XPA. However, these two carrier proteins
appear to serve different functions during the cell
cycle. Importin-o4 transport of XPA was acti-
vated by UV radiation and required functional
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ATR kinase activity, consistent with importin-o4
being responsible for the nuclear import of XPA
during the S-phase DNA damage response. In
contrast, importin-a7 functioned independent of
DNA damage and ATR kinase activation, per-
haps reflecting the observed nuclear import of
XPA in the G, phase irrespective of UV exposure
[68]. These features of XPA cytosolic localiza-
tion and cell cycle-dependent nuclear import in
response to UV irradiation are diagrammatically
summarized in Fig. 4.2.

Nuclear import of proteins requires a GTPase
to coordinate protein-protein interactions [82—
84]. XABI1 was observed in a yeast two-hybrid
system to be an XPA-binding protein with

GTPase activity [85]. However, Li et al.
demonstrated that XAB1 is not the GTPase
involved in XPA nuclear import [67]. Also, ques-
tions remain on how XPA is released from cXSP
in the cytosolic sequestration complex to bind to
the importin-a4 in S phase cells exposed to
UV. These authors demonstrated that there was
an increase in the XPA available for importin-o4
binding within 30 min after UV exposure; how-
ever, the mechanistic details of the cytosolic
DDR remain to be resolved. In addition, how the
cytosolic XPA sequestered by ¢XSP during G,
and S phases is released in non-irradiated cells
for importin-o7-mediated nuclear import in the
G, phase also remains to be elucidated.
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Fig. 4.2 Normal and UV-induced redistribution dur-
ing progression through the cell cycle in p53-competent
human cells. This model is based on the studies of Li
et al. [67-69] In non-damaged cells in the G, phase XPA
(X) is mostly located in the cytosol, likely bound to cXSP
(C), a hypothetical cytosolic XPA sequestration protein.
Exposure of G, cells to UV does not change this distribu-
tion. Likewise, in S phase cells XPA is mostly cytosolic;
however, UV exposure induces a release of XPA from

3

X =XPA
C =cXSP

c¢XSP and a translocation of XPA into the nucleus. This
XPA nuclear translocation in S phase requires the impor-
tin o4 transport protein and is ATR kinase- and p53-
dependent in p53-competent cells. XPA is primarily
located in the nucleus in G, phase cells, transported there
via importin o7 in a process independent of UV exposure.
The XPA redistributes to the cytosol during the M-G;
phase transition and reassociates with cXSP
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4.4 Does XPA Have a Cytosolic
Function Outside of

Nucleotide Excision Repair?

Why is the XPA protein localized in the cytosol
of normal (non-DNA damaged) cells during G,
and S phases of the cell cycle, but not in the G,
phase? Does its complex with ¢XSP provide a
cytosolic function in G, and S phases, and/or is it
sequestered there to prevent interference with
ongoing nuclear processes?

In addition to high dermatological sensitivity
to sunlight XP patients, especially those with an
XPA deficiency, often suffer from neurological
deficiencies and an early-aging phenotype [2],
likely due to non-NER mechanisms as exoge-
nous, genotoxin-induced bulky adducts would
not be a concern. XPA interacts with a variety of
XP and other proteins during the DNA repair
process in the nucleus [67-69, 81, 86-88], but
interactions with cytosolic proteins have not been
described. Are these non-NER features of XPA
deficiency related to XPA’s cytosolic location,
especially in the Gy/G, phase status typical of
neurons, cardiomyocytes or other differentiated
cell types? Other than the descriptions of its
UV-induced cytoplasmic-to-nuclear transloca-
tion [52, 66—69], possible XPA binding partners
and/or functional roles in the cytosol have
received little to no attention. One possibility
might be that cXSP, the proposed cytoplasmic
sequestration factor to which XPA is bound in
normal G, and S phase cells, influences abnor-
mal, dis-regulatory activity in XPA~/~ cells lead-
ing to deleterious metabolic events. Using a
bioinformatics analysis Fang et al. observed that
the XPA~~ phenotype includes neurological fea-
tures similar to mitochondrial diseases, and
results in abnormal mitochondrial energy metab-
olism, even though cytoplasmic XPA in XPA-
proficient cells was absent from the mitochondrial
matrix [89]. They also reported increased
poly(ADP-ribose) polymerase 1 (PARP1) activ-
ity, resulting in higher parsylation of cellular pro-
teins resulting in NAD* depletion, thus reducing
mitochondrial energy generation. They observed
that the reduced level of NAD* downregulated
SIRT1, a NAD*-dependent deacetylase involved

in regulating mitochondrial homeostasis and
XPA repair activity [90-92]. Fang et al. assumed
that the PARP1 was activated in XPA~'~ cancer
cells and neurons by an increased level of basal
nuclear DNA damage [89]. However, the pres-
ence of a basal level and the type of DNA damage
occurring in the XPA™~ cells was not demon-
strated. In addition, as reviewed by Weaver and
Yang [93], PARPI activation can be induced by
stress responses other than DNA damage, includ-
ing the ERK-1 [94, 95] and Notch/HES-1 [96]
signaling pathways and intracellular calcium
overload [97]. In addition, XPA and PARPI1
appear to have regulatory interactions which
would be upset in the XPA~~ cells [98]. These
studies and their interpretation are complicated
further by the observed cell-type specificity of
PARP1 activation [95-97]. Resolution of these
ambiguities rest, in part, on an elucidation of the
cXSP cytosolic binding partner of XPA which
sequesters this NER protein in the cytosol in nor-
mal G, and S phases of the cycling cell and in the
G,/Gq states of the non-cycling, highly differenti-
ated cells. There are multiple possibilities since
XPA has been described as a highly flexible scaf-
fold protein capable of interacting with numerous
proteins simultaneously [81, 88]. Future studies
also are needed to elucidate XPA’s possible cyto-
solic binding partner(s) in the G, and S phase
cells, their biochemical properties, and possible
normal function after XPA dissociation in G, and
M phases.

Non-NER Functions of XPA
in the Nucleus

4.5

XPA functions as an essential component of the
DNA damage repair complexes for both GG-NER
and TC-NER. In addition, XPA binds to ds-
ssDNA junctions with a significantly higher
affinity (Kd = 49.1 £ 5.1 nM) [99] than it’s spe-
cific binding to bulky DNA Ilesions (Kd =200 nM)
[100]. This suggests that, in addition to DNA
damage recognition/verification, XPA may bind
independently to and stabilize such ds-ssDNA
junctions during the NER process and/or during
other types of DNA metabolism. Hilton et al.
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recently demonstrated that in binding to ds-
sSDNA junctions XPA employs a larger DNA-
binding domain [101] than was previously
described for repair substrates [102, 103].

How might this essential biochemical affinity
for ds-ssDNA junctions relate to XPA’s cytoplas-
mic restriction during S phase and XPA’s perfor-
mance of non-NER functions in cells?
Hutchison-Gilford progeria syndrome (HGPS)
patients suffer from a variety of laminopathy ail-
ments due to a sporadic deficiency in the proteo-
Lytic processing of the precursor form of lamin A
into the mature protein. The aberrantly processed
protein produced is called progerin, a truncated
form of lamin A with a hydrophobic farnesylated
C-terminal [104—111]. HGPS cells with progerin
accumulation exhibit a reduced replicative lifes-
pan plus a deficiency in the repair of endogenous,
laminopathy-induced DNA  DSBs, which
increase with age [112, 113]. These DNA metab-
olism deficiencies also correlate with a proteo-
lytic truncation of replication factor C1 (RFC1)
[114] and a sequestration of proliferating cell
nuclear antigen (PCNA) in a complex with
progerin [115]. Both the intact RFC complex and
PCNA are essential replication factors and are
needed for loading the replicative polymerase
onto DNA [116, 117], thus accounting for the
reduced replicative lifespan of HGPS cells [112,
118]. Interestingly, cellular nucleotide excision
repair protein XPA misaccumulates at the DSB
sites consisting of ds-ssDNA junctions even
though XPA never has had a documented role in
DSB repair, causing these breaks to become pro-
gressively devoid of DSB repair proteins [113].
Those DSBs appear to be generated from stalled
and collapsed replication forks in
HGPS. Depletion of XPA in these aging HGPS
cells significantly relieves the deficiency in DSB
repair, possibly by shifting the binding of avail-
able free PCNA to these XPA-free junctions
[115]. These observations suggest that as HGPS
cells age progerin accumulates and sequesters
PCNA, resulting in collapsed replication forks
with DSBs and ds-ssDNA junctions to which
XPA binds. Although this XPA binding may limit
access to DNA DSBs repair proteins, it appears
that the binding could stabilize the forks and pre-

vent the HGPS cells from progerin-induced
apoptosis [115].

These potential non-NER roles allow for
interesting speculation concerning XPA’s pleio-
tropic functions and those of it’s as-yet unde-
scribed binding partners (i.e., cXSP) and will
lead to many interesting experimental studies.

4.6 Conclusions

XPA is indispensable for both transcription-
coupled repair and global genomic repair, and,
thus, has a central and critical role in the NER
process. Recent studies have revealed that XPA is
kept in the cytosol in non-UV irradiated cells
where it may be sequestered by a cytosolic XPA-
binding protein, here termed c¢XSP. This subcel-
lular distribution can be easily detected by
immunofluorescence microscopy if the cells are
fixed in cold methanol but not in cells fixed with
p-formaldehyde. In the S phase UV irradiation
induces a translocation of XPA into the nucleus
for NER of UV-induced adducts. This S phase
nuclear import is facilitated by XPA binding to
by the transport protein importin-o4 (Fig. 4.2). In
contrast, cells in G, phase retain XPA in the cyto-
sol while XPA is mostly located in the nucleus in
the G, phase; both the G, and G, phase distribu-
tions are largely independent of UV irradiation.
Importin-a7 facilitates the G, phase nuclear
import of XPA. The S phase nuclear import of
XPA is dependent on the kinase activity of ATR
and on the tumor suppressor protein p53, which
also is activated by the ATR kinase.

The ATR protein has multiple roles in regulat-
ing the NER process. In response to UV damage
ATR regulates the NER process via its phosphor-
ylation of numerous cell cycle control and DNA
repair proteins. One of these is XPA; its phos-
phorylation by ATR is required for its essential
role in NER of persistent CPD adducts. In addi-
tion, ATR kinase activity is required for the
cytosolic-to-nuclear translocation of XPA by
importin-o4 during S phase, the period when
ATR kinase activity is at its highest. In addition
to these kinase-dependent DDR nuclear func-
tions a recent study reports an important cytosolic,
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kinase-independent role for ATR in moderating
the intrinsic cell death response induced by UV
irradiation. Surprisingly, newly formed ATR is a
cis-conformer (ATR-H) at the Pro** residue but
the nuclear ATR is isomerized into the trans-iso-
mer (ATR-L) by the proline isomerase Pinl. It is
likely that the prolyl isomerization of ATR may
change the conformation of ATR between an
unfolded structure to expose its BH3 domain and
a folded structure making BH3 inaccessible; the
former is able to bind to and sequester the pro-
apoptotic factor tBid at the mitochondrial surface
to prevent initiation of the intrinsic apoptosis,
thus allowing time for DNA repair.

XPA binds to ds-ssDNA junctions, such as
those found at exposed replication forks and
DNA regions undergoing repair. This binding,
which is not necessarily unrelated to XPA’s NER
activity, is stronger than its binding to bulky DNA
adducts. Prematurely-aging progeroid cells accu-
mulate progerin, an abnormal form of lamin A
and suffer from an accumulation of DNA DSBs
and stalled replication forks. Interestingly, these
sites are exposed due to sequestration of PCNA
by progerin, allowing XPA to bind to these DSB
sites and stalled forks.

These studies have revealed several potential
sites for therapeutic intervention to enhance the
chemotherapy of cancer cells and/or the survival
of progeroid cells.
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Impact of Ultraviolet Light
on Vitiligo

Rasnik K. Singh

Abstract

Vitiligo is a disorder of the melanocytes that results in a dynamic spectrum
of skin depigmentation. Its etiology is complex and multifactorial, with
data supporting several different hypotheses. Given its prominent pheno-
type, vitiligo has a significant negative impact on quality of life. Coupled
with the chronic and incurable nature of the disease, this presents a formi-
dable treatment challenge. Several treatment modalities have been insti-
tuted over the years, with varying efficacy. This chapter focuses on the use

of ultraviolet light in vitiligo as an established therapeutic option.
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5.1 Introduction

Vitiligo is a chronic persistent disease of the
skin’s pigment-producing cells with an estimated
worldwide prevalence of up to 2%. Half of all
cases have their onset before age 20 [1]. Disease
onset before 3 years of age, in particular, has
been associated with a more extensive and pro-
gressive course [2]. Epidemiologic studies sug-
gest that all skin types and races, as well as both
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sexes, are equally affected [3, 4]. Although the
disease phenotype of patchy depigmentation is
more noticeable in darker skin types, vitiligo has
a significant impact on quality of life for all those
affected [5, 6]. Multiple treatment options cur-
rently exist, including lasers, topical corticoste-
roids, calcineurin inhibitors, and vitamin D
analogues, as well as phototherapy. Camouflaging
with dermatological-grade makeup is another
option for more immediate results.
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5.2  Vitiligo Types

Vitiligo is classified broadly into non-segmental
(NSV) and segmental (SV) types. NSV, which
accounts for 85-90% of all cases, manifests with
multifocal symmetrically distributed lesions.
Several subphenotypes of NSV have been
described, including mucosal, acrofacial, gener-
alized, and universal [7]. SV accounts for
10-15% of cases and is characterized by a unifo-
cal lesion in a band-shaped distribution [8].
Studies suggest that in general, SV has earlier
onset and tends to stabilize over the course of a
few months. On the other hand, NSV more often
exhibits long-term disease progression [9].

5.3  Vitiligo Pathophysiology
Several hypotheses have been generated to define
the pathophysiology of vitiligo; however, the dis-
ease remains poorly understood. The genetic
component is thought to be complex and multi-
factorial, with many susceptibility loci identified
through genome-wide association studies [10-
13]. Monozygotic twin studies reveal a relatively
low concordance rate of 23%, indicating an addi-
tional strong environmental component [14].
Various groups have investigated a neural hypoth-
esis, in which neurogenic inflammatory media-
tors are released that are directly toxic to
melanocytes [15, 16]. A redox hypothesis sug-
gests that overproduction of reactive oxygen spe-
cies (ROS) in the skin may be toxic to critical cell
components, leading to melanocyte destruction
[17]. Finally, an autoimmune hypothesis with
contributions from cell-, antibody-, and cytokine-
mediated mechanisms is also supported.
Specifically, evidence suggests a role for cyto-
toxic T cells, autoantibodies against tyrosine
hydroxylase and pigment cell-surface antigens,
and the Thl, Th2, and Th17 programs [18-20].
Interestingly, vitiligo has also been significantly
associated with several autoimmune conditions,
including thyroid disease, alopecia areata, inflam-
matory bowel disease, pernicious anemia, Sys-
temic lupus erythematosus, myasthenia gravis,
and others [21].

5.4  Ultraviolet Light Therapy

(Phototherapy)

The ultraviolet (UV) light spectrum is divided
into ultraviolet A (UVA) (400-320-nm), ultravio-
let B (UVB) (320-280 nm), and ultraviolet C
(UVC) (280-200 nm) portions. UVB is subcate-
gorized as either narrowband (313-311 nm) or
broadband (320-280 nm). Phototherapy involves
consistent cutaneous exposure to specific wave-
lengths of ultraviolet light under medical super-
vision for treatment of an underlying condition.

5.4.1 Cellular and Molecular
Changes Associated

with Phototherapy

Phototherapy is currently a well-accepted thera-
peutic modality for several skin diseases, includ-
ing psoriasis, atopic dermatitis, and vitiligo [22].
Ultraviolet light is thought to work by multiple
mechanisms to modulate disease phenotype. For
instance, it has been shown to regulate antigen
presentation, with marked reduction in numbers
of Langerhans cells [23]. It has also been shown
to induce apoptosis and regulate cytokine secre-
tion of macrophages [24]. The downstream
effects include dampening of cytotoxic and
helper T-cell activity with concomitant induction
of regulatory T cells [25]. In particular, narrow-
band UVB has been shown to decrease inflam-
matory Th17 cell abundance as well as serum and
tissue IL-17 levels [20].

Finally, phototherapy is also thought to act on
the innate arm of the immune system by antago-
nizing both neutrophil and NK cell activity [26].

Phototherapy is thought to affect repigmenta-
tion in vitiligo by stimulating follicular melano-
cytes to migrate upwards to the epidermis [27].
This results in the perifollicular repigmentation
pattern classically seen after UV light treatment.
Narrowband UVB has also been shown to pro-
mote release of keratinocyte-derived fibroblast
growth factor and endothelin-1, which in turn
leads to local proliferation of melanocytes [28].
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5.5 Phototherapy in Vitiligo

Vitiligo is evaluated quantitatively by first divid-
ing the body into 6 regions: face/neck, trunk,
upper extremities, lower extremities, hands, and
feet. For each region, the affected body surface
area measured in ‘hand units’ is multiplied by the
extent of depigmentation (e.g. 0.25, 0.5, 0.75,
1.0). The summation of these products across all
body sites is known as the Vitiligo Area Scoring
Index (VASI) [29]. Treatment response is often
reported as a change in VASI score or more gen-
erally, as an assessed percent value of repigmen-
tation. More than 75% repigmentation is thought
to be cosmetically acceptable. Changes in VASI
score are characterized on a wide scale from
“very much worse” to “very much improved”,
with several intermediate milestones. At the
extremes are changes of -50 and +50,
respectively.

Narrowband UVB or UVA in combination
with an oral or topical photosensitizing drug such
as 8-methoxypsoralen (PUVA) have been used
for decades in patients with vitiligo. Phototherapy
is typically administered two to three times per
week at a fixed starting dose ranging from 100 to
280 mJoules/cm?. Dosage can be increased by
10-20% at each subsequent visit, as tolerated,
until development of a mild erythema. For PUVA
therapy, the photosensitizing agent is given prior
to light exposure. Eye and genital photoprotec-
tion with goggles, shields, and/or towels is always
recommended to prevent unnecessary exposure
to UV radiation [22]. 100-200 treatment sessions
are typically required to maximize and optimize
pigment induction.

5.5.1 Efficacy

Prior to development of the most recent guide-
lines for the treatment of vitiligo in 1999, PUVA
was a mainstay therapy for the generalized type.
PUVA has been shown to induce repigmentation
[30]. With the development of narrowband UVB
and subsequent data supporting its application in
psoriasis, several studies were conducted to addi-
tionally determine its efficacy in vitiligo. Rates of

cosmetically acceptable repigmentation have
been reported to range from 12.5% [31] to 75%
of patients receiving narrowband UVB. The
higher response rates were observed in Indian
cohorts [32, 33]. Along those lines, evidence sug-
gests that narrowband UVB is more likely to lead
to satisfactory repigmentation in patients with
darker skin types, facial lesions, and whom dem-
onstrate treatment response within the first month
[34]. Although unclear, facial lesions may repig-
ment better than acral sites due to a higher native
density of hair follicles, which in turn are mela-
nocyte reserves [35]. Relapse after discontinua-
tion of narrowband UVB therapy is reported in
up to 44% of patients, however, the disease usu-
ally responds to an additional course of treatment
[29].

Many studies have directly compared the effi-
cacy profiles of narrowband UVB and
PUVA. These found narrowband UVB to be as or
more efficacious with more stable repigmenta-
tion and fewer side effects than PUVA [36-39].

Narrowband UVB has also been investigated
in combination with several other agents, includ-
ing antioxidants, folic acid, vitamin B12, topical
vitamin D analogues (calcipotriene, calcipotriol,
and tacalcitol), and tacrolimus. Addition of folic
acid, vitamin B12, or calcipotriene was not
shown to increase efficacy over UVB monother-
apy in any studies; however, addition of tacalci-
tol, calcipotriol, or antioxidants had variable
results. Combination therapy with PUVA and
calcipotriol has also been studied, with variable
results [40].

5.5.2 Safety

Adverse effects of phototherapy can be charac-
terized as acute or chronic. Acute adverse effects
include erythema, pruritus, tanning, xerosis, and
rarely burning or blistering [22]. Chronic adverse
effects include photoaging [41]. Skin cancer, as a
chronic adverse effect of phototherapy in vitiligo
remains, controversial. Interestingly, on the
whole patients with vitiligo have been shown to
have a decreased risk of melanoma and non-
melanoma skin cancer (NMSC) than the general
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population [42, 43]. This is thought to be due to
the anti-melanocyte immune response and
increased wild type p53 tumor suppressor gene
levels that occur in the disease [44]. In one study,
subgroup analyses of patients treated with nar-
rowband UVB or topical or oral PUVA did not
demonstrate increased prevalence than untreated
patients [43]. A separate study, however, demon-
strated that vitiligo patients receiving photother-
apy did have a higher risk of both melanoma and
NMSC than their untreated counterparts [42].
More data need to be collected to clarify the risk
for carcinogenesis associated with phototherapy
in vitiligo. A number of reports are available,
however, suggesting that PUVA therapy for other
skin disorders including psoriasis and mycosis
fungoides leads to increased incidence of non-
melanoma skin cancer [45, 46]. Therefore, vitil-
igo patients receiving long-term treatment with
ultraviolet light should be followed closely.

5.6 Conclusion

Vitiligo is a chronic persistent disease of melano-
cytes with a complex etiology thought to derive
from genetic, autoimmune, neural, and redox
mechanisms. There are multiple treatment
options with varying efficacy, including targeted
lasers, topical corticosteroids, vitamin D ana-
logues, and calcineurin inhibitors, as well as pho-
totherapy. Phototherapy is particularly useful for
the generalized subtype of vitiligo given its ease
of widespread administration compared to topi-
cal therapy. The use of phototherapy in vitiligo
has evolved from PUVA to largely narrowband
UVB over the past couple of decades and is a
mainstay of treatment given its favorable efficacy
and safety profiles, as well as reasonable cost.
Long-term risks of phototherapy in vitiligo—in
particular for melanoma and non-melanoma skin
cancer—are still unclear, necessitating further
studies.
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Polymorphous Light Eruption

Marcella Guarrera

Abstract

Polymorphous light eruption (PLE) is the commonest immuno-mediated
photodermatosis. It occurs after solar or artificial UV-light exposure and
affects only the sun-exposed areas with preference of the V-area of the
chest, of arms and forearms, legs, upper part of the back, and rarely the
face. The lesions are itching or burning, and vary morphologically from
erythema to papules, vesico-papules and occasionally blisters, plaques,
sometimes erythema multiforme-like, insect bite-like wheals and purpura.
The clinical manifestations befall within a few hours to days from light
exposure, last a few days, and subside in about a week without sequelae.
Its diagnosis is based on history, morphology and phototests. PLE is con-
sidered as a delayed hypersensitivity response to newly UV induced, but
still unidentified, antigen(s). Usually, MED is normal, but the provocative
phototests with UVA or UVB reproduce the spontaneous lesions in about
50% of the patients. Broad spectrum sunscreens and antioxidants, photo-
hardening with PUVA or narrow band UVB may be beneficial to prevent
the disease. Therapy is based mainly on topical or systemic
corticosteroids.
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6.1 Introduction

Polymorphous light eruption (PLE), once called
idiopathic, is the commonest immuno-mediated
M. Guarrera (P<) photodermatosis. The first description dates back
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defined as eczema solare some recurrent non
scarring eczematous lesions provoked by sun-
exposure. PLE has been labeled also solar derma-
titis, summer prurigo and sun allergy. The present
title is due to Rasch in 1900 [2].

6.2 Epidemiology

PLE affects both genders, but women are most
affected (f/m ratio 3:1-7:1) [3], and all ages,
mostly adulthood [4]. Apparently, the prevalence
depends on the latitude: about 21% in Scandinavia
[5], 10~15% in northern United States [6] and
United Kingdom [7], but only 5% in Australia
[8], 1% in Singapore [5], and 0.6% in India [9].
In Italy, it occurs in 6% of the population [10],
less than in some other European Countries
(18%) [11]. It affects all skin types, preferring the
fair ones, and all races with an apparently para-
doxical prevalence (86%) in African-Americans
[12, 13]. A positive family history can be found
in one-sixth of patients [6] or even more [14].

6.3  Clinical Manifestations

PLE lesions occur always after solar or artificial
UV-light exposure and affect only the sun-
exposed areas with preference of the V-area of
the chest, arms and forearms, legs, upper part of
the back, and in the severest forms also the face.
They are always itching or burning, but vary mor-
phologically (explaining the adjective “polymor-

phous” or “polymorphic”) from erythema to
papules, vesico-papules and occasionally blis-
ters, plaques, sometimes erythema multiforme-
like, insect bite-like wheals and purpura [5, 15]
(Figs. 6.1, 6.2, 6.3, 6.4 and 6.5). In the same
patient, however, the lesions are monomorphic.
Often, itching or burning shortly herald the
appearance of the lesions.

The clinical manifestations befall within a few
hours to days from light exposure, last a few days,
and subside in about a week without sequelae but
rare small hyper- or hypopigmentations. PLE may
last for many years in several patients, often recur-
ring annually in the same season, improves over
the years in others, and sometimes remits sponta-
neously [16]. Usually, there are no systemic
symptoms. Chills, headache, fever and nausea

Fig.6.2 PLE plaques on the hand

Fig.6.1 Papular PLE of the chest

Fig.6.3 Vesico-papular PLE of the dorsum
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have been described, but they probably result
from heatstroke or sunburn [5].

Particular forms have been reported, such as
PLE sine eruption [17], pinpoint papular eruption
[18, 19] especially in individuals with skin type
IV-VI, characterized by 1-2 mm pinpoint pap-
ules, similar to the pinhead papular eruption form

Fig.6.4 Erythema multiforme-like PLE of the arm

Fig.6.5 Vesico-papular PLE of the arm

[20], persistent PLE after UVAI1 therapy [21],
PLE of the elbows [22, 23], solar brachioradial
pruritus [24], that needs to be distinguished by
the cervical spine disease form [25].

There are variants that should be distin-
guished, such as Juvenile spring eruption [26,
27] characterized by itching papules and vesi-
cles of the ears in young boys occurring in
spring, and Actinic prurigo, which is character-
ized by persistent, pruritic, excoriated, papular
or nodular eruption of sun-exposed and unex-
posed areas in childhood often present also in
winter. Actinic prurigo is a typical manifesta-
tion of native American people, in whom it is
often hereditary with the presence of HLA
DR4 in about 90% of cases and, in particular,
the subtype DRBI1#0407 present in 60% of
cases [28-30]. Hydroa aestivale-vacciniforme is
characterized by groups of vesicles with crusts
that leave vacciniform scars on the face, chest
and dorsum of the hands, more often in women
in their first decade of life [31]. Another variant
is the Benign summer light eruption (BSLE)
[32], which affects mostly young women on the
upper chest with small pruritic papules, shortly
after an intense UV-light exposure and without
annual relapse. In 2011, an Italian multicenter
study [33] tried to distinguish BSLE and classi-
cal PLE enrolling 346 patients with typical clin-
ical history and/or presentation of PLE, on the
basis of some clinical and laboratory criteria.
The studied criteria distinguished only a minor-
ity of BSLE patients. BSLE may be considered
as a mild form of PLE [33], it is always positive
to UVA-induced phototest, and is probably more
frequent, but often goes unobserved by derma-
tologists because its mildness simply prevents
their visit. This conclusion has been shared by
others [34, 35].

6.4 Histology

and Immunohistochemistry

The histology of PLE is not specific in accor-
dance with the polymorphic clinical patterns, and
depending also on the timing of the biopsy.
Characteristic feature is a moderate to intense
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Fig. 6.6 Histopathology of PLE showing papillary
edema and middermis lymphocytic infiltrate

perivascular T cell infiltrate [36] and the edema
in the upper part of the dermis (Fig. 6.6), even
though the latter may be observed in LE and der-
matomyositis [37]. In the papular form, the
edema of the papillary dermis is common, focal
dyskeratotic cells and slight vacuolar alteration
of the basal layer can be observed. The plaque-
type PLE exhibits also a band like mononuclear
cell infiltrate. The papulovesicular form shows
spongiotic microvesicles, marked subepidermal
edema, extravasation of erythrocytes and a
mixed, mainly lymphocytic, dermal infiltrate.
Lastly, the eczematous form shows parakeratosis,
acanthosis, spongiosis and sporadic dyskeratosis.
Immunohistochemistry shows an increase of
Langerhans cells (OKT6) in the epidermis. The
direct immunofluorescence is not contributory.

6.5 Diagnosis

Diagnosis is not difficult. Taking the history of
sun or artificial light exposure (either profes-
sional or not), excluding the possible responsi-
bility of photosensitizing cosmetics or drugs,
and the clinical examination (morphology and
the sun-exposed site of the pruritic lesion are
highly suggestive). The age of the first mani-
festation, the interval from the light exposure
(latency time), the duration and the seasonality
are also helpful data, and a series of phototests
may be confirmatory. MED (minimal erythema
dose), the provocative UV phototests, patch

and photopatch tests, the porphyrins blood lev-
els and the antinuclear antibodies (ANA)
assessment are mandatory. Biopsy may be
helpful.

6.6 Differential Diagnosis

The commonest differential diagnoses are solar
urticaria, which develops just a few minutes after
sun-exposure, the rare photosensitive erythema
multiforme, which occurs after intake of drugs
like carbanilides, phenylbutazone and aflaqua-
lone and affects the oral mucosa as well [38], and
the photocontact allergic dermatitis, in which the
photopatch tests are diagnostic. It should not be
forgotten that PLE patients may also be suffering
from photocontact allergic dermatitis.

The most important disease to be considered
in the differential diagnosis, however, is systemic
lupus erythematosus (SLE). Classically, SLE
lesions last more than 2 weeks, and are accompa-
nied by positive serology and direct immunofluo-
rescence. Although ANA may be present in PLE
as well, they do not exceed the 1:80 dilution. Ro
(SSa) and LA (SSb) antibodies, which character-
ize the photosensitive LE subset (SCLE), are
absent in PLE. Nonetheless, a relationship
between the two diseases probably exists, though
denied by some Authors [16, 39—42]. In fact,
about 10% of PLE patients with positive ANA
develop SLE over time [43], PLE symptoms have
been reported in 50% of LE patients and LE diag-
nosis has been done in PLE patients up to 7 years
after the PLE onset [44]. ANA may already
be present many years before in 78% of PLE
patients who are destined to develop LE, though
there is no way to predict such an outcome [45].
Lastly, PLE symptoms have been described in
60% of DLE or SCLE patients and are more fre-
quent in LE patients’ relatives [46].

6.7 Pathogenesis

After the great intuition of Epstein [47], many
details help consider PLE as a delayed hypersen-
sitivity response to UV induced, but still uniden-
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tified, antigen(s). The delayed occurrence of the
lesions, the HLA-DR expression at least in 50%
of patients, the pro-inflammatory cytokines and
adhesion molecules expression are indicative
findings. In addition, the presence in the dermis
of T CD4+ cells within 72 h and, later, T CD8+,
the presence of macrophages 1-5 h after irradia-
tion, the increasing numbers of Langerhans cells
in 5 h after UV exposure, the improvement after
immunosuppression therapy, all justify such a
conclusion.

The abnormal immune response has been
attributed to the resistance of the PLE patients
towards the immune suppressive effects of sun-
light [48]. The exact UV-induced immunosup-
pression mechanism and the relative contribution
of UVB and UVA in healthy subjects are as yet
unclear, but the expression of TNF-alpha, IL-4
and IL-10 and the Langerhans cell depletion
seem to be crucial phenomena [49]. In PLE, the
resistance to immunosuppression is documented
by a reduced expression of TNF-alpha, IL-4 and
IL-10 and by an impaired Langerhans cell and
neutrophil migration into the epidermis [50].
Incidentally, the UV-induced immunosuppres-
sion is lower in healthy women [51], possibly via
17p-estradiol [52] or estrogen receptors [53],
explaining the disproportionate prevalence of
PLE in women. Moreover, the disease can be
favored by oral contraceptives and pregnancy
[54], and, personally, I observed that, usually,
PLE may occur during the first pregnancy
(unpublished data).

Genetic factors also play a role, though with
poor penetrance [55, 56]. There is no difference in
the prevalence of the disease between monozy-
gotic and dizygotic twins [7, 56], and a reverse
link to glutathione-S-transferasel allele, which is
protective against the pathogenetic role of ROS,
was advocated [57], but not confirmed [58].
However no gene has been identified till now.
Heat-shock protein immunoreactivity has been
suggested [59]. In fact, the heat-shock protein
expression increases in keratinocytes and endo-
thelial cells of dermal blood vessels in experimen-
tal PLE, 1 h to 6 days after UVR exposure [7].

Moreover, abnormalities in arachidonic acid
metabolism, especially in the severest forms, and

in prostaglandins have been reported [7]. The
mentioned role of ROS would be confirmed by
the decreased levels of epidermal (by 30%) [60]
and blood catalase, superoxide dismutase and
vitamin E levels [61] and of the global serum
antioxidant capacity [62, 63].

Lastly, the 25-OH-vitamin-D3 serum level is
lower than in controls, but may be increased after
a prophylactic treatment with narrow band UVB
[64]. PLE, like other severe photosensitive dis-
eases, would be at high risk of low vitamin D sta-
tus [65], which would contribute to the
autoimmune process [66].

6.8 Photobiological

Investigations

Most patients (almost 50% according to some
Authors) [67] have a normal MED both to
UVB or UVA, and do not react to Visible and
Infrared lights [5, 33, 67]. Researchers do not
agree as for the prevalence of the response to
the provocative phototest and, furthermore, the
action spectrum is still unclear. The positive
reactions range from 47% up to 90% [15, 33,
42, 67-72]. The discrepancy may depend on
numbers of variables, such as the different
light sources, the number of the UV exposures
or different UV light doses, the size of the irra-
diated skin area (exposed or not exposed, pre-
viously affected by the lesions or not) and the
season in which the phototest is done. In brief,
it depends on the lack of standardized pho-
totest protocol. By irradiating an area divided
into three parts, one receiving only UVA, one
receiving only UVB and the middle one receiv-
ing both UVA and UVB (which is more similar
to the natural sunlight irradiation) (Fig. 6.7), a
positive reaction in the middle has been
obtained in 10% of patients, a reaction that
otherwise would be missed [33]. Generally, the
provocative phototest, preferably on a previ-
ously involved skin area, yields positive
response to UVA light in about 50% of patients.
The best total doses may be 0.75-1.5 UVB
MED, and 30-50 J/cm? for UVA for 3-5 con-
secutive days. The reading should be done the
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Fig. 6.7 Positive phototest to UVB and with less inten-
sity to UVA. The figure shows the three areas irradiated
with UVA, with UVB and in the middle one with both
UVA and UVB

same day of irradiatons and repeated daily for
up to 1 week. UVC as well may provoke PLE
[73] as it has been described in welders [74].
Patch and photopatch tests are positive in about
7-10% of PLE patients [33, 75], although
higher rates of positive results have also been
reported [67]. Sunscreens are mostly responsi-
ble because of their large use.

6.9 Prognosis

PLE lasts for many years, often improving over
time. In a study conducted for 7 years, 11% of the
patients completely cleared [41], 24% in a
32-years follow up study [16] and 9% in a study
in Mediterranean area [76]. The improvement is
often obtained by educating the patients to avoid
sunlight or to use topical and systemic
photoprotection.

About 22% of PLE patients, mostly women,
develop an autoimmune disease including thy-
roid dysfunction [16] especially autoimmune
thyroiditis (8.7%) [76], and, as mentioned above,
SLE in 2-10% [16, 33, 43]. On the contrary, PLE
bears less risk of skin cancer [77].

Co-morbidities of PLE are respiratory allergy,
such as asthma and allergic rhino-conjunctivitis
[76], atopic eczema (19.8%) [33] or other photo-
sensitive diseases like solar urticaria [78].

6.10 Quality of Life

In 40% of PLE patients, the psychosocial impact
(greater in women) [79] leads to discomfort and
loss of quality of life in spring and summer [80]
and to high levels of anxiety and depression [81].

6.11 Prevention

The best prevention of PLE is avoiding UV light,
but practically, especially in the southern
Countries, such prescription 1is unrealistic.
However, wearing clothing and hats and using
broad spectrum sunscreens is useful. Broad spec-
trum sunscreens with a high UVA and UVB pro-
tection factor, may be beneficial in mild forms,
even with only 1 mg/cm? (a minor thickness than
guidelines suggest)[82]. Topical vitamin D3 ana-
logs such as calcipotriol [4] may be useful.
Sunscreens containing liposomal DNA repair
enzymes, such as photolyase from Anacystis
nidulans and T4 endonucleases from Micrococcus
luteus lysate [4], proved to be effective. In addi-
tion, ectoin, a natural substance from halophilic
bacteria, which protects Langerhans cells from
UV-impairment, proved to reduce the sunburn
cells and to counteract UVA-induced cell dam-
age [83]. The low level of antioxidants [60—63]
may suggest the use of topical and oral antioxi-
dants such as beta-carotene (75-100 mg/day)
[84] or oral nicotinamide (3 g/d for 2 weeks) to
correct a possible error in the tryptophan pathway
[85]. Results are however, controversial [86, 87].
The extract of Polypodium leucotomas, a fern
from Central and South America, containing
polyphenolic compounds, would be helpful both
topically and orally [88-90]. More helpful is the
desensitization treatment (photohardening). This
procedure should be done in early spring or at
least one month before the intense sun-exposure.
Photohardening includes PUVA, the carcino-
genic risk [91] notwithstanding, broad and nar-
row band UVB [92], the latter being more
effective with less adverse effects [42, 93-97].
The starting dose should be 50% of the minimal
phototoxic dose for PUVA or 75% of MED for
UVB, followed by 20% increments three times a
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week for 4-5 weeks [78]. Photohardening [4]
increases the thickening of stratum corneum and
the melanin production, depletes neoantigen(s)
and the Langerhans cells, whose UV-induced less
migration from and to epidermis is displayed in
PLE [5, 98]. In any case the natural photoharden-
ing is preferable.

6.12 Therapy

Topical corticosteroids can be used in the milder
forms, systemic corticosteroids in the severe one
(prednisone  40-60 mg/d, tapered within
10-14 days) and even so in short-course therapy
[99]. Antimalarial drugs (chloroquine or
OH-chloroquine 125-500 mg/d) [100] as immu-
nosuppressive agents are of benefit only in selected
forms, always considering their adverse effects
especially the ocular ones. Azathioprine (50—
100 mg/d) has been used in severe forms [101].
Cyclosporin (3.3 mg/Kg/d) was reported to be
effective in a single case of PLE associated to pso-
riasis [102] and (3—4 mg/Kg/d) in three cases of
PLE without psoriasis who profited of it also as a
preventing measure [103]. Thalidomide had good
to excellent results in 88% of 25 patients. There
are doubts however about the correct diagnosis of
the treated patients [104]. Omega-3 polyunsatu-
rated fatty acids may act modulating inflammatory
and immune response [104], while antihistamine
should be used only to reduce itching [4, 7]. In
conclusion, PLE is the most common photoder-
matosis, affecting mostly young women. Although
the relationship of PLE and SLE is unclear, the
assessment of ANA is highly recommendable and
positive patients should be monitored over time.
Prevention with topical and oral photoprotection
(sunscreens and antioxidants) associated
with photohardening is advisable.
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Abstract

UV-radiations are the invisible part of light spectra having a wavelength
between visible rays and X-rays. Based on wavelength, UV rays are subdi-
vided into UV-A (320400 nm), UV-B (280-320 nm) and UV-C (200-
280 nm). Ultraviolet rays can have both harmful and beneficial effects.
UV-C has the property of ionization thus acting as a strong mutagen, which
can cause immune-mediated disease and cancer in adverse cases. Numbers
of genetic factors have been identified in human involved in inducing skin
cancer from UV-radiations. Certain heredity diseases have been found sus-
ceptible to UV-induced skin cancer. UV radiations activate the cutaneous
immune system, which led to an inflammatory response by different mecha-
nisms. The first line of defense mechanism against UV radiation is melanin
(an epidermal pigment), and UV absorbing pigment of skin, which dissipate
UV radiation as heat. Cell surface death receptor (e.g. Fas) of keratinocytes
responds to UV-induced injury and elicits apoptosis to avoid malignant
transformation. In addition to the formation of photo-dimers in the genome,
UV also can induce mutation by generating ROS and nucleotides are highly
susceptible to these free radical injuries. Melanocortin 1 receptor (MC1R)
has been known to be implicated in different UV-induced damages such as
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pigmentation, adaptive tanning, and skin cancer. UV-B induces the forma-
tion of pre-vitamin D3 in the epidermal layer of skin. UV-induced tans act
as a photoprotection by providing a sun protection factor (SPF) of 3—4 and
epidermal hyperplasia. There is a need to prevent the harmful effects and
harness the useful effects of UV radiations.

Keywords

UV radiations ¢ Skin cancer ®* Melanin * Melanoma ¢ Vitamin-D

7.1 Introduction

Light is referred to all electromagnetic radiations
with a particular wavelength, energy, and fre-
quency. The wavelength of electromagnetic radi-
ations is inversely proportional to energy and
frequency. These electromagnetic waves are
organized in light spectra of decreasing order of
wavelengths as radio waves, microwaves, tera-
hertz radiations, infra-red radiations (IR), visible
light, UV rays, X-rays, and y-rays. Some among
these radiations are emitted by the sun including
visible light, IR and UV Rays. UV radiations
have both adverse as well as the beneficial effect
on all terrestrial living organisms.

What Are Ultra-Violet
Radiations?

7.2

The term ultraviolet is described as “beyond vio-
let” which according to light spectra is referred to
wavelengths longer than X-rays and shorter than
visible violet light. Furthermore, these radiations
have broadly been sub-divided into different
types based on wavelength differences as: UV-A
(320-400 nm), UV-B (280-320 nm) and UV-C
(200-280 nm). Ultraviolet radiations with an
important property of ionizing molecules and
inducing chemical reactions renders it separable
from visible rays and hence, is acting as a strong
environmental mutagen through damaging cellu-
lar components, which, lead to immune-mediated
diseases and adversely it can cause fatal disease
like Cancer. Although some UV-induced reac-
tions are not harmful, for instance, in the epider-
mal layer of skin, UV-B induces the formation of

pre-vitamin D3 from 7-dehydrocholestrol during
an electrocyclic reaction.

In the atmosphere, compounds like oxygen
(0,), ozone (03), and water (H,O) vapors are act-
ing as selective filters for both UV-C and
UV-B. This makes 95% of UV-A to reach the
earth and almost no UV-C can penetrate earth’s
atmosphere. Although, UV-A and some UV-B
can reach, but its UV-B which burns the skin,
causes damage to cellular components and can-
cer. UV-A, on another hand, has a higher penetra-
tion (penetration is directly proportional to the
wavelength), thus penetrates deeper into the der-
mis, while UV-B is absorbed superficially [69].

7.3  Skin - Vulnerability to UV

Radiations

The skin plays a significant interface between
humans and their biological, chemical, and phys-
ical atmosphere which provides an important
access for entry of potentially harmful agents.
Further, it is the most susceptible target tissue for
damage by environmental hazardous agents. Skin
with its large surface and in direct contact with
the environment (i.e. natural as well as man-
made), makes it among the most vulnerable of
organ systems. Thus, it is not surprising to find
that skin diseases of environmental origin, includ-
ing chemical stimuli, physical stresses, and infec-
tious agents collectively comprise the majority of
skin illness, which in numeric, a most important
segment of disabling acute and chronic skin dis-
ease. Even, as a clue to the relative importance of
environmental factors, if, one just considers that
segment of skin diseases provoked by occupa-



7 Ultraviolet Radiations: Skin Defense-Damage Mechanism 73

tional environment alone, the statistics are quite
convincing [1]. It becomes essential to under-
stand the physiological and biochemical aspects
of percutaneous absorption and the factors which
enhance cutaneous penetration, the pathologic
patterns in response to environmental injury and
the agents, as well as the preventive approaches
to reduce cutaneous hazard. A specific pattern of
adverse response can be characterized by mor-
phologic, physiologic and biochemical features
and these reactions range in intensity and quality
from simple itching to metastatic neoplasia [1].
The epidemiological demonstrations have
shown that sunlight plays a role in malignant
melanoma. A significant number of genetic fac-
tors have been recognized in human skin involved
in inducing cancer from UV rays, and mutation
in any one of these is characterized by hyper-
susceptibility [2, 5]. The phenotypic characters
associated with susceptibility to skin cancer are:
fair complexion, poor ability to tan, frequent sun-
burn or erythema, light eye and hair color. Certain
hereditary diseases are characterized by high sus-
ceptibility to developing UV radiation-induced
skin tumors. They include albinism, Xeroderma
pigmentosum, and erythropoetic protoporphyria.
One of the genetic defects in Xeroderma pigmen-
tosum 1is the incapability to restore UV-induced
DNA injury in cutaneous cells and the non-lethal
damage caused to DNA allows for persistence of
transformed cells. In addition to ultraviolet radia-
tion, ionizing radiation, burns, skin trauma, and
chronic infections have a connection with the
development of squamous cell carcinoma.

Cutaneous Immune
Response

7.4

The ionization energy of UV radiation can be
absorbed by an array of molecules in the skin
when it hits the skin. DNA is one of these mole-
cules. The absorption of ionizing rays by DNA
leads mutation and which ultimately results in
malignant transformation. The immune system
destroys UV-induced skin malignancies [69].

In addition, skin is an important component of
the innate immune system and also compromised

with several adaptive immune cells such as
Langerhans cell, antigen presenting cell (APC),
and unique T cells having skin-homing receptors.
The specific receptors like cutaneous lymphocyte
antigen (CLA) and chemokine receptors (i.e.
CCR6 and CCR4) target T cells for migration to
the skin. Keratinocytes also get activated on
interaction with immune cells and act as a funda-
mental part of the cutaneous immune system.
Keratinocytes possess major histocompatibility
complex class II molecules (MHC-II) which help
them to present antigen to T cells. Further, they
express ICAM-1 as costimulatory molecules to
secrete cytokines and chemokines [70]. UV radi-
ations activates components of immune system
and induces an inflammatory response by differ-
ent mechanisms: (i) activating keratinocytes and
other cells to release inflammatory chemokines
and cytokines, (ii) release of sequestered auto
antigens from UV-damaged cells and its reorga-
nization, (iii) altering self-proteins to become
more immunogenic, (iv) increasing the immuno-
genicity of externally applied molecules, and (v)
chemical alterations of systemically introduced
medicines whose allocation involves skin [69]
(Fig. 7.1).

7.5 Melanin

Melanin is a skin pigment which provides a first
line of defense against UV radiation injury by
blocking UV radiation and dissipates it as harm-
less heat. This pigment is synthesized in the mel-
anin producing cells called the melanocytes,
which transports them in granular form to
adjacent cells of the basal layer named the prickle
cells, and is finally desquamated with the horny
shingles at the surface.

Normal skin pigment serves as a protecting
agent against damage by actinic radiation and
under the suitable stimulus of UV radiation, the
rate of pigment formation increases and already
existing pigment appears to darken. This pigmen-
tary response to UV light, as well as corneal
thickening, provides additional protection against
further actinic radiation injury. In recent years,
new and revealing information has been pre-
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Fig.7.1 Mechanisms of activation of the immune sys-
tem by UV radiation. (a) IL-1p, TNF-a, and chemokines
are released by keratinocytes in response to UV irradia-
tion. (b) UV induced chemical alterations in the skin.
Described here is a drug (i.e. Hapten) which forms a cova-

sented about the complex biochemical synthesis
of melanin. It has proposed a much better under-
standing of pigment disturbances in the skin,
especially the ones provoked by occupational
exposures [69].

The melanin synthesis is started with tyrosine
in the presence of the copper-protein complex
tyrosinase and oxygen which is then transformed
into dihydroxyphenylalanine (DOPA). In turn,
this initial product acts as an additional catalyst
to increase the rate of transformation of the pre-
cursor tyrosine, into DOPA and then to melanin
(the final product) there is a series of intermediate
steps in which substances such as dopaquinone,
5, 6-dihydroxyindole, dopachrome, and indole-
5,6-quinone are sequentially produced before the
melanin polymerization occurs. There are vari-

lent bond with self-protein and represents a novel antigen.
(c) Keratinocytes undergo apoptosis to avert malignant
alteration in UV-induced DNA damage. Following UV
irradiation, nuclear antigens undergoes reorganization to
the surface of the keratinocytes

able physiologic factors regulating the formation
of melanin, and at particular environmental stim-
uli there is an altered pigmentation in the skin.
Some of the most dramatic pigment changes
occur as a consequence of occupational and other
environmental exposures [1].

The UV radiations which escape melanin
absorption leads DNA damage by generating
either reactive oxygen species (ROS) or by
directly causing DNA breaks by chemical reac-
tion e.g. inducing ionization or by creating
cyclobutane pyrimidine dimers (CPD) within
DNA. Further, these led to the development of
6-4 photoproducts (6-4PP).

The UV-B is a common cause of 6-4PPs. It is
reported that patients with XP (a recessive genetic
skin disorder) can develop multiple skin cancers
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because of defective nucleotide excision repair
system which is normally used for recognition
and repairs of UV induced damage [71].
Malignant transformations can eventually occur
with an accumulation of more DNA damage. The
direct link between skin cancer and CPD forma-
tion has been established. For example, in the
squamous cell carcinomas and their precancerous
precursors, there are several mutational hotspots
presents within a p53 gene that corresponds to
UV-induced CPD dimer formation sites [72, 73].
UV-induced CPDs and 6-4PPs have various
harmful impacts on cells. These molecules
increased melanin production in melanocytes and
invoke tanning response [74]. 6-4PPs can induce
apoptosis and CPDs can cause cell cycle arrest
[75]. Therefore, UV-induced DNA injury can
guide the cells to end proliferation and undergo
apoptosis if required (Fig. 7.2).

7.6  Keratinocytes Protective

Mechanism - “Apoptosis”

In UV induced damage, cell surface death recep-
tors trigger apoptosis in keratinocytes which ini-
tiate apoptosis even without the presence of its
ligand [76, 77]. During initiation of apoptosis in
keratinocyte in DNA damage, cytochrome C and
other pro-apoptotic factors are released from the
mitochondria which lead to the formation of
apoptosome by capsase-9 activation and sequen-
tially  activates  caspases-3/7.  Apoptotic
keratinocytes are referred to as the ‘“sunburn
cells” [78, 79]. Thus, it may be interpreted apop-
tosis is the escape pathway of keratinocytes to
avoid cancer (Fig. 7.3).

In sunburn, the majority of keratinocytes
undergoes apoptosis to prevent malignant trans-
formation. Dying keratinocytes release lot of
auto-antigens which are picked by Langerhans
cells. Therefore, every time the disposal of
UV-damaged cells ignites an autoimmune
response. As keratinocytes undergo apoptosis, in

Normal

Cyclobutane Pyrimidine Dimer (CPD)

6-4 Photoproduct (6-4pp)

Fig.7.2 Formation of 6—4 photoproducts and cyclobu-
tane pyrimidine dimmers. (a) Two normal thymidine
residues. (b, ¢) Absorption of ionization radiation of UV

rays by DNA undergoes chemical modifications including
the formation of 6-4 photoproducts (6-4PPs) or cyclobu-
tane pyrimidine dimers (CPD)
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Fig.7.3 Apoptosis of UV induced DNA-injured kera-
tinocytes. UV injured cells undergo apoptosis followed
by engulfment by antigen presenting cells (i.e. macro-
phages). This process is facilitated by secretion of pro-
inflammatory cytokines. These cytokines help in the
recruitment of the leukocytes to the skin, which facilitates

first 24 h, these cells discharge minute concentra-
tion of nuclear materials [80], which gives time
for self-processing of their cellular contents and

the clearance of the dying keratinocytes. T cells are tar-
geted towards skin by the receptors such as the chemokine
receptors (i.e. CCR6 and CCR4) and cutaneous lympho-
cyte antigen (CLA). If a damaged keratinocytes avoid
apoptosis, they may develop into malignancy which is
mostly characterized by mutations in the p53 gene

clearance by phagocytosis. Autoimmunity occurs
in the case of defective cellular processing of the
auto-antigens [81], increased nucleosomal anti-
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gen release [82] or decreased clearance of the
apoptotic cells [83]. UV-induced apoptosis
involves exposure to potential auto-antigens;
however, their antigenicity is reduced after pro-
cessing and disposal of auto-antigens. UV rays
also induce the reorganization of nuclear auto-
antigens to the surface of keratinocytes [84].

Effect of UV Radiations
on Melanomas

7.7

Ultraviolet radiations have been known to cause
many adverse effects on the skin and other organs
leading to various diseases. Among these, can-
cers, especially of the skin, are the most common
form of cancer mostly seen with Caucasian popu-
lations [2]. The most common inciting factor of
skin cancer in humans is UV radiation mostly
due to excessive sunlight exposure. There are dif-
ferent types of skin cancer due to solar radiation
[3-9] i.e. melanomas, squamous cell carcinomas,
basal cell carcinomas and kerato-acanthomas
also known as Muir-Torre syndrome.

An association has been found between can-
cers and skin pigmentation in different races. The
skin’s response to sunlight has been quoted as the
major factor affecting the rate and incidence of
melanoma. Due to variation in the melanin con-
tent of skin content, incidences of melanoma are
more prevalent in lightly pigmented persons than
deeply pigmented persons [11, 12]. As discussed
earlier, melanin has a photo-protective effect on
skin in the form of a neutral density filter, which
corresponds to an attenuation of radiations by
scattering and absorption of the UV radiation.
Additionally, it can undergo rapid oxidation as
stable free radical which also acts as a biological
exchange polymer [13]. These impacts of UV
radiations, without influencing UV penetration,
may block chemical reactions leading to malig-
nant transformation [10].

Incidences of melanoma are influenced by
individual pigment characteristics predominantly
in lightly pigmented populations. Different stud-
ies have shown that incidences of myeloma are
least in those with black hair and highest in red
hair, less in olive or dark skin, while more in the

fair or light skin; decreased in brown eyes and
increased in blue eyes [14]. Also burned or freck-
led persons are at increased risk of melanoma
than those who tend to tan in response to sunlight
[15]. Further, the correlation between skin pig-
mentation and melanoma is supported by reports
showing direct measurement of the skin sensitiv-
ity to sunlight [16].

Among environmental factors, short-wave
UV-B (280-320 nm) in sunlight is mainly
accountable for melanoma and other skin tumors
[14]. The major effects of this band of UV radia-
tion are the production of pyrimidine dimers (i.e.
T =T), cross-linking of nucleoproteins and DNA
bases, and DNA breaks [17]. This band of UV
can also induce basal cell carcinoma, sarcomas,
and squamous cell carcinomas of the skin [18]
but use a different mechanism to induce
melanoma.

Molecular Mechanism
of UVR to Induce Skin Cancer

7.8

The UV exposure is a well established risk factor
for skin cancer which has been increasing at an
alarming rate and accentuating the importance to
understand the molecular mechanism of
UV-induced skin cancer [19]. The specific pat-
tern of mutation in p53 gene has been recognized
as a powerful biomarker in UV induced skin can-
cer. UV exposure has been related to increased
risk for squamous cell carcinomas (SCC), basal
cell carcinoma (BCC) and melanoma develop-
ment [23, 24]. Dipyramidine sites in DNA are
prone to UV exposure where it primes to CC > TT
double base substitutions and C > T substitutions.
These sites are the signatures of UV exposure, as
these sorts of alterations in DNA are rarely result-
ing from other mutagens [25, 26]. Mutations in
p53 have been found mainly at dipyrimidine sites
(frequently C > T substitutions) in different skin
cancers, particularly SCC [20] and BCC [21, 22],
suggesting a close association between UV expo-
sure, pS3 mutation, and cancer. This tight inter-
relationship is further evident from the finding
that non-sun exposed sites of the body do not
possesses p53 mutations [21, 27].
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7.9 Inflammatory Response

Skin modulates the immune response to UV-B
irradiation is the main cause of sunburn and leads
neutrophils accumulation in the skin. Mast cells
are present abundantly in the skin and play a
major role in the UV-B-induced skin inflamma-
tion by inducing a variety of pro-inflammatory
mediators [28]. UV-B exposure of skin consider-
ably enhanced the release of IL-8 while there was
a modest increase in IL-1 production, but other
cytokines such as IL-2, IL-4, IL-6, IL-10, IL-12,
IL-13, TNF-a and IFN-y remained unchanged.
Additionally, a reduction in the UV-B induced
increase of IL-8 by up to 40%, with cyclohexi-
mide suggesting that de-novo protein production
is contributing to IL-8 synthesis. Furthermore,
UV-B exposure of mast cells significantly
induced IL-8 expression, with its contrasting
effect on IL-8 secretion.

UV-B-induced sunburn is characterized by an
acute inflammatory response is a hallmark fea-
tures for vascular permeability change, erythema,
dermal blood vessels dilation and epithelial
hyperplasia [29]. It is well established that accu-
mulation of mononuclear cells and neutrophils
within the dermis are acute inflammatory changes
in the skin after the excessive short-term UV-B
irradiation [30]. The exposure of UV-B irradia-
tion (6-26 h) on skin leads to increase the expres-
sion of ICAM-1 and E-selection as a sign of
vascular endothelial activation and promote bind-
ing and transmigration of leukocytes to the
injured site in skin [31-33, 34, 35]. The neutro-
phil accumulation in the skin peak at 12 h of
UV-B irradiation [30], however, the specific
mechanism for the neutrophil recruitment to skin
after sunburn are not clearly defined. Existing
evidence showed that UV-B causes the functional
defects in cell mediated immunity through the
alteration in epidermal inflammatory cytokines
profiles, phagocytosis suppression and enhances
ROS production by keratinocytes, reduction in
antigen presentation by Langerhans cells, induc-
tion of early lymphocyte depletion and late T cell
proliferation [33-36, 37]. Further, UV-B expo-
sure to the skin causes an increase in generation
of ROS which may damge DNA and intiate the

apoptosis and cell injury [37-40, 41]. Although
there is a clear evidence of the role of various
cytokines such as IL-1, IL-8, IL-10, IL-15 and
TNF-a in UV-B induced dermal inflammation,
yet cellular sources and production kinetics of
these cytokines have not been fully understood
[41-44, 45-49].

7.10 Oxidative Injury

In addition to the formation of photo-dimers in
the genome, UV also can induce mutation by
generating ROS which includes hydroxyl radical
(OH), hydrogen peroxide (H,0O,) and superoxide
anion (O,7) and nucleotides are prone to these
ROS. Oxidation of nucleotide bases promotes
base pair mismatch leading to mutagenesis [84,
85]. For example, the transversion of G — T
(guanine to thymine) is a well known base
mispairing caused by ROS due to guanine oxida-
tion at the 8th position to form 8-hydroxy-2'-
deoxyguanine (8-OHdAG) [85, 86, 87] where
8-OHdG tends to pair with an adenine (A) rather
than cytosine (C) and leads to G/C to A/T in the
second round of replication. This transversion in
base pairing can lead to mutation and such muta-
tions are evident in skin cancers indicating carci-
nogenic properties of oxidative injuries [87, 88].
To repair the DNA damage occurred due to
oxidative injuries genome maintenance pathways
have been present from a long time. DNA damage
caused by ROS can be repaired by Base excision
repair (BER) mechanism to avoid mutagenesis
induced by reactive oxygen species. In this mech-
anism, DNA is scanned for specific changes like
oxidized, deaminated and alkylated bases, by gly-
cosylases enzymes. After recognition of chemi-
cally altered base, glycosylases cleaves of the
nitrogenous base by breaking the N-glycosidic
bond of the base from the phosphodiester back-
bone of a deoxyribose sugar, which creates an
abasic or apurinic/apyrimidinic (AP) site. Then
the gap created (AP site) is repaired by using the
complementary strand to maintain the fidelity.
Cellular machinery possesses a lot of anti-
oxidants to neutralize the excessive ROS and pre-
vents DNA and other biomolecules from ROS
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induced damage. For example, Glutathione is a
natural antioxidant present abundantly inside the
cells to scavenge ROS by oxidizing itself through
electron transfer to reactive species. During this
process, oxidized glutathione is recycled through
gaining electron from NADPH reverting back to
its original state. Thus, glutathione is found in
both oxidized and reduced state in a cell their
ratio could possibly predict the oxidative load on
the cellular machinery. Some other major anti-
oxidants are catalase which eradicates hydrogen
peroxide species and superoxide dismutase
(SOD) is involved in inactivating superoxide
anion (0,7), [91, 92] and regulation of this anti-
oxidant machinery is an important area of study
due to its crucial role in regulating UV induced
skin cancer [88-90, 91, 92, 93, 94, 127, 128].

7.11  Nucleotide Excision Repair

and Skin Cancer

Other than free radical production, UV exposure
influences the base pairing of DNA [94, 95].
Pyrimidines are particularly more prone to UV
induced chemical alterations. Particularly UV-B
and UV-C which have the shorter wavelength
photons are able to cleave the double bonds
between fifth and sixth position. This leads to the
formation of abnormal covalent bonds between
adjacent pyrimidines leading to an altered 3D
structure of DNA. The most anticipated photole-
sions- CPD and 6-4PP formed during UV expo-
sure are highly mutagenic [96]. It has been
observed that one-day exposure to the sun around
105 photolesions in every skin cell could arise as
a result of UV-damage [96]. Abnormal base pair-
ing resulted from UV induced photolesions block
DNA replication, and it also influences transcrip-
tion machinery in anegative manner. Additionally,
it causes peculiar transition mutations which are
signature mutations of UV exposure like thymi-
dine to cytosine transition. These types of transi-
tions are abundant in genes associated with
cancer-regulation reported in various primary
skin cancer patients strongly supporting the role
of UV as a mutagen leading to malignancies
[97-101].

UV-induced bulky DNA lesions and photo-
products are repaired by an evolutionarily con-
served mechanism known as Nucleotide excision
repair (NER) [102]. The significance of NER in
protection from cancer is best represented by
Xeroderma pigmentosum (XP), a rare condition
in which subject is hypersensitive towards UV
exposure resulting from the homozygous genetic
defect in one of the eight proteins involved in
NER: ERCCI, XPA, XPC, ERCC2 (XP-D),
ERCC3 (XP-B), ERCC4 (XP-F), ERCCS (XP-G),
DDB2 (XP-E), and POLH.

XP patients are highly sensitive to UV expo-
sure which leads to the changes in skin character-
istics at very early ages like capillary
telangiectasias, pigment abnormalities, and atro-
phied skin which has been exposed to UV. Patients
of XP develop premalignant lesions and skin can-
cer at higher frequencies in early stages of life
compared to unaffected individuals. In the sec-
ond decade of life BCC, SCC and melanomas are
evident at uneven rates [103]. Also, XP-related
skin cancers have shown UV signature transition
mutations, apparently demonstrating the signifi-
cance of NER in the disease resistance [104].
NER mechanism involves well-organized enzy-
matic reactions that work in cooperation for
repairing bulky lesions altering the 3D structure
of DNA.

In this pathway, damaged DNA is recognized
and an oligomer of proteins is recruited, which
nicks the damaged strand far from a lesion in
both directions. After nick formation damaged
strand is excised by exonuclease and polymerase
starts filling the gap by using non damaged strand
as a template [105-107]. In addition to basic
components of DNA repair pathway, there are a
lot of other accessory factors, which have an
important role in maintaining the genome integ-
rity. Common characteristics of XP patients have
clearly demonstrated the impact of NER mecha-
nism in UV and cancer resistance, NER polymor-
phisms associated with UV hypersensitivity and
skin cancer incidence have been studied a lot in
random populations [127, 128].
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7.12 Melanocortin 1 Receptor
(MC1R) and Skin Cancer
Susceptibility

Melanocortin 1 receptor (MCIR) is a basic hered-
itary locus required for pigmentation, versatile
tanning reaction and skin cancer vulnerability
[108-115]. MCIR is present on melanocytes
where a-melanocyte stimulating hormone (MSH)
binds to it and shows the downstream signal for
differentiation through activation of adenylyl
cyclase and cAMP generation [116-118]. This
signaling activates the protein kinase A (PKA)
cascade leading to elevated levels and increased
activity of melanin synthesizing enzymes result-
ing in increased amount of melanin and its local-
ization [119, 120]. In melanocytes, UV induced
mutations could be decreased by boosting DNA
repair machinery [121]. Defective signaling due
to MCIR polymorphisms is common in fair-
skinned, sun-sensitive and skin cancer-prone peo-
ple (e.g. Northern Europeans). The most common
MCIR mutations: R151C, R160W, D84E and
D294H, known as RHC (red hair color) because
they are associated with red color of hair, spotted
skin and increased skin burns on UV exposure
[122, 123], along with an increased risk of mela-
noma and other types of skin cancers [124—-126].
On UV exposure, MCIR signaling protects our
skin via two mechanisms; one is through enhanced
pigment (melanin) and MCIR production which
in turn increases the rate of eumelanin deposition
underneath the epidermis. This epidermal local-
ization of melanin reduces the dosage of UV by
absorbing it which in turn lowers down the risk of
cancer  through  decreased  mutagenesis.
Additionally, MC1R signaling enhances nucleo-
tide excision repair and oxidative resistance, so
potent therapeutics could be used to influence
cAMP levels for decreasing the UV vulnerability
in decrease the risk of skin cancer [127].

7.13 Health Benefits

Along with harmful effect of UV exposure to
skin, the controlled exposure of UV to the skin
has shown numberous health benefits such as

improved mood, enhanced appearance and ele-
vated levels of vitamin D.

Indoor Tanning Association (ITA) has claimed
that “catching some rays may lengthen your life”
[49]. Sunlight exposure is connected with ele-
vated levels of energy and mood upliftment.
According to a report on the tanning attitudes of
young adults, it was reported that 81% people in
2007, felt that a tan enhances appearance, while
just 58% of them in 1968 held a similar convic-
tion [50]. On exposure to sunlight, individuals
with seasonal affective disorder were reported to
have improved mood status [51]. According to
ITA, a base tan can act as “the body’s natural pro-
tection against sunburn” [49]. Although the spe-
cific mechanism for UV induced photoprotection
remains unclear, it has been proposed that
employing a sun protection factor (SPF of 3-4)
induces the hyperpigmentation, such as epider-
mal hyperplasia, is likely to play a role in UV
induced photoprotection [52, 53].

7.13.1 Vitamin D Production and UV
Radiation

Skin synthesizes previtamin D3 and its produc-
tion is induced by UV-B radiations. Vitamin D
levels could vary in healthy individuals according
to the season; therefore vitamin D deficiency
could be spotted in the winter season [54, 55].
Lower levels of vitamin D are linked with
increased risk of various types of cancer, coro-
nary artery diseases (CAD) and bone ailments
[56-61, 62, 64]. There is a significant role of vita-
min D in autoimmune disease [62]. According to
a new study carried by ITA on how the sunshine
deceases infection in Western Africa where more
tuberculosis (TB) patients are prevalant. Their
finding showed that TB patients have low levels
of Vitamin D, defined as hypo-vitaminosis of
Vitamin D, 25(OH) D3 < 75 nmol/L as compared
to controls [84]. But, the causal relation of these
associations is still not known.

Recommended Dietary Allowance (RDA) of
Vitamin D is 400-600 IU, to retain blood levels
of 25-hydroxyvitamin D greater than 75 nmol/L
daily intake is to be increased upto 800-2000 IU
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Fig. 7.4 7-dehydrocholestrol or Pro-vitamin D3 is
mainly found in the spinous and basal cell layers of the
epidermis, undergoes a series of photochemical changes
to form pre-vitamin D3. In dark skinned population, UV
light blocking the function of melanin leads to a greater
requirement for UV exposure to produce equivalent

[64, 65]. Endogenous synthesis of previtamin D3
is due to UV tanning, but according to the previ-
ous studies amount of previtamin D3 plateaus
with exposure time and further exposure does not
increase the total amount of previtamin D3 [66].
In light skinned persons daily moderate quantity

amounts of Vitamin D3. In addition to its action on the
kidneys, vitamin D binding protein bound to calcitriol acts
by both genetic and non-genetic mechanisms on other tar-
get tissues like intestine, bone, and parathyroid gland
which express the vitamin D receptors

of sun exposure to the hands, face, and arms gen-
erates adequate cutaneous previtamin D3 to meet
day-to-day needs, even with the increased daily
requirement to 1000 IU [67, 68]. For a fair
skinned person (Type I-III), 5-20 min of sun light
exposure is enough to meet a daily requirement
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of previtamin D3 depending upon the season. At
higher latitudes where sun induced vitamin D
synthesis is the less efficient same amount of
time is needed [68]. A moderate sun exposure is
as efficient as prolonged sun exposure for previ-
tamin D production. However, sunlight being the
only source of vitamin D can be inadequate in the
winter time and for people with darker skin types
[68]. Thus, a moderate sunlight exposure should
be made under consideration along with combi-
natorial diet, fortified with vitamin D for optimal
vitamin D requirement (Fig. 7.4).

7.13.2 Phototherapy (UV Radiation
Therapy)

UV radiations could also be used in the treatment
of various skin diseases known as phototherapy.
Based on the wavelength (M) used it could be
divide into following types: broadband UV-B
(280-320 nm), narrowband UV-B (311-313 nm),
UV-A (320-400 nm), and combinatorial therapy
of psoralen plus UV-A (PUVA). To decide the
module used for the treatment of a particular
patient, following issues needs to be considered:
(a) type of disease, (b) depth of disease pathol-
ogy, and (c) risks of skin diseases. After choosing
the required modality, treatment is individualized
according to the patient’s minimal erythema dose
(MED).

The minimal amount of radiation required to
produce erythema after 24 h of exposure is known
as minimal erythema dose (MED). Phototherapy
(especially PUVA therapy) has revolutionized the
severe psoriasis patient treatment. In PUVA pho-
tochemotherapy psoralens used are of very high
quality and their mode of action is similar to that
of environmental psoralens, which are responsi-
ble for phytophotodermatitis. Physicians can
maximize the immunosuppressive effects and
minimize the risk of photo-burns by deciding the
precise dose of psoralen through titration and the
extent and type of UV radiation used by
MED. Despite being the most powerful photo-
therapy against many immune mediated skin dis-
eases like cutaneous T cell lymphoma, PUVA

could also give rise to skin cancers like mela-
noma [41].

7.14 Conclusion

UV radiations are strong ionizing rays responsi-
ble for a huge number of skin problems and can-
cer, particularly melanoma. This is due to the
property of UV rays to induce DNA damage and
accumulate inflammatory pathologies in skin.
Our skin has an excellent pigment (melanin)
which could dampen the effect of UV rays by
absorbing them. In addition, DNA damage is
looked after by nucleotide and base excision
repair mechanisms at molecular level. The
inflammatory response is taken care either by
apoptotic machinery or cell cycle checkpoints.
On another hand, pigmentation is an important
factor which could reduce the risk factor for the
formation of melanoma and other forms of skin
cancer. UV radiations are not always harmful,
they are beneficial also. Vitamin D production is
induced by UV rays, which in turn reduces the
risk of coronary artery diseases, cancer, and bone
problems. Even short exposure to UV rays can
play a significant role in providing photoprotec-
tion through tanning, employing a sun protection
factor. Even controlled UV exposure is used in
the treatment of disease by knowing the disease
type, depth, and risk for a particular patient.
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Abstract

The effects of ultraviolet radiation on human skin have been studied for
years, and both its harmful and therapeutic effects are well known.
Exposure to UV light can lead to sunburn, immunosuppression, skin
aging, and carcinogenesis, and photoprotection is strongly advocated.
However, when used under controlled conditions, UV radiation can also
be helpful in the diagnosis and treatment of many skin conditions.
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8.1 Introduction

In Dermatology, photobiology refers to the inter-
actions of light, mainly in the ultraviolet radia-
tion (UVR) spectrum, and skin. For years, studies
have demonstrated both the harmful and thera-
peutic effects of UVR on human skin.
Photoprotection is widely and strongly advocated
in order to prevent the deleterious effects of UVR
such as sunburn, premature skin aging, and UVR-
induced skin cancers. Nonetheless, phototherapy
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continues to play a significant role in the treat-
ment of cutaneous diseases such as atopic derma-
titis, psoriasis, and cutaneous T-cell lymphoma.
More recently, the science of photobiology has
enabled the development of diagnostic tools to
help with the approach to various diseases. This
chapter provides a basic overview of the effects
of UVR on human skin and its use in therapy and
diagnosis of cutaneous disease.

8.2 Light Properties

Sunlight at the earth’s surface consists mostly of
short wavelength ionizing radiation (cosmic,
gamma, and X-rays) and long wavelength non-
ionizing radiation (UV, visible, and infrared) [32,
61]. UVR is the area of the electromagnetic
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spectrum that is considered most biologically
active and therefore of greatest impact on health
and disease [7]. UVR spans the wavelengths
100-400 nm and is subdivided into UVA (400—
315 nm), UVB (315-280 nm), and UVC (280—
100 nm) [7, 32]. Of note, some authors use
320 nm as the demarcation between UVA and
UVB [73]. UVA is further subdivided into UVA2
(315-340) and UVAI1 (340-400 nm). UVB has
greater capacity to induce erythema than UVA,
and UVA 2 is more erythemagenic than UVAL.
Beyond ultraviolet radiation is visible light (400—
760 nm), infrared radiation, micro waves, and
radio waves (Fig. 8.1).

Most UV radiation that reaches the earth’s
surface is UVA (95%), only a small percentage is
UVB (approximately 5%). UVC, which is
extremely hazardous to skin, is absorbed by the
ozone layer [25, 32, 101]. UV radiation peaks
around noon and is increased by reflection from
snow, water, and sand [32, 77]. UVA, but not
UBY, can penetrate glass [12].

UV Radiation and Skin
Interactions

8.3

Light has the properties of both waves and parti-
cles (photons). When a photon of light reaches
the skin surface it can be reflected, scattered, or
absorbed [37]. It is only absorbed light that can
elicit cellular changes and lead to clinical
response [73, 101]. Reflection of light provides
the means by which we can diagnose skin disease
but it does not itself lead to a biologic effect [37].
The depth of light propagation in the skin is influ-
enced by the degree to which its direction is scat-
tered by structures in the skin. Most scattering
occurs in the dermis due to the properties of col-
lagen [37, 58]. Scattering of UV is wavelength
dependent; longer wavelengths scatter less and

280nm 320nm 340nm 400 nm

780 nm

can therefore penetrate deeper into the skin [2,
14, 37]. Absorption is an important event as it
leads to energy production. Without energy, no
biologic or therapeutic effect occurs [37]. When
a light-absorbing molecule (chromophore)
absorbs a photon, it changes to a transient, excited
state. When the chromophore returns to its
ground state, energy is released. Such reaction
can change the chromophore or indirectly change
other molecules via energy transfer, leading to
cellular changes and a biologic response [6, 73].
Light absorption depends on both the wavelength
and the absorption profile of the chromophore.
Chromophores can be endogenous cellular and
molecular components such as DNA, hemoglo-
bin, melanin, 7-dehydrocholesterol, or exoge-
nous, such as tattoo pigments or photosensitizing
drugs like psoralen [37].

Scattering and absorption determine the depth
to which light penetrates the skin [37]. UVA pen-
etrates deeply into the dermis, while UVB is
absorbed in the epidermis [32] and only a small
amount enters the superficial dermis [32, 95]
(Fig. 8.2). Depth of light penetration and the
absorption profile of a given chromophore are
important for therapeutic intervention and form
the basis of phototherapy. In general, shorter
wavelength light can be used to treat epidermal
disease while longer wavelengths can be used to
target deeper structures such as sebaceous glands
and thicker lesions [6].

8.4 Acute and Chronic Effects
of UV Radiation
8.4.1 Acute Changes

UV radiation induces a multitude of acute
responses in the skin including sunburn, tanning,
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Fig.8.2 UV
wavelength and depth of
skin penetration
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Table 8.1 Fitzpatrick skin phototypes

Unexposed skin

Type | color Reaction to sun exposure

I ‘White Always burns, never
tans

1I White Always burns,

sometimes tans

I ‘White to olive Sometimes burns,

gradually tans

v Light brown Sometimes burns, tans
well

\% Brown Rarely burns, always
tans

v Dark brown to Never burns, always

black skin tans

epidermal thickening, vitamin D production, and
immunologic effects [53].

A sunburn is an acute inflammatory response
to UV exposure caused by penetration of primar-
ily UVB into the epidermis and superficial der-
mis. It stimulates the production and release of
prostaglandins, leukotrienes, histamine, interleu-
kin 1 (IL-1), and tumor necrosis factor o (TNF-
o), which cause pain and lead to the production
of nitric oxide (NO), which in turn causes dermal
dilation and redness [95]. The redness is maximal
at 24 h and fades over the next 2-3 days to leave
desquamation and pigmentation [32]. Sunburn
cells (apoptotic keratinocytes) can be observed
histologically as early as 1 h after UVR exposure
[72]. Cells are more vulnerable to apoptosis when
they are undergoing DNA  synthesis.
Keratinocytes are more vulnerable than melano-
cytes due to their frequent turnover from stem
cells to desquamation. A severely damaged kera-

tinocyte is likely to undergo apoptosis while a
melanocyte is more likely to survive [33].

An individual’s inherent tendency to burn or
tan after UV radiation exposure has been used to
categorize skin phototypes [73], also known as
Fitzpatrick skin types, of which there are six cat-
egories (Table 8.1). Light-skinned individuals, or
lower Fitzpatrick skin types, suffer the most dam-
age and burn more than individuals of darker skin
color, or higher Fitzpatrick skin types, who typi-
cally burn less and tan more [57, 66].

Tanning occurs when UVR stimulates mela-
nin production via oxidation of melanin precur-
sors, redistribution of melanocytes, and
melanogenesis (ie, synthesis of new melanin)
[12, 57, 73]. Melanocytes are dendritic cells
found in the stratum basale of the epidermis.
Melanin (pigment), a complex polymer of tyro-
sine derivatives stored in melanosomes, is trans-
ferred to keratinocytes along their dendritic arms.
The melanin in the keratinocytes give the skin its
natural pigment. Melanosomes have eumelanin
(brown/black pigment) and pheomelanin (yel-
low/red pigment). Diversity of skin color is inde-
pendent of melanocyte number. Instead, it is
determined by variation in melanogenesis,
amount of pigment within the melanosome, and
the size and density of melanosomes [13, 31, 57].
When keratinocytes and melanocytes are exposed
to UVR, a-melanocyte stimulating hormone and
adrenocorticotropic hormone are secreted. These
stimulate the melanocortin 1 receptor (MCI1R),
located in the melanocyte surface and melano-
genesis occurs [57].
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Tanning can be divided in two phases: imme-
diate and delayed. Immediate pigment darkening
is the result of redistribution of melanosomes and
photooxidation of melanin [57]. It occurs during
and immediately after UVR and is mostly due to
UVA [12]. Delayed tanning is the result of mela-
nogenesis and is mostly due to UVB [73]. It
peaks about 3 days after UVR exposure [12]. The
tan is usually at its maximum from 10 days to
3-4 weeks and fades within the ensuing months
as the melanin within the keratinocyte is sloughed
off [13].

New melanin forms a physical barrier over the
keratinocytes, which protects DNA from further
damage. It scatters and absorbs 50-75% of UVR
[31, 53] and is also an antioxidant and scavenger
of free radicals [13]. It is important to note that a
tan from only UVA light, such as that from a tan-
ning bed, provides 5-10 times less protection
from subsequent UVR exposure, when compared
to a tan from UVB, most likely because UVB
also induces epidermal hyperplasia [12]. Whereas
melanogenesis is a protective response against
further UV damage [32], intentional tanning is
not recommended as a means of sun protection,
as it entails its own risks.

After UVR exposure, skin cells undergo cell
cycle arrest and apoptosis as a protective mecha-
nism to prevent propagaton of damaged DNA
[53]. UVB can lead to G1 and G2 phase cycle
arrest [31] and keratinocyte hyperproliferation,
which can be observed as epidermal hyperplasia
histologically [95]. The epidermis may double in
thickness following UVR exposure [53].

Synthesis of vitamin D from the skin is the
major source of the vitamin in humans. Limited
vitamin D is obtained from the diet as only a few
varieties of food contain it. Vitamin D is respon-
sible for calcium absorption and bone mainte-
nance and is therefore helpful in preventing
rickets and osteomalacia [53]. For Vitamin D to
exert a physiological effect, it must be converted
into its active form 1a25-dehydroxyvitamine D3
(1,25(0OH)2D3), also known as calcitriol.
Synthesis of vitamin D starts in keratinocytes
with photolysis of 7-dehydrocholesterol by UVB
in sunlight, leading to formation of Vitamin D3
(cholecarciferol). Although keratinocytes are
capable of metabolizing D3 to the metabolically

active 1,25(OH)2D3, very little appears to enter
the circulation, in fact, most of the circulating
1,25(0OH)2D3 is produced by the kidney. It is
presumed that 1,25(OH)2D3 produced by the
skin is used for autocrine or paracrine purposes
[9, 10, 30, 54, 62]. In the circulation, Vitamin D3
is bound to vitamin D binding protein and trans-
ported to the liver, where it is hydroxylated into
25-hydroxyvitamin D3. This form is then sent to
the kidney, where its conversion will result in
production of 1,25(0OH)2D3 [13, 31, 46, 57].

Exposure to UV radiation has a profound
effect on the skin’s immune system. It has both,
pro-inflammatory as well as immunosuppressive
effects and it involves both innate and adaptive
immunity. UV radiation releases several pro-
inflammatory mediators such as serotonin, pros-
taglandins, IL-1, IL-6, IL-8, and TNF-o.
Examples of pro-inflammatory responses
observed clinically include sunburn, photoder-
matosis, and exacerbation of systemic disease in
patients with systemic lupus erythematosus,
among others [73].

Immunosuppression by UV radiation is a
complex mechanism that involves multiple path-
ways. One of the most studied paradigms starts
with UV-induced DNA damage to Langerhans
cells and keratinocytes in the epidermis, trans to
cis isomerization of urocanic acid in the stratum
corneum, and peroxidation of membrane lipids,
resulting in production of anti-inflammatory
mediators and suppression of skin immunity [73,
80]. The immunosuppressive effects of UV light
may not only involve areas directly exposed to
radiation, but also non-irradiated sites, depending
on the UV dose and other factors [26, 51, 65].
This immunosuppressive effect is mainly medi-
ated by soluble immunosuppressive cytokines
such as IL-10. Furthermore, interactions between
damaged Langerhans cells, lymph node antigen
presenting cells, and suppressor B lymphocytes
lead to the eventual activation of UV-induced
regulatory T cells [73, 80]. Urocanic acid (UCA),
a metabolic product of histidine which accumu-
lates in keratinocytes due to their inability to
metabolize it [22, 67], is an important epidermis
chromophore. UV radiation causes trans to cis
isomerization of UCA and lipid peroxidation
which leads to production of platelet activating
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factor (PAF) with eventual production of immu-
noregulatory factors including prostaglandin E2,
IL-4, IL-5, and IL-10 and systemic immunosup-
pression [90]. Both UVA and UVB contribute to
immunosuppression, and it is believed that the
combined spectrum makes sunlight more sup-
pressive than either UVA or UVB alone [71].

8.4.2 Chronic Changes

DNA is regarded as the major chromophore for the
most critical biologic effects of UVB, including
immunosuppression and carcinogenesis [99].
UVB and UVC, and to a lesser extent, UVA, are
absorbed directly by DNA, leading to formation of
DNA photoproducts. DNA photoproducts are

thymne dimers formed by covalently binding two
adjacent pyrimidines in the same polynucleotide
chain [73]. Cyclobutane-pyrimidine dimers
(CPDs) and pyrimidine-pyrimidone (6—4) photo-
products are considered the signature lesions of
UVR-induced DNA damage [19, 33]. CPD is the
most common photoproduct formed when damage
from UVR occurs [57, 73]. A CPD is formed when
linkage at the 5 and 6 positions between adjacent
pyrimidine bases (thymine or cytosine) occurs and
a cyclobutyl ring is formed [73]. The 5,6 double
bond of pyrimidine bases is the most effective area
of DNA that absorbs UVR [7]. If a covalent bond
is instead formed between the 6 position of one
pyrimidine and the 4 position of the adjacent
pyrimidine, it is referred to as a pyrimidine-pyra-
midone (6—4) photoproduct [57] (Fig. 8.3).

Fig 3a. CPD. Covalent linkage between two adjacent
pyramidines at the 6' and 5' positions.

DNA Phtoproducts

Fig 3b . Pyramidine-pyramidone (6-4). Covalent linkage
between two adjacent pyramidines at the
6'and 5' positions.

Fig. 8.3 UVR induced DNA photoproducts. (a) CPD.
Covalent linkage between two adjacent pyramidines at the
6’ and 5’ positions. (b) Pyramidine-pyramidone (6-4).

Covalent linkage between two adjacent pyramidines at the
6’ and 4’ position
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UVA can also induce pyrimidine dimers,
although at a much lower frequency than UVB
[73]. The effects of UVA on DNA are believed to
be indirect and involve induction of oxidative
stress [19]. UV-induced reactive oxygen species
(free radicals) include singlet oxygen and other
oxygen species; such as hydrogen peroxide and
the superoxide radical [21]. These oxygen spe-
cies react predominantly with guanine and gener-
ate several DNA changes, including the formation
of  7,8-dihydro-8-oxoguanosine  (8-0x0G).
Oxidative stress not only affects DNA, but also
membranes and proteins [73]. Although UVA has
been shown to be responsible for almost all oxi-
dative DNA damage, UVB also plays a role in
their production [52]. Despite the effects of oxi-
dative stress on cell damage, pyrimidine dimers
are still the most common product of DNA dam-
age from UVR with oxidative DNA damage
playing a minor role in mutagenesis [74, 75].

Photoproducts are structurally damaging.
They distort the DNA helix, which results in halt-
ing of RNA polymerase and inhibition of gene
expression [7]. To counteract the potentially
mutagenic and cytotoxic effects of UV radiation,
several defenses and DNA repair mechanisms
exist, such as inducible melanin, epidermal thick-
ening, enzymatic and non-enzymatic antioxida-
tive defenses, repair processes, and removal of
damaged cells [73]. DNA damage requires exci-
sion and replacement of damaged nucleotides by
DNA repair pathways. For example, nucleotide
excision repair is used to repair bulky products
such as CPD [25] and base excision repair is used
to repair modified bases such as 80G [73]. If
these methods fail, DNA mutations are the result.
Most of these mutations are not catastrophic
because the genetic code is redundant and large
portions of DNA are not used. However, if muta-
tions occur at oncogenes Or tumor Suppressor
genes, carcinogenesis may occur [33].

8.4.3 Photocarcinogenesis
It is well established that chronic exposure of the

skin to UV light is a major risk factor for the
development of skin cancers [26]. These cancers

are of epidermal origin and can be divided into
three main types: malignant melanoma (MM),
basal cell carcinoma (BCC), and squamous cell
carcinoma (SCC). BCC and SCC are commonly
known as nonmelanoma skin cancers (NMSC).
Actinic keratosis is a precancerous lesion also
caused by UV radiation, which if left untreated,
may progress into SCC [94]. Malignant mela-
noma is one of the most aggressive cancers with
early metastatic capacity. The vast majority of
deaths from skin cancer result from MM. SCCs
can also metastasize but at much lower rates.
BCC very rarely metastasizes [100]. The risk of
developing skin cancer is closely related to the
number of sunburn episodes in a person’s life and
is influenced by skin color. Very light skin indi-
viduals have an increased incidence of skin can-
cer when compared to dark skin individuals [88].

Basal and squamous cell carcinomas develop
from epidermal keratinocytes and hair follicles.
[7]. They are linked to cumulative exposure to
UVR and occur most often on chronically sun
exposed areas of the body (ie, head, neck, fore-
arms, dorsal hands), particularly in those with
daily UVR exposure over their lifetime such as
farmers, sailors, and fishermen [33]. Chronically
sun-exposed skin harbors many clonal prolifera-
tions of keratinocytes with p53 mutations, indi-
cating that mutations in the p53 tumor suppressor
gene are an early event in the pathogenesis of
UV-induced actinic keratosis and cutaneous
SCCs [73]. Although SCC appears to be more
associated with UVB exposure, the role of UVA
in formation of SCC can’t be excluded [23].
Natural sunlight contains much more UVA than
UVB. Also, UVA is less filtered by window glass
or clothing, and it penetrates more effectively to
the basal layer of the epidermis, these factors
may serve to increase its relative contribution to
SCC formation [73].

Cutaneous melanomas arise from epidermal
melanocytes. All individuals, regardless of skin
color, have similar numbers of melanocytes; as
described earlier, the major difference lies in the
size, number, and pigment content of their mela-
nosomes [72, 100]. In addition to genetic factors,
melanoma formation is associated with intense,
intermittent UVR exposure. It has been suggested
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that melanocytes might be more prone to
UV-induced mutagenesis following a single high
dose of UV light, because of their relative inabil-
ity to undergo apoptosis [33], possibly due to
high levels of anti-apoptotic proteins such as Bcl-
2. Unlike keratinocytes, which readily undergo
apoptosis, damaged melanocytes are more likely
to survive [73]. Melanoma is therefore, fre-
quently seen on areas of the body that are exposed
to the sun only intermittently (ie, the lower legs
in women and the back in men) [18]. It is more
common in people with indoor occupations and
those who receive intermittent UVR exposure on
vacations and weekends. Mutations in the proto-
oncogene BRAF have been found in high fre-
quency in both melanomas and melanocytic nevi,
predominantly in melanomas from intermittently
sun-exposed areas (and much less frequently in
melanomas from unexposed areas or chronically
UV-exposed areas), suggesting that this type of
mutation is UV-induced [70]. Artificial UV expo-
sure from tanning beds is believed to be a poten-
tial contributor to the increase in incidence of
melanoma in young women. Exposure to excess
UVR is the most important modifiable risk factor
for melanoma [18].

8.4.4 Photoaging

Skin aging occurs from both intrinsic (chrono-
logic) and extrinsic (environmental) factors.
Intrinsic aging is usually under the control of
genetic and hormonal factors. Extrinsic aging
results from DNA damaging agents such as UVR,
radical oxygen species (ROS), cigarette smoking,
and many chemotherapeutic drugs, notably cys-
platin [93]. By far, the greatest source of extrinsic
aging is accumulated and unprotected UVR
exposure [32, 86]. Skin ages even in sun-
protected areas, but much more slowly. The der-
mis becomes thin, collagen content diminishes
by about 1% per year throughout adult life and
becomes less elastic, and fibroblasts in the dermis
decrease in number, leading to reduced collagen
synthesis [95].

Due to its ability to penetrate deeper into the
dermis and damage connective tissue, UVA in

particular is thought to play an important role in
the dermal changes of photoaging. [73, 86]. UVA
leads to ROS production, which damages DNA,
proteins, and lipids. ROS also trigger cytokine
cascades, leading to alteration of the structural
components of the skin and photoaging [63]. UV
radiation directly activates cell surface receptors,
initiating intracellular signals that eventually lead
to the increased transcription of matrix metallo-
proteinases (MMP) and decreased expression of
the procollagen I and III genes which leads to
collagen degradation and down-regulation of col-
lagen synthesis [28, 29]. Collagen gives the skin
its strength and elasticity; loss of collagen fibers
thus leads to decreased elasticity, increased fra-
gility, and decreased capacity for wound healing
[97]. Keratinocytes and fibroblasts from sun-
exposed areas have reduced proliferative ability
compared to those from sun-protected sites [32].
Immunosuppression is also evident in aging skin.
The density of Langerhans cells (LCs) and T
lymphocytes in the skin decreases greatly [34,
85]. LCs have reduced ability to migrate from the
epidermis in response to cytokines [8] and T cells
become less responsive to specific antigens [47,
60]. These changes lead to an increased suscepti-
bility to photocarcinogenesis and chronic skin
infections [17].

Histologically, the photodamaged epidermis
demonstrates variability in thickness, with areas
of atrophy and acanthosis (hypertrophy) and a
variation in the degree of pigmentation. The der-
mis displays loss of mature collagen, reduction in
the density of anchoring fibrils affecting epider-
mal adhesion to the dermis, and tangled clumps
of elastin. In contrast to the mostly hypocellular
sun-protected skin, photodamaged skin displays
an abundance of inflammatory cells. It also con-
tains a higher number of fibroblasts, which dis-
play an irregular stellate shape. [32, 96].
Clinically, photoaged skin demonstrates wrin-
kling, irregular pigmentation (lentigines, freck-
ling, melasma, dyspigmentation), dryness,
roughness, thinning, solar keratosis, telangecta-
sias, and a variety of premalignant lesions, such
as actinic keratoses [53, 86, 98].
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8.5 Photoprotection
Although the synthesis of melanin protects epi-
dermal DNA by various mechanisms, including
formation of melanin caps over basal layer nuclei
and scavenging of ROS [1], the damaging effects
of acute and chronic UVR exposure such as sun-
burn, photoaging, and photocarcinogenesis,
make it necessary to advocate extrinsic photopro-
tective Photoprotection includes
avoiding sun exposure during peak hours
(10 am—4 pm), use of protective clothing (includ-
ing hat and sunglasses), and use of topical sun-
screens [73]. It is important to note that clouds
absorb only 70% of the sunrays [53], hence sun
protection remains essential even on cloudy days.
The amount of protection afforded by a sun-
screen is measured by its sun protection factor
(SPF). SPF is measured using the minimal ery-
thema dose (MED), which is the lowest dose of
UVR required to produce minimal erythema, a
faint pink response on the skin best appreciated
16-24 h after UV exposure [40] (Fig. 8.4). SPF is
calculated as the amount of time required to pro-
duce minimal erythema (i.e. MED) in sunscreen-
protected skin over the MED in unprotected skin.
This means, that a sunscreen with SPF of 10
allows a person who normally burns in 20 min-
utes to be exposed for as long as 200 min before

measures.

40s 50s 62s 78s

98s 122s 153s 191s

Fig. 8.4 Minimal erythema dose (MED). Test sites are
exposed to UVR at increasing time intervals. The exposed
areas are examined after 24-h. The site that shows the first
visible erythema reaction (i.e. shortest time duration to
produce full circle appreciable erythema) represents the

MED
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burning occurs [53, 61]. Because SPF measures
cutaneous erythema, it is predominantly a reflec-
tion of the biologic effect of UVB. There is no
direct correlation between SPF and UVA protec-
tion [59]. The UVA protection factor is currently
not labeled on sunscreens, but all sunscreens
labeled as “broad spectrum” protect against both
UVA and UVB and are produced by combining
filters with varying UV absorption spectra. Only
sunscreens with an SPF of at least 15 can be des-
ignated as sunscreens that decrease the risk of
skin cancer and early skin aging caused by UVR
exposure. “Water resistant” and ‘“‘very water
resistant” sunscreens claim to maintain the SPF
after 40-80 minutes of sweating or swimming
[91].

Sunscreens can be organic (formerly known
as chemical sunscreens) or inorganic (formerly
known as physical sunscreens) (Table 8.2).
Organic sunscreens contain aromatic compounds
that absorb UVB and UVA and re-emit the energy
as insignificant quantities of heat [76]. UBV
absorbing organic compounds include PAVA
derivatives, cinnamates, and salicylates, among
others. UVA absorbing compounds include avo-
benzone and meradimate. UVB and UVA absorb-
ing compounds include  benzophenones,
ecamsule, drometrizole, bemotrizinol, and bisoc-
trizole. Inorganic sunscreens contain mineral
compounds such as zinc oxide and titanium diox-
ide, which reflect both UVA and UVB. In con-
trast to some organic sunscreens, inorganic
sunscreens are more stable and have a lower irri-
tating and sensitizing potential. In the past, inor-
ganic sunscreens would form a thick white layer
on the skin. To overcome this cosmetically unac-
ceptable result, nanotechnology has been used to
produce titanium dioxide and zinc oxide nanopar-
ticles, which when applied form a thin transpar-
ent layer on the skin without compromising the
level of UVA and UVB protection [92]. Safety
regarding the use of nanoparticles is an ongoing
subject of discussion. Although there is concern
for systemic absorption and toxicity [36, 81], a
review conducted by the Australian Therapeutic
Goods Administration in 2013 [4], demonstrated
penetration is limited to the stratum corneum and
that their use is unlikely to cause any harm.
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Table 8.2 Sunscreens

Range of
Sunscreen protection
Organic
PABA derivatives

PABA (para-aminobenzoic acid) UVB

Padimate O (octyl dimethyl UVB
PABA)

Cinnamates

Octinoxate (octyl UVB
methoxycinnamate)

Cinoxate UVB
Salicylates

Octisalate (octyl salicylate) UVB

Homosalate UVB

Trolamine salicylate UVB
Benzophenones

Oxybenzone (benzophenone-3) UVB,

UVA2

Sulisobenzone (benzophenone-4) UVB,

UVA2
Dioxybenzone (benzophenone-8) | UVB,
UVA2

Others

Octocrylene UVB

Ensulizole (phenylbenzimidazole | UVB
sulfonic acid)

Avobenzone (butyl UVAIL
methoxydibezoyl methane, Parsol
1789)

Ecamsule (terephthalylidene UVB,
dicamphor sulfonic acid, Mexoryl UVA2
SX)

Drometrizol trisiloxane (Mexoryl UVB,
XL) UVA2

Meradimate (menthyl anthranilate) | UVA2

Bemotrizinol (bis- UVB,
ethylhexyloxyphenol methoxyphenol | UVA2
triazine, Tinosorb M)

Bisoctrizole (methylene UVB,
bisbenzotriazolyl UVA2
tetramethylbutylphenol, Tinosorb M)

Inorganic
Titanium dioxide UVB,
UVA2,
UVAL
Zinc oxide UVB,
UVA2,
UVAL

Adapted with the permission from: Sunscreens: An
Update, The Medical Letter 2008; 50:70

In general, sunscreens have an excellent safety
profile. However, some compounds in sunscreens
have been reported to cause allergic and irritant
contact dermatitis, phototoxic and photoallergic
reactions, contact urticaria, and rare anaphylactic
reactions [5, 39, 41, 78]. Agents such as PABA,
amyl-dimethyl-PABA, or benzophenone-10, are
now rarely used in sunscreens. Top allergens in
sunscreens are benzophenone-3, DL-alpha-
tocopherol, and fragrances.

Sunscreens come in lotion and cream formu-
lations (oil-in-water emulsions) or liquid, spray,
and gel formulations (ethanol/oil-based). Lotions
are thinner and less greasy than creams [83].
Ethanol based products are fast drying and leave
a cooling sensation on the skin but they may be
irritating. Sunscreens should be applied evenly
and in sufficiatent amounts to cover all sun
exposed skin. It should be applied 15-30 min
before sun exposure and reapplied at least every
2 h as and after water exposure.

Sunscreen is recommended for everyone
regardless of skin phenotype. They are especially
useful for individuals with light skin (phototypes
I, II, and III). Wearing clothes is also important
for sun protection. Ultraviolet protection factor
(UPF) is an in vitro measurement of the amount
of UV that penetrates a fabric, resulting in cuta-
neous erythema [38].

8.6  Phototesting

and Phototherapy

Phototesting is the process of evaluating a
patient’s sensitivity to specific wavelengths of
UV and visible light to help guide light treatment
and for the diagnostic work up of suspected pho-
todermatosis. Phototesting includes determining
the MED, reproducing photodermatosis using a
provocation phototest, and photopatch testing to
identify photoallergy [27].

As previously mentioned, the minimal ery-
thema dose (MED) is a way to measure an
individual’s sensitivity to UVR and is used to
determine SPF. The MED can also be used as a
guide to quantitatively determine the appropriate
dosage of UV radiation to administer in photo-
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therapy [40]. MED is measured by exposing
adjacent areas of skin, preferably sun-protected
areas, to increasing doses of UVR. The areas are
then graded based on their degree of erythema,
either visually or with a chromameter. The ery-
thematous skin that was exposed to UVR for the
shortest duration is the MED (Fig. 8.4) [11, 40].
MED is affected by the type of lamp used, the
distance of the skin from the lamp, and previous
exposure of the skin to UVR [40]. MED is fre-
quently used for UVB phototherapy while MPD
(minimal phototoxic dose) is used for PUVA
therapy [43]. Unlike MED, MPD requires oral
intake of a  photosensitizing agent
(8-methoxypsoralen) prior to phototestitng.
However, because of the relative complexity of
performing such tests an SPT based protocol is
more commonly used to deliver therapy.
Provocative phototesting is used to reproduce
photodermatoses. UVA and/or UVB are the most
commonly used light sources. Repeat exposure is
recommended in order to provoke certain photo-
dermatoses, such as PLE (polymorphous light
eruption) [79]. Photopatch testing is used to diag-
nose photoallergy (photocontact dermatitis),
which should be suspected in any patient with
history of dermatitis after sun exposure or an
eczematous eruption predominantly affecting
light-exposed sites [15]. Sunscreen agents are
currently the most common photoallergens [16].

The therapeutic benefits of sunlight are well
known. However, because of its varying intensity
and availability, it has not been used as a standard
light source for phototherapy, with the exception
perhaps of the recent interest in daylight photody-
namic therapy (PDT) in Europe and other conti-
nents. Artificial light sources were developed to
overcome the disadvantages and limitations of
natural sunlight [61] and are currently used to treat
many photoresponsive skin diseases. They can
simulate solar radiation or isolate certain wave-
lengths of the optical radiation spectrum. Most
medical light devices generate radiation by con-
verting electrical energy to light energy. Optical
filters and specific chromophores are used to iso-
late certain wavelengths. Mirrors, lenses, and
fibers are then used to direct the light to the speci-
fied target [58]. Medical light sources include the

arc lamp, excimer laser or lamp, fluorescent lamp,
light emitting diodes (LEDs), and lasers.

8.6.1 ArcLamps

Arc lamps, also known as gas discharge lamps,
are composed of two electrodes with plasma (the
arc) between them; these are sealed within a
transparent envelope with gas (eg, mercury or
xenon). When high voltage is applied, electrons
become excited and light is emitted when they
return to the ground state [58]. Different gases
and pressures lead to different spectral output.
Xenon lamps are used as solar simulators. The
arc lamp was the first effective artificial light
source.

8.6.2 Excimer

The excimer is a complex of excited gases, which
upon decomposition, give off excess energy in the
form of UVR. The excimer exists both as a lamp
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Fig.8.5 Excimer laser
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and a laser. The lamp is a polychromatic (wave-
lengths from 306 to 310 nm), nontargeted (inco-
herent) light used to treat a range of body surface
areas. The laser, on the other hand, is a monochro-
matic (308 nm), intermittent (pulsing) light,
which can deliver targeted therapy (coherent)
(Fig. 8.5). It is commonly used for the treatment
of psoriasis, atopic dermatitis, and vitiligo [68].

8.6.3 Fluorescent Lamps

Fluorescent lamps are cylindrical glass tubes
coated with phosphors and containing mercury.
When current is applied to the ends of the tubes,
the mercury is vaporized to a higher state and
radiation is produced when the mercury falls to
its ground state. The phosphors coating the tube
act as a fluorophores (i.e. chromophores for fluo-
rescence), absorbing the light and then re-
emitting it at longer wavelengths [58]. Different
phosphors lead to UVA, UVB, or visible light.
Fluorescent lamps can be used for both treatment
and diagnosis of dermatologic conditions. In fact,
they are the most frequently used sources of ther-
apeutic UVR in dermatology. They can be used
for full body treatment or more targeted treat-
ment such as for hands and feet. The Wood’s
lamp, commonly used for diagnosis of vitiligo,
fungal infections, and erythrasma, emits UVA,
which is absorbed by skin fluorophores (colla-
gen, elastin, and porphyrins) and then re-emitted
at a longer wavelength as visible light [7].

8.6.4 Light-Emitting Diodes (LEDs)

LEDs are semiconductors that convert electrical
current into narrow band light in wavelengths
ranging from 274 to 1300 nm. LEDs can deliver
the same wavelengths as lasers but at lower
energy output. Therefore, LEDs provide a more
gentle delivery of light and do not carry the same
risk of tissue damage as lasers do [6]. Because
LEDs can be made into panels, they can cover
greater body surface areas compared to lasers
[24], resulting in faster treatment times. LEDs
have been used safely in the treatment of neo-

plasms in photodynamic therapy (PDT), acne,
cosmetic rejuvenation, and other indications [6].

8.6.5 Lasers

Laser is an acronym for light amplification by
stimulated emission of radiation. In lasers, the
incident and emitted photons are of the same
wavelength, phase, and direction, this character-
istic gives lasers their monochromatic (i.e. single
wavelength) and coherent spectral output [58].
The wavelength is determined by a lasing
medium (e.g. solid, liquid, gas) in the optical cav-
ity of the laser through which the light passes. It
is selected based on the depth and absorption
characteristics of the target chromophore.
Hemoglobin, melanin, artificial pigment (tat-
toos), and collagen are some of the chromophores
targeted by lasers.

Once laser energy is absorbed in the skin, pho-
tothermal, photochemical, or photomechanical
effects are possible. Photothermal and photome-
chanical reactions are the most commonly
observed effects in current laser practice.
Photothermal effects occur when a chromophore
absorbs a specific wavelength and the conversion
of absorbed energy into heat leads to destruction
of the target (chromophore). Rapid thermal
expansion can lead to acoustic waves and subse-
quent photomechanical destruction of the absorb-
ing tissue [84].

Currently, lasers work on the principle of
selective photodermolysis (i.e. selective thermal
damage), in which a wavelength is chosen that
will be preferentially absorbed by the target tis-
sue (chromophore) and cause its destruction with
minimal thermal damage to the surrounding tis-
sue. To limit the amount of thermal energy depos-
ited within the skin, the exposure duration of
tissue to light (pulse duration) must be adequate
and is chosen based on the size of the target;
smaller targets require shorter pulse [58]. Lastly,
the energy density (fluence, measured in joules
per square centimeter) must be sufficient to
achieve destruction within the allotted time [3].
Lasers have been used in the treatment of benign
vascular and pigmented birthmarks, hypertrophic
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scars and keloids, removal of facial or body hair,
tattoos, and rhytides.

Some of the most common light treatments
currently used in dermatology include narrow
band UVB, UVAI1, PUVA, photodynamic ther-
apy, and extracorporeal photopheresis.

8.6.6 Narrowband UVB

Narrowband (NB) UVB (311-312 nm) was
developed for the treatment of psoriasis. It was
shown to be more effective than broadband UVB
[69, 89] and allowed for a lower dose of UV to be
used. NBUVB is also effective for treatment of
atopic dermatitis, early stage mycosis fungoides,
vitiligo, and pityriasis rosea [32]. NBUVB can be
used in combination with topical agents such as
calcipotriol, or oral agents such as retinoids, to
augment efficacy and promote faster resolution
of skin disease [20, 32]. NBUVB is safe enough
to give to children and women during pregnancy
[32]. The most common side effect from UVB
exposure is an acute phototoxic reaction mani-

Fig.8.6 Narrow band UVB light booth

festing as erythema [7]. Other side effects may
include conjunctivitis and keratitis (if adequate
eye protection is not used during treatment) [43]
and an increased long term risk of skin cancer
[32] (Fig. 8.6).

8.6.7 UVA1

By penetrating deep into the dermis, UVA1 pho-
totherapy has led to therapeutic responses with-
out the usual side effects caused by less
penetrating UVB wavelengths and UVB-like
wavelengths in the UVA-2 region [44]. UVALI has
been shown to induce apoptosis of skin-
infiltrating T-helper cells [64] and their depletion
from affected skin, eventually leading to clearing
of atopic dermatitis [35, 49]. It has also been
shown to be an effective treatment for sclerosis
by inducing collagenase I expression in a dose
dependent manner [50, 55].

8.6.8 PUVA

PUVA, also known as photochemotherapy, is the
combination of psoralens (P) plus UVA light.
Psoralens are compounds found in plants that
when taken orally or applied topically, absorb
light and produce photochemical reactions in
skin cells resulting in a therapeutic effect [56].
Some of the skin disorders treated with PUVA
include psoriasis, dermatitis, vitiligo, polymor-
phic light eruption, and early stage cutaneous
T-cell lymphoma. Immediate side effects include
burning, itching, and nausea. Cumulative high-
dose exposure to PUVA causes photoaging and
increases the risk for skin cancer, in particular
squamous cell carcinoma and possibly, mela-
noma [43, 101].

8.6.9 PDT

Photodynamic therapy (PDT) uses photosensitiz-
ing agents to amplify the effects of visible light or
lasers. A photosensitizer agent such as aminolev-
ulinic acid is applied to the skin, where it accu-
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mulates in the target cells. These cells absorb
light and along with oxygen, lead to formation of
reactive oxygen species and selective cell apopto-
sis [82]. PDT is effective in treating neoplasms
such as actinic keratosis and superficial nonmela-
noma skin cancers (i.e, superficial basal carci-
noma and Bowen’s disease). Topical PDT can
also be used for other non-neoplastic indications
such as psoriasis, localized scleroderma, acne,
and skin rejuvenation [42, 45, 87]. Most common
side effects include phototoxic reactions and
pain. The pain is often referred to as smarting
reaction and it may require analgesia for control
[101].

8.6.10 Extracorporeal Photopheresis

Extracorporeal photopheresis (ECP), also known
as extracorporeal photochemotherapy, refers to a
type of systemic light treatment, in which leuko-
cytes are separated from the patient’s blood,
combined with methoxypsoralen and irradiated
with UVA (PUVA). The treated white cells are
then re-infused into the patient. ECP is a first-line
treatment for Sézary syndrome (leukemic
CTCL). Other indications include graft-versus
host disease and systemic scleroderma, among
others [48].

8.7 Summary

UVR is the area of the electromagnetic spectrum
with the greatest biological impact on cutaneous
health and disease. UVA penetrates deeply into
the dermis while UVB is absorbed in the epider-
mis. Acute changes after UVR exposure include
sunburn, tanning, epidermal hyperplasia, synthe-
sis of vitamin D, and pro-inflammatory as well as
immunosuppressive changes. Chronic changes
result mostly in photocarcinogenesis and photo-
aging. Photoprotection is therefore important to
protect against the harmful effects of UVR expo-
sure. Artificial light sources can be used for treat-
ment of several skin conditions such as psoriasis,
atopic dermatitis, CTCL, vitiligo, scleroderma,
acne, and even facial rejuvenation.
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Ultraviolet A-1 in Dermatological

Diseases

Torello M. Lotti and Serena Gianfaldoni

Abstract

The exposure to ultraviolet radiations and visible light, or phototherapy, is
a well-known therapeutic tool available for the treatment of many derma-
tological disorders. The continuos medical and technological progresses,
of the last 50 years, have involved the field of phototherapy, which evolved
from UVA and PUVA in its various forms, to the development of narrow-
band UVB (NB-UVB) and NB-UVB micro-focused phototherapies.
Further advances in technology have now permitted the introduction of a
new device emitting UVA-1 radiations.

Keywords

Phototherapy ¢ UVA-1 ¢ Inflammation ® Autoimmunity ¢ Sclerosis

9.1 Introduction

Phototherapy is a therapeutic option, available
for many dermatologic diseases, which consist in
the patient’s exposure to ultraviolet radiation or
visible light. Even though the beneficial effects of
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ultraviolet radiations (UVR) for the treatment of
different cutaneous disorders are well known by
the ancient Egyptians, the continuous scientific
progress of the last century allowed a deeper
knowledge of the bio-molecular effects of radia-
tion in the tissue, optimizing their use for differ-
ent purpose. The significant technological
advances in the last decades have allowed the
development of new phototherapeutic devices
and methods of irradiation. Now a number of dif-
ferent devices are available, each having variable
properties in respect of the wavelength (Table 9.1)
and modality of emission of radiation providing
better dermatological treatments.
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Table 9.1 Different wavelengths of ultraviolet radiation
used for phototherapy

Type of radiation Wavelength (nm)
UVA 320400

UVA-1 340-400

UVA-2 320-340

UVB 290-320

UVB narrow band 311

9.2 UVATherapy

The first phototherapeutic device, introduced for
the treatment of different dermatological condi-
tions, was Ultraviolet-A light (broadband UVA)
with a wavelength of 320-400 nm. Even if its
efficacy in the treatment of different cutaneous
diseases, such as psoriasis, was well known, the
subsequent introduction of PUVA [1], a particu-
lar form photochemical treatment, made broad-
band UVA less wuseful for dermatologic
purposes.

PUVA therapy is characterized by the oral
intake of psoralens, also known as furocouma-
rins, followed by the exposure to photoactivating
UVA radiations. Psoralens are natural photosen-
sitizing compounds, which occur in parsnips and
other plant species. Although different types of
psoralens, both natural and synthetic, are avail-
able for photo-chemotherapy, 8-methoxypsoralen
(MPO) and 4,5’ ,8-trimethylpsoralen (TMP), two
psoralen analogs, are the most commonly used.
One of the most important PUVA mechanisms of
action on biological systems is the attachment of
MPO molecules to DNA causing inter-strand
crosslink, leading to possible cell death if not
repaired effectively in time. A part of a stimula-
tion of melanogenesis, PUVA therapy inhibits the
basal cell division and immune system, mainly
by the DNA damage of irradiated cells.

Actually, the most important clinical indica-
tions for PUVA are the treatment of vitiligo, pso-
riasis and mycosis fungoides. The therapeutic
protocol varies for different clinical conditions,
but, usually, it consists in 2-3 sessions for week,
with a progressive increasing radiation’s dose on
the base of patient’s clinical response. The pso-
ralen’s toxicity, mainly represented by gastric

and ocular damage, limits the range of candidates
for PUVA therapy only to adult without controin-
dications. The treatment is not fully safe and side
effects have been recorded [1, 2]. The acute side
effects are mainly represented by erythema, pru-
ritus and xerosis. Less commonly phototoxic
reactions has been described too. More rarely,
patients developed burns, due to an incorrect irra-
diation doses or to sun-bathed after taking pso-
ralen. Chronic side effects include chronic actinic
damage and a increased risk of cutaneous carci-
nogenesis (melanoma and non melanoma skin
cancer). More rarely, hypertrichosis has been
reported as side effect.

9.2.1 Topical PUVA Treatment

Topical PUVA therapy is a valid therapeutic
option to the systemic one, especially for the
treatment of localized dermatological diseases.
The treatment consists in the application of a pso-
ralen compound (e.g. 0.1-0.01% 8MesPso in
hydrophilic petrolatum or ethanol), onto the cuta-
neous lesions, followed by the exposure to UVA
light. In general the therapeutic protocol consist
in 1 to 3 sessions a week, accordingly to the clini-
cal conditions of patients. During each session,
the UVA dose is progressively increased until a
mild erythematous reaction develops. Such as
PUVA therapy, the topical one is characterized by
well described short- and long-time side effects,
due to ultraviolet radiations [29].

9.2.2 PUVASOL Therapy

PUVASOL therapy is a different phototherapeu-
tic option [3], especially useful for patients, who
cannot refer to hospital for the conventional treat-
ment. It consists of psoralen (8-methoxypsoralen)
intake and sunlight exposure, which can be easily
performed at patients’ home. On the other hand,
the lack of a medical control during the therapeu-
tic sessions, makes PUVASOL therapy less safe.
Severe reaction, such as erythema, pigmentation,
blistering, burning and ocular side effects, are
well-described.
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9.2.3 Bath-PUVA Therapy

A different variant of PUVA therapy is the bath-
PUVA, consisting in a 10 minutes-bath in a solu-
tion containing 0.0002% Me;Pso, and in the
successively UVA irradiation of patients. Bath-
PUVA is usually performed once or twice a week
for a period of 6 or more weeks, accordingly to
the clinical condition. While short-term side
effects are commonly represented by itching and
erythema, the long-term ones include photo-
ageing and carcinogenesis.

uninvolved safe skin, and allows the operator to
use higher dose of energy. This fact leads to
shortened duration and less frequent treatment
sessions, with an increase in patient’s compliance
and satisfaction. Micro-phototherapy is advised
for the treatment of localized dermatological
conditions (e.g. localized vitiligo) and for lesions
in special body parts (e.g. scalp, ear, nose), which
normally could not be treated with the more con-
ventional devices. Micro-phototherapy could be
performed in children, pregnant female and, not
less important, in claustrophobic patients.

9.3  Narrow-Band UVB Therapy

The last few decades has seen the emergence and
confirmations of narrow-band UVB (NB-UVB)
as a valid tool for the treatment of several derma-
tological diseases, like psoriasis, atopic dermati-
tis, vitiligo [4] and prurigo. The treatment
consists in the patient’s exposure to NB-UVB
(311 nm), 2-3 times a week, for a period which
remains variable for the different dermatological
condition. Typically, the starting irradiation dose
(0.1 mJ/cm?) is followed by 20% increments
weekly, depending on the clinical response.

NB-UVB mainly acts by inhibiting the
immune activity. Differently by PUVA, the
absence of photosensitizing substances makes
NB-UVB therapy more safe and versatile, easily
performing also in children, pregnant, open air
workers and patients affected by liver or kidney
failure. NB-UVB therapy is well-tolerated by
most of patients. Pruritus, xerosis, erythema, and
transient hyperpigmentation are the more com-
mon acute side effects. A part of a rare descrip-
tion of keratoacanthoma after NB-UVB, chronic
side effects have to be determined. Patients’
photo-damage seems to be possible.

More recently, the continuous advances in
technology have permitted the development of
NB-UVB micro-phototherapy [4], which con-
sists of the irradiation limited to the affected skin
areas. Even if the mechanisms of action of micro-
phototherapy are the same of the classical photo-
therapy, it acts in a more precise and safe way.
The possibility to focus the radiations on skin
lesions, reduces the risks of side effects in the

9.4  UVA-1Therapy

More recently, dermatology has experienced a
growing interest in the use of light lamps emit-
ting UVAI radiations (340—400 nm). The well-
documented immune-modulating effects of
UVA-1, make this type of phototherapy useful for
the treatment of several cutaneous diseases, like
atopic dermatitis, psoriasis, scleroderma, masto-
cytosis, and other [5].

While UVB radiations (290-320 nm) are taken
up by epidermis and upper dermis, UVA-1 (340—
400 nm), can reach the mid- and lower dermis, so
they are more useful for the treatment of dermato-
logic conditions which lies in those level. The
biological effects of UVA-1 are mainly mediated
through the formation of reactive oxygen species
(ROS) intermediates [6, 7], during the mitochon-
drial oxidative phosphorylation, which can dam-
age DNA, lipids, proteins and cellular organelles.

This fact may exert different biochemical
effects. On the immune system, UVA-1 inhibits
effector T-cells, through the direct inhibition of
dendritic cells [8], and through the production of
interleukin 10 (IL-10) and the decrease of tumour
necrosis factor-alpha (TNF-alpha) [9, 10]. The
UVA-1 immunomodulating effects are also the
result of the apoptosis of T lymphocytes. The T
cell death may occur immediately (within
4 hours) through the depolarization of mitochon-
drial membranes damaged by ROS, or may be
delayed (after 24 hours) through the oxidative
damage of DNA [11, 12].

In addition, on lymphocytes and cytokines,
UVA-1 phototherapy may regulate the expression
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of the intercellular adhesion molecule-1 (ICAM-
1) and other types of adhesion molecules.

ICAM-1 is expressed by keratinocytes, in par-
ticular inflammatory skin conditions, where it
plays an important role in the maintenance of the
pathological process by mediating leukocyte/
keratinocyte adhesion. UVA-1 is able to decrease
keratinocytes ICAM-1 expression, interfering
with their inflammatory action [13]. Another
important mechanism of action of UVA-1 is the
apoptosis of mast-cells with a notably reduction
in the concentration of their mediators [14]. On
the epidermis, UVA-1 may act both on keratino-
cytes and melanocytes. Like UVB and PUVA,
UVA-1 induces acanthosis, thickening of the
stratum corneum and melanocytes’ stimulation.

UVA-1 also induces effects on fibroblast and
collagen  fibers. It  activates  matrix-
metalloproteinases (MMPs), through the genera-
tion of ROS and the increased production of
interleukin-1 (IL-1) and —6 (IL-6). MMPs are
physiologic mediators of matrix degradation: for
example, MMP-1 induces the degradation of col-
lagen fibers [15]. On the other hand, UVA-1
down-regulates the expression of the transform-
ing growth factor (TGF)-beta/SMAD pathway,
which is fundamental in the pathogenesis of scle-
rotic skin diseases [16, 17].

Currently several different devices emitting
UVA-1 radiation, both as laser and light are avail-
able. UVA-1 is a phototherapeutic option, widely
used in dermatology for the treatment of inflam-
matory, autoimmune or sclerotic diseases
(Table 9.2) [18-27]. The treatment can be per-
formed alone or in association with more conven-
tional therapies. Because the lack of
photosensitizing drugs, UVA-1 may be per-
formed on children, pregnant and patients with
contraindication to psoralens. Moreover, the pos-
sibility to use lasers allows the treatment of
claustrophobic patients and subjects affected by
localized cutaneous diseases, with sparing of
uninvolved cutaneous areas.

The procedure changes on the basis of the der-
matological conditions which have to be treated.
In general, UVA-1 light is administered 3-5
times per weeks. Patients usually start the ther-
apy at a dose 20-30 J/cm?2, that is progressively

Table 9.2 Clinical indications for UVA-1 treatment

Atopic dermatitis

Dyshidrotic dermatitis

Psoriasis

Pytiriasis rosea

Prurigo

Urticaria pigmentosa/Mastocytosis

Localized scleroderma (morphea)

Systemic lupus erythematosus

Lichen sclerosus

Mycosis fungoides and other cutaneous T-cell
lymphoma

Others: Vitiligo, Graft versus host disease (GVHD),
Granuloma annulare, Necrobiosis lipoidica, Cutaneous
sarcoidosis, Follicular mucinosis, POEMS syndrome,
Scleromyxedema, Hypereosinophilic syndrome,
Pityriasis lichenoides

increased to the full dose. The more innovative
use of UVA-1 focused lasers allows the operators
to use higher dose of energy in a safer way, lead-
ing to shorten duration and less frequent treat-
ment sessions [5].

9.5 UVA-1 Side Effects

Early constructed UVA-1 lamps used to generate
an intense heat, which limited their use. Now this
problem has been solved by the introduction of
new devices with cooling and filtering systems
that remove wavelength above 530 nm. For this
reason UVA-1 treatment is usually well-tolerated
by most of patients. Rarely, tanning, erythema,
pruritus and phototoxic reactions (eczema, urti-
caria) have been reported as short-term side
effects [6]. The long term UVA-1 side effects are
required to be investigated.

9.6 Innovative Laser Alba 355°

Laser Alba 355® is a new laser technology based
on UVA-1 spectrum with a wavelength of
355 nm. The device consists of a Neodymium-
doped yttrium orthovanadate (Nd:YVO4) crystal
which is energetically stimulated by a diode laser,
with a wavelength of 808 nm. The stimulation of
the active medium produces radiations, with a
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Table 9.3 Laser Alba 355® technical features

Laser source Solid state pumped laser diode
(DPSS)

Active material Neodymium-doped yttrium
orthovanadate (Nd:YVO4)

Wavelenght 355 nm

Maximum output TW

Beam size 2.5 mm

Beam quality TEMO0

Beam divergence 1.5 mrad

Power stability <1%

Repetition pulse 20-25 kHz

rate

Maximum energy 0.35mJ

per pulse

Pulse width 10-15 ns

Brightness For 20,000 hours

Cooling system Air

Table9.4 Applications and protocols of Laser Alba 355®

Weekly
sessions
Pathology J/em? | J (cumulative) | number
Atopic dermatitis 20 1000 3
Mycosis fungoides | 130 2000 2
Lupus 6 250 2
erythematosus
Localized 100 1500 2
scleroderma
Lichen sclerosus 100 1000
Psoriasis 130 1800 3

wavelenght of 1064 nm, which are impulsed
through an acousto-optic crystal, producing ultra-
short pulsed light (25 nanosec).

The high pulse rate is sent to the Nd:YVO4
crystal in order to duplicate and triplicate the orig-
inal wavelength of 1064 nm. This fact allows the
production of two more harmonic wavelength
delivery, respectively of 532 and 355 nm. The
laser beam is then filtered in order to produce only
355 nm wavelength specific beam, which is suc-
cessively amplified and homogenate. A particular
diaphragm allows the operator to design different
shaped dimensional figures (Table 9.3) [28].

The use of Laser Alba 355® allows the treat-
ment of selected affected skin areas, avoiding

exposure of unaffected skin. Several dermato-
logical conditions, such as atopic dermatitis, pso-
riasis, vitiligo, alopecia areata, mycosis
fungoides, lupus erythematous, granuloma annu-
lar, morphoea and lichen sclerosus have been
treated by this lamp [5].

Although, the mechanisms of action are the
same as of the classical UVA-1-phototherapy,
Laser Alba 355® acts in a more precise way.
Because of the treatment focused onto the cuta-
neous lesions, the operator can use higher doses
of energy, leading to less durable and frequent
treatment sessions. The possibility to regulate the
time of emission and the spot diameters, on the
base of the clinical features of each patient, con-
tributes to the more efficacy of the device increas-
ing the patient’s compliance (Table 9.4).

The treatment with Laser Alba 355 is gener-
ally safe and well-tolerated. Acute side effects,
like erythema or pruritus, have rarely been
described. Long term side effects have yet to be
investigated.

9.7  Conclusion

Despite the continuous progress in medical and
technological knowledges, and the evolution of
pharmacological and surgical treatments, photo-
therapy is an important therapeutic tool available
for many dermatologic diseases. The last years
have been characterized by several advances in
the field of phototherapy, and recently has seen
the confirmation of the UVA-1 therapy. This
modality consists in the use of light therapy
lamps emitting UVA-1 (340—400 nm). The well-
documented immune-modulating, antinflamma-
tory and antisclerotic effects of UVA-1, make this
type of phototherapy useful for the treatment of
different cutaneous disorders, such as atopic der-
matitis, psoriasis, scleroderma, mastocytosis, and
other. Today, many UVA-1 phototherapy devices
are available. Among these the last frontier of
UVA-1 treatment is represented by the Laser
Alba 355®, which allows the treatment of selected
affected skin areas, avoiding exposure of unaf-
fected skin.
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Photodermatoses
in the Pigmented Skin
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Abstract

Skin colour (specifically in relation to its melanin content and composi-
tion) has a marked influence on its interaction with ultraviolet light.
Eumelanin has mainly photoprotective properties while pheomelanin has
the ability to cause formation of reactive oxygen species. This difference
is responsible for the difference in incidence and presentation of various
idiopathic photodermatoses in dark skinned patients compared to those
with lighter skin types. Certain conditions are peculiar to darker skins
including pin point popular variant of polymorphous light eruption. These
differences are discussed in this chapter while also highlighting the chal-

lenges faced in performing phototesting in patients with dark skin.

Keywords

Photodermatoses ¢ Dark skin

10.1 Introduction

Sunlight affects the human body in many differ-
ent ways including but not limited to a role in
vitamin D synthesis, psychological and emo-
tional well being. On the downside, it is also
responsible in the causation of many diseases
including systemic disorders like connective tis-
sue disorders and many cutaneous disorders
including photodermatoses. Sensitivity of human
skin to ultraviolet light is influenced by many
factors including latitude and altitude, thickness

V.K. Sharma (<)) e K. Sahni

Department of Dermatology and Venereology, All
India Institute of Medical Sciences,

Ansari Nagar, New Delhi 110029, India

e-mail: vksiadvl@gmail.com

© Springer International Publishing AG 2017

of ozone layer and characteristics of the skin
most importantly the skin color or phototype.
Dark skin is inherently protected from the effects
of ultraviolet light due to the higher melanin
content and higher ratio of eumelanin to
pheomelanin [1-3].

Photodermatoses are groups of cutaneous
disorders caused or exacerbated by exposure to
electromagnetic radiation of visible or ultraviolet
spectrum [4, 5]. Photodermatoses are broadly
grouped into idiopathic acquired photodermato-
ses, inherited conditions like porphyria and
genodermatoses, drug induced photosensitivity
and photoaggravated dermatoses. Idiopathic
photodermatoses include chronic actinic derma-
titis (CAD), polymorphous light eruption
(PMLE), actinic prurigo (AP), solar urticaria

m
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(SU) and hydroa vacciniforme (HV).The pattern
and spectrum of photodermatoses in dark skins
differs from that in fair skinned populations and
is discussed in this chapter.

10.2 Skin Color and Skin
Phototypes [6]

Classification of skin color does not have clear
cut definitions. It differs between races and geo-
graphic latitudes as white or light skin with red
hair in Europeans and Americans to dark or
black skin in Africans and African Americans
with intermediate skin color seen in Hispanics
and Asians. Constitutive skin color is determined
by the differences in genetic composition as well
as differences in geographic regions as the varia-
tion with geographic region is much greater for
skin color compared to other phenotypic traits
e.g. craniometric traits [7, 8]. Genetic composi-
tion particularly the melanocortin 1 receptor
(MCIR) gene determines whether melanogene-
sis will follow primarily the eumelanogenesis or
pheomelanogenesis pathway [9]. Dark skins
show higher concentration of eumelanin which
is a more stable molecule and highly photopro-
tective. When eumelanin absorbs light, it nearly
completely converts it into heat and prevents the
formation of free radical species and hence low-
ers the risk of ultraviolet induced carcinogenesis.
In contrast lighter skins are richer in pheomela-
nin which on excitement by ultraviolet light,
leads to formation of reactive oxygen species
which cause phototoxic reactions and DNA
damage thus contributing to sunburn and carci-
nogenesis respectively. The distribution and size
of melanosomes also contributes to skin color as
larger, more numerous, more neutral pH melano-
somes which are more evenly distributed
throughout the epidermis contribute to a darker
skin phenotype [10-21]. The risk of skin cancers
in dark skins is nearly 70 fold less than in light
skins as melanin acts as a very effective sun pro-
tectant. Skin pigmentation also influences the
cutaneous micro flora as microbial colonization
is much greater in albinos compared to normally
pigmented individuals. Higher colony forming

units were in turn associated with a greater
degree of sun damage [22-25].

Skin phototypes were initially described by
Fitzpatrick who classified individuals into six dif-
ferent skin phototypes depending on the burning
and tanning response of the skin to mid day sun
exposure with Fitzpatrick skin type I being that
which always burns and never tans and skin type
VI being that which never burns, always tans.
However, this scale was not very accurate for use
in Asian skins as the responses differ compared
to lighter skinned populations. Recently a simpli-
fied color bar tool has been developed for self
assessment of skin type by patient based on
colour of upper inner arm skin [26-31].

The differences in the pigmentation system in
light and dark skins are summarized in Table 10.1.

10.3 Prevalence Data
on Photodermatoses
in General Population

Community-based studies which throw light on
the prevalence of photodermatoses in the general
population are few. One such questionnaire-
based study to assess self reporting of photoder-
matoses, performed on 4899 patients in four
different regions of Yunnan province of China,
found that the incidence of PMLE was 0.65% and
that of CAD was 0.18%. In addition, higher alti-
tude was found to correlate positively with the
prevalence of PMLE (but not CAD) [32]. Another
population-based study from Scotland found
CAD to be the commonest photodermatosis with
the prevalence of various photodermatoses per
100,000 population as follows: CAD (16.5), por-
phyrias cutanea tarda (7.6), solar urticaria (3.9),
actinic prurigo (3.3), erythropoeitic protopor-
phyrias (2.3) and hydroa vacciniforme (0.47)
[33]. Photodermatoses accounted for 22.9% of
patients in a study from Ethiopia, amongst which
PMLE was the commonest followed by hyper-
pigmentation [34].

Among dermatologic clinic based prevalence
data, photodermatoses accounted for 12.3% of all
dermatology outpatients in a study from
Michigan, compared to only 0.4% of the outpa-
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Table 10.1 Comparative biology of the pigmentary system in dark and light coloured skin

Characteristic Dark skin

Light skin

Melanin content

Higher total melanin

Lower total melanin

Eumelanin: pheomelanin ratio Higher

Lower

Distribution and size of
melanosomes
the epidermis

Discretely located larger
melanosomes (800nm) throughout

Smaller melanosomes (400 nm) in
clusters mostly in basal and
suprabasal location

Resistance of melanosomes to
degradation by lysosomal enzymes

Higher

Lower

Transfer of melanosomes

Melanosomes transferred to
keratinocytes individuallly

Melanosomes transferred to
keratinocytes as complexes

pH inside melanosomes Neutral

Acidic

Tyrosinase activity

Lower activity of tyrosinase

Higher activity of tyrosinase

Dopaquinone cyclization Higher rate

Lower rate

CD-quinone cyclization Lower rate

Higher rate

Apoptotic cell removal

Higher and more efficient

Less efficient

Result of UV exposure

More pronounced tanning response

Usually more prominent burning

response

Penetration of UVL to upper dermis | Significantly lower compared to Significantly higher compared to
lighter skin dark skin

DNA damage after UVL exposure Less Higher

tients in a study from Lagos, Nigeria [35, 36].
Two studies performed in Singapore 9 years apart
found an incidence of idiopathic photodermato-
ses from 0.014 to 0.059% [37, 38].

To date, there aren’t enough studies on photo-
dermatoses in dark skins to be able to delineate
any differences in the pattern and incidence of
photodermatoses attributed to skin colour or
phototype.

10.4 Relative Frequency
of Photodermatoses

The studies currently available in the literature
on photodermatoses in dark versus light skin
types are summarized in Table 10.2. In general,
photodermatoses have accounted for between
12.3 and 22.9% of total dermatologic out patients
in different studies and in darker skins, PMLE is
the most common idiopathic acquired photoder-
matosis followed by CAD while in lighter skins,
most commonly seen photodermatoses are
PMLE (though less common than dark skins)
and actinic prurigo [34, 37-42]. In our experi-
ence on Indian patients, PMLE accounts for

more than half of all photodermatoses followed
by CAD, collagen vascular disease and photoag-
gravated atopic dermatitis [41].

10.5 Polymorphous Light
Eruption

PMLE accounts for the majority of patients with
idiopathic photodermatoses in both light and
dark skinned patients. PMLE presents in a poly-
morphous fashion with many morphologic vari-
ants including papular, papulovesicular, plaque,
eczematous, erythema multiforme-like, prurigo-
like, and urticarial lesions.

As the name suggests, there are many clinical
variants including papular, papulovesicular
(Fig. 10.1), plaque-like, vesiculobullous, insect
bite-like, erythema multiforme-like, prurigo-
like, erythematous-edematous and urticarial
lesions (Fig. 10.2). Traditionally it is reported to
affect females slightly more often than males
and highest incidence is in 2nd and 3rd decades
of life. Photoexposed sites like neck, dorsae of
forearms and hands are most commonly
involved [45, 46] (Fig. 10.3).



PapI0daI Jou
YN “SBISIP ANSSI} DANIAUUOD (7.1 ‘SHIEULIAP JOBIUOD (7)) ‘OULIOJIUIIOCA BOIPAY A A “BLIEOILN IB[OS /)§ "0S1nid o1unoe 4V ‘SHneuap orumnoe ooy 7y, ‘uondnia jysiy snoydiowkjod F7/Wd

LT AN AN 6Ll 91 6'ST -0 91 0 91 14S €9 | uerseone)
(pareaeadseojoyd
jou)
ueOLIOWY A[UO SIOPIOSIP VSN [zy] e 1o
6| AN AN 0 0 L0 - 0| Lo 0 6T T98 8ET|  -UBIIY | QAINSUISOJOUJ | ‘UBSTUOIAL | BINUENEN]
A—AL eipul | [14] e e
TT LL I8¢l 70 - 6T ol o 0 0 8€I| L6S Sl 7o | Yoredarg Q| ‘TueMUpeA
AN | AN AN AN 8 L AN 0 4 0 Ll 9T L¥|  €0C AN Pa1s210J0Y | 10X MON
[og]
L861 212
6'96 - - - - - - - - - - re e 9 BLIOSIN aprunjQ
[+¥]
€00T 219
861 | 15T 76T o LT 89 0| 0| 86| €S¥| LS6| TL6T € L6E vIensny yonor)
[ev]
£00T 212
18] T¢ LT Sv| TS Sy AN €0 868 960 €8F%| 90¢€ Ly| 0I€ EREENS) sogneng
[8€1 9661
- L [43 AN € Il AN| 0 S 14 S €l LT 49! AN paisajojoyq | drodesurg | [e 10 00Uy
[L€] s00T
R (¢ €T AN 4 €1 AN, 0 9 vopl T 6| I¥l AN paisaj0l0t | erodeSurg | e 19 Suop
LTL| AN AN vic| 9T AN Lo 0 8 R A 8 2 TS| OIT| uerseone)
(pareaeaiseoroyd
jou)
uedLRWY | A[UO SIOPIOSIP vsn|  [sglLooe
v AN AN Lol Lo AN €€l 0| Te SR 0 § R VX L'08| SEI| -UBOLJY | OATNISUSSOIOUJ  AIODA(T|  [B)9 LY
») | )| (»)ald »)| (%) (%) ®)| B B %) B (B (%) [syuened | adKjojoyd | eLRILD vOISAOU] | AnUno) | Ieak/oyny
SO | 1D | wem o eukydiog | D | padnpur | Apxolooyd | AH| NS | dV | AV | AT Prgedorpr | jo ‘oN JERL gNle)
S9S0JBULIOP o1319[[® snig
pajeArI3SY 0joyq
0104

SAIpMIS SNOLIBA Ul sasojewopojoyd Jo Aouonbaiy oane[oy ¢'0lL djqeL



10 Photodermatoses in the Pigmented Skin

115

Fig.10.1 28- year old male (skin type IV) with papulovesicular polymorphous light eruption (PMLE) over cheeks and

external ear

Fig.10.2 10-year old boy (skin type IV) with erythema-
tous scaly plaques in malar area of face with family his-
tory of similar lesions (familial PMLE)

Fig. 10.3 30 year old male (skin type V) with polymor-
phous light eruption (PMLE). Grouped pinhead-sized
shiny papules over the forearm

Peculiarly, darker skin types IV-VI are often
found to demonstrate a unique pin-point papular
variant. Presentation is in the form of multiple
pin point reddish to skin colored papules over the
sun exposed areas. An Indian study first report-
edthe presentation with tiny lichenoid grouped
papules by the name of summertime actinic
lichenoid eruption (SALE) [47]. This is possibly
the same entity as the Japanese reported entity of
micropapular light eruption [48] or the more
recently termed pinpoint papular variant of
PMLE described in African Americans [49]. In
an Asian study, this variant has been found to
account for nearly 30% of all PMLE and in our
experience too, nearly one third of PMLE patients
have such a morphology [41]. An Asian study
found this variant to account for nearly one third
of cases [50]. We have also conducted a clinico-
pathologic study and defined an entity called
photosensitive spongiotic/ lichenoid eruption of
micropapules and plaques (PSLEMP) or photo-
sensitive spongiotic/ lichenoid eruption (PSLE)
which has lesions of varied clinical morphologies
but demonstrating spongiotic or lichenoid tissue
reaction on histopathology [51]. Other authors
have also demonstrated both spongiosis and
lichenoid tissue reaction in addition to other his-
tologic changes including RBC extravasation and
parakeratosis [52].

Another name to this entity has been given by
an Italian group as benign summer light eruption
(BSLE) which is characterized by preponderance
of women, shorter latency, lack of involvement of
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the face and absence of relapse during summer
[53]. PMLE is uncommonly reported even from
Hispanic populations [54]. Seasonal variation is
common in India with an exacerbation noted in
March and September [55].

10.6 Chronic Actinic Dermatitis

Chronic actinic dermatitis (CAD) occurs due to a
delayed type hypersensitivity to an altered cuta-
neous antigen and some authors have also
included in this spectrum, a CAD-like photosen-
sitive eruption secondary to airborne allergens. It
is histologically characterized by changes of
chronic dermatitis occasionally associated with
mitotic figures and lymphocytes with large
hyperchromatic nuclei. It is clinically character-
ized by a persistent eczematous eruption affect-
ing predominantly the photoexposed skin with
histopathology of chronic eczema with or with-
out lymphoma like changes with reduced MED
to UVA, UVB and/or visible light [56-59]. The
spectrum of radiation which is responsible for the
photosensitivity in CAD has been found to be
both UVA and UVB in nearly 2/3rds of patients
whereas it is only UVA in around 1/4th of
patients. It is most commonly a disease of elderly
with mean age of onset in a study on Caucasians
being 62.7 years [60].

A recent retrospective study on environmental
dermatoses in native Ladakhis, lowlanders and
tourists conducted in the high altitude region of
Ladakh, India, found that majority of environ-
ment induced dermatoses were induced by ultra-
violet light including sun burn, melasma, PMLE,
CAD and actinic cheilitis. Among these,
melasma, CAD and actinic cheilitis occurred
much more commonly in native Ladakhis com-
pared to lowlanders and tourists [61].

CAD-like picture may occur as a response to
allergic contact dermatitis as patch and photo-
patch tests have been found positive to a number
of allergens (including sesquiterpene lactone
mix, fragrance compounds, colophony and rub-
ber chemicals) in patients with a clinical picture
of chronic actinic dermatitis [62]. In darker
skinned patients of CAD, positivity to parthe-

Fig. 10.4 45 year old Indian farmer (skin type V) with
chronic actinic dermatitis. (a) Lichenified plaques on face
with (b) prurigo-like lesions on the dorsae of hands

nium and PPD was commonly seen on patch test-
ing [59, 63].

Conversely, when studying patients with con-
tact dermatitis to hair dye a CAD-like clinical
presentation was one of the clinical patterns seen
in 2 out of the 80 patients [64]. In a cohort of
Parthenium dermatitis patients from India, one of
the authors has found progression from a classi-
cal airborne contact dermatitis pattern to a mixed
and CAD like pattern of clinical involvement in
more than half of the patients over a mean follow
up of 4.2 years. Additionally, photopatch testing
was found positive to parthenium in 6 out of 19
patients tested [65]. A recent review on chronic
actinic dermatitis also mentions that patients with
CAD in the United Kingdom also often demon-
strate  positive patch testing to relevant
Compositae, possibly resulting from exposure to
such plants during gardening [66].

In our experience, chronic actinic dermatitis is
2nd most common idiopathic photodermatosis
following only PMLE. Our patients have a rela-
tively earlier onset at a mean age of around
44 years and most commonly present with
lichenified plaques on photoexposed sites, with
prurigo-like lesions occurring commonly in
around 20% of cases. (Figs. 10.2 and 10.4)
Though studies in West have reported a relatively
good prognosis for CAD patients with spontane-
ous resolution occurring in almost half of the
patients over 15 years of follow up, we find CAD
to be a chronic and persistent dermatosis [67].
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Another study has looked into the effect of skin
type on long term prognosis with patients with
skin types I and II having higher likelihood of
resolution or improvement while patients with
photoype IV reported no change [68].

10.7 Actinic Prurigo

Actinic prurigo is a chronic photodermatosis
which has many racial and ethnic predisposi-
tions, eg. Latin American mesitzos, North
American Indians/Alaskan natives and ethnic
Chinese. HLA subtypes that predispose to AP
include HLA-A24 and HLA-CW4 [37, 69-71].
In the study from Singapore, later age of onset
and lack of association with actinic cheilitis may
point to an prurigo like variant of CAD. In our
experience, actinic prurigo is rare in Indians but
we commonly encounter actinic prurigo-like
lesions in patients with CAD. Adult onset actinic
prurigo (mean age: 36.86 years) in type IV and V
skin has been described from Thailand [72]. We
have recently reported a case of a 28-year old
Indian woman with allergic contact dermatitis to
Parthenium presenting as actinic prurigo [73].

10.8 Solar Urticaria

Solar urticaria is more commonly reported in
fair skinned populations and we did not
encounter any patient of solar urticaria in our
cohort. In data from Singapore, patients had a
higher age of onset, were more often male and
reacted positively to visible light in majority of
cases [37]. This was in contrast to data from
Europe and Americas [74]. In another cohort of
patients with urticaria recruited from our cen-
ter, 3 out of 515 patients were found to have
solar urticaria [75].

10.9 Hydroavacciniforme

Hydroa vacciniforme did not feature in the three
large case series from Singapore, India and Nigeria.
A single report of a patient from South Africa pre-
senting with crusts and vacciniform scars in sun-

Fig. 10.5 30 year old lady (skin type V) with actinic
lichen planus. Well defined lichenoid plaques with periph-
eral rim of hypopigmentation over the upper back

exposed areas was possibly hydroa vacciniforme
[76]. Recently, there have been two reports in dark-
skinned children, one from Morocco and the other
in a Malay child from Singapore where clinical
features were not different from that described in
the White population [77, 78].

10.10 Actinic Lichen Planus

Actinic lichen planus has been almost exclusively
reported in dark skinned young patients from
tropical areas including Middle East, Africa and
India [79, 80]. It however is not reported from
West Africa [81].The classical presentation is in
the form of annular hyperpigmented macules
with a halo of hypopigmentation occurring over
sun exposed sites, classically over forehead.
(Fig. 10.5) We have observed it to occur in 8 out
of our 364 patients of photodermatoses whereas
among a cohort of lichen planus cases from our
institute, actinic lichen planus accounted for
around 20% of all cases [41, 82].

10.11 Phytophotodermatitis

Phytophotodermatitis is a UV-induced photo-
toxic reaction to plants containing allergens most
commonly psoralens followed by exposure to
UVA light. It is reported mainly from the tropics
in the form of sun burn like picture presenting as
blisters following sun exposure [83]. In darker
patients, the only sign of phytophotodermatitis
may be the residual hyperpigmentation without
any previous signs or symptoms of sunburn.
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10.12 Photosensitive Nutritional
Dermatoses

A nutritional disorder presenting with dermatitic
or hyperpigmented lesions in a photodistributed
location is pellagra secondary to deficiency of
niacin. Though it is mainly of historic importance
when it occurred in 3rd world countries where
millets were the principal sereal in the diet, we
have not observed any case in our series [84, 85].
In the current age, it may occur in patients with
immunosuppression or those on antituberculous
therapy. Was commonly observed in third world
countries with high incidence of malnutrition
particularly where millet or maize was the princi-
pal cereal in the diet. Both systemic and occupa-
tional exposure to pyridoxine (vitamin B6) has
been known to cause photosensitivity [86, 87].

10.13 Drug-Induced
Photosensitivity

Certain topically or systemically administered
drugs or chemicals are known to enhance the
photosensitivity of cellular components. These
include antibiotics (esp fluoroquinolones), non
steroidal anti inflammatory drugs and retinoids
and more recently antihypertensives like thia-
zides and diltiazem. This may manifest in the
form of photosensitive drug eruption or photodis-
tributed hyperpigmentation [88-90]. Implicated
drugs in our series were NSAIDs, doxycycline,
antihypertensives and antibiotics [53]. Caucasians
are possibly more prone to develop phototoxic
drug reactions compared to African Americans
probably because of the protection offered by
melanin to darker skins [42].

10.14 HIV and Photosensitivity
[91]

Human immunodeficiency virus infected patients
demonstrate photosensitivity disorders in a myr-
iad of manifestations. These most commonly
include photosensitive lichenoid eruptions and
erythroderma. Other manifestations of photosen-

sitivity in these patients include porphyrias,
chronic actinic dermatitis and photosensitive
granuloma annulare.

Photosensitivity has been reported in around
5% of HIV positive patients. Photodistributed
dermatoses including lichenoid disorders and
hyperpigmentation occur more commonly among
African Americans with low CD4 counts of <50
cells/mL and patients receiving ART especially
saquinavir. In fact even on adjusting for CD4
counts and HAART, ethnicity continued to
remain a risk factor for photosensitivity [91, 92].
There has been a recently reported and unex-
plained higher incidence of photodermatitis in
HIV positive tribals from Bastar in India [93].

HIV photodermatitis presenting with wide-
spread vitiligo-like depigmentation has been
reported in a 60-year old man with AIDS and a
CD4 count of who developed photodistributed,
depigmented macules and patches with a hyper-
pigmented border on the photoexposed areas of
the dorsal forearms, posterior neck and “V” area
of the chest. Though the skin phototype is not
mentioned, it appears to be a dark skinned patient
from the provided photographs [94].

10.15 Phototesting in the Dark
Skins

Traditionally the minimal erythema dose has
been defined variously for different phototypes
by Fitzpatrick. Phototesting has been carried out
in a number of studies in both light and dark
skinned patients with photodermatoses. Amongst
darker skins, in Korean patients, MED to ultra-
violet B to correlate only weakly with skin photo-
type with only minor increases between different
phototypes from type II to type V [95]. Similar
results were seen in another study by the same
group of investigators. Median MED to NBUVB
was found to be 750, 950 and 1075 mJ/cm [2] in
Korean patients with skin phototypes III, IV and
V respectively [96]. A similar study in patients
with skin types III and IV from Bahrain reported
a mean MED value of 112.22 + 32.53 mJ/cm [2]
[97]. Phototesting guidelines for skin phototypes
IV to VI are not yet in place [98, 99]. In an Indian
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study even after very high irradiation for up to
45 min MED to UVA could not be elicited in any
of the 100 normal individuals studied [100].

In our experience on phototesting patients of
CAD, only about half of them have detectable
MED to UVA. Other Indian studies have also
been able to elicit an MED to UVA in majority of
patients with photodermatoses in comparison to
controls [41, 59, 101]. Similar data exists from
Singapore and MEDs were elicitable in most
patients with photodermatoses [37]. We have also
studied 101 Indian patients with dermatitis on
photoexposed sites and performed patch and
photopatch testing and found positivity most
commonly to Parthenium hysterophorus which
was positive in three (4%) photo-patch and 52
(52%) patch tests. This was followed by positive
photo-patch test to other allergens including fra-
grance mix, balsam of Peru, thiuram mix,
Compositae mix and promethazine hydrochlo-
ride [102].

10.16 Conclusion

This chapter reviews the differences in composi-
tion of dark and light skins and their interaction
with ultraviolet light and proposes likely patho-
genic mechanisms responsible for the difference
in spectrum of photodermatoses in dark and light
skinned populations. It also specifically high-
lights the conditions more commonly or exclu-
sively seen in dark skinned populations like pin
point popular type of PMLE and prurigo like
lesions in CAD. We believe lichenoid photosen-
sitivity disorders are a specific subtype of photo-
sensitivity dermatoses particularly seen in dark
skins and may be included in future
classifications.
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Abstract

Psycho-Neuro-Endocrine-Immunology (P.N.E.L.) is a scientific field of
study that investigates the link between bidirectional communications
among the nervous system, the endocrine system, and the immune system
and the correlations of this cross-talk with physical health. The PN.E.L.
innovative medical approach represents a paradigm shift from a strictly
biomedical view of health and disease taken as hermetically sealed com-
partments to a more interdisciplinary one. The key element of PN.E.L.
approach is represented by the concept of bidirectional cross-talk between
the psychoneuroendocrine and immune systems. The Low Dose Medicine
is one of the most promising approaches able to allow the researchers to
design innovative therapeutic strategies for the treatment of skin diseases
based on the rebalance of the immune response.
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11.1 Introduction

In the field of experimental psychology applied
to medicine, the second half of the 80’ is charac-
terized by the theorization and divulgation, due
to Dr. Robert Ader and colleagues of the princi-
ples of Psycho-Neuro-Endocrine-Immunology
(PN.E.L). This is a scientific field of study that
investigates the link between bidirectional com-
munications among the nervous system, the
endocrine system, and the immune system and
the correlations of this cross-talk with physical
health.

The sentence “For this is the great error of our
day that the physicians separate the soul from the
body” (Hippocrates, sixth century B.C.) clearly
represents the primum movens of Dr. Ader’s stud-
ies against the traditional scotomized medical
view which is described, for example, by the
assertion that the immune system is autonomous,
with its self-regulatory and functions separate
and independent from the rest of the body.

Dr. Ader’s initial research (in the 1970s) on
the conditioning of the immune system by psy-
chosocial factors become a cornerstone for stud-
ies that described the vast communications
network among immune cells, hormones and
neurotransmitters; Ader’s early observations
were also confirmed by Ader himself and other
researchers at Harvard University during the
1980s.

Importantly, Dr. Ader’s work devoted to the
postulation and the development of the new sci-
ence of PN.E.I., these old views become less
legitimate and, nowadays, the PN.E.I. concepts
guide the scientific community to a unified vision
of the biological functions of the body [1-4]. The
P.N.E.I. innovative medical approach represents
a paradigm shift from a strictly biomedical view
of health and disease taken as hermetically sealed
compartments to a more interdisciplinary one.
After years of ostracism and diffidence, mind-
body interactions are now well recognized,
deeply studied in the medical literature and
taught at most important medical schools.

In 1983 Dr. Ader wrote: “Converging data
from a variety of disciplines suggest that the
immune system is integrated with other physio-

logical systems and, like all such systems operat-
ing in the interests of homeostasis, is sensitive to
regulation or modulation by the brain; thus, the
immune system stands as a potential mediator of
a variety of psychophysiologic effects” [5]. The
concept of cross-talk between PN.E.I. system
components and the pivotal role of immune sys-
tem clearly appear in this sentence.

More than 30 years have passed since Ader’s
pioneering observations and the P.N.E.I. concept
is now well established and accepted, despite of
the initial resistances. An example of modern full
integrated medical approach to reduce (e.g. in
healthcare workers) job-related distress symp-
toms and adrenocortical activity is represented
by Psycho-Neuro-Endocrino-Immunology-based
meditation (PNEIMED) an innovative approach
that combines the teaching of philosophy and
meditation practice of with biomedical analysis
from a systemic and integrative perspective [6].
Moreover, from the biochemical point of view,
the advances in the fields of molecular biology
and physiopathology identified hormones, neuro-
peptides, cytokines, and growth factors as the
signaling molecules involved in both physiologi-
cal and pathological biological processes, in clear
accordance with the principles of PN.E.I

11.2 Bidirectional P.N.E.l. Cross-
Talk in Dermatology:
The Gut-Brain-Skin Axis

The key element of PN.E.I. approach is repre-
sented by the concept of bidirectional cross-talk
[7] between the psychoneuroendocrine and
immune systems. (Fig. 11.1).

The psychoneuroendocrine system can influ-
ence the immune response and, therefore, the
capacity of the organism to react against diseases;
conversely, the immune system can influence the
neuroendocrine functions of the whole body.
Such cross-talk among systems is carefully
trimmed by feedback loops that simultaneously
act in order maintain the homeostatic
equilibrium.

This complex interplay is mediated by a wide
network of cytokines, hormones, growth factors,
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Fig. 11.1 Homeostatic Control Systems and the role of
PNEI

neuropeptides and other intermediate molecules
collectively named signaling (or messenger)
molecules which are the “ABC”, the fundamental
language of the physiological cross-talk which
efficiently regulates cellular responses to both
endogenous and exogenous stimuli.

The state of health or disease of a whole body
can be depicted by the fluctuations of signaling
molecules circulating levels: if the fluctuations
are outside the homeostatic range (upper or lower
than the physiological limits) we consider this
status as a pathologic one.

Gut and skin roles and relations with other
organs and tissues are paradigmatic examples of
the PN.E.I. logic. Gut and skin are crucial con-
tact organs through which the mammalian body
communicates with the environment. They show
some important characteristics in common: they
are richly vascularized and innervated and they
are also heavily colonized by specific microbial
strains [8, 9]. Gut and skin can be considered as
complex immune and neuroendocrine organs
integrated into the whole immune-endocrine sys-
tems and their correct functioning is crucial in
order to guarantee the homeostasis and, conse-
quently, the survival of the entire organism [10].

All the PN.E.I. axes, such as the Gut-Brain
Axis and the Gut-Skin Axis, are multi-level net-
works; they are continuously physiologically

modulated by the cellular signaling exchange
driven by cytokines, neuro-peptides, neuro-
hormones and other messenger molecules. In
physiological conditions, this continuous cross-
talk maintains the P.N.E.I. homeostasis of the
axes. Recently, the concept of Gut-Brain-Skin
Axis has been discussed by Petra Arck and col-
leagues [11]. In 2009 the researchers observed
for the first the connection between the well-
known Gut-Brain Axis and Gut-Skin Axis and,
through experimental data (in vivo mice model),
described the effectiveness of a probiotic-based
treatment for the reduction of stress-induced neu-
rogenic skin inflammation and hair growth inhi-
bition. These evidences are in line with the
observations of John H. Stokes and Donald
M. Pillsbury who firstly theorized the gut-brain-
skin unifying vision in 1930 [12] (clear example
of PN.E.I. approach application ante litteram).

Arck and colleagues validated the unifying
model Gut-Brain-Skin Axis in order to highlight
the idea that beneficial effects on skin homoeo-
stasis and skin inflammation can be achieved by
the assumption of the right kind of probiotics.

The complexity of the Gut-Brain-Skin Axis
induces a deep reflection on its regulation, with
particular emphasis to the role of the signaling
molecule involved in this network, their imbal-
ance at skin level is linked with the majority of
inflammation-related and autoimmune skin dis-
eases. (Fig. 11.2).

The Gut-Brain-Skin Axis is a PN.E.I. micro-
cosm that acts as a homeostatic controller not
only of its own systems but the whole organism.
Both the intestinal mucosa and the skin have in
fact nervous competence (are able to secrete neu-
ropeptides and neurohormones), endocrine (are
able to secrete hormones), immune (are able to
secrete cytokines) and they are in intimate con-
nection with other organs, systems and appara-
tuses. By virtue of these interactions it appears
evident that the presence of a state of physiologi-
cal inflammation represents a normal phenome-
non both in the intestine and at skin level. The
intestinal mucosa and skin are constantly exposed
to a heavy antigenic charge mainly represented
by bacterial flora. The tolerance of the microbiota
is the key physiological inflammation.
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Fig.11.2 Pro
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These PN.E.I. concepts also offered the
opportunity and the tools to study the inflamma-
tory phenomenon in all its complexity and to
identify the homeostatic mechanisms governing
all stages of the inflammatory phenomenon, from
the onset to its resolution.

From a P.N.E.IL. point of view, inflammation is
such an essential physiological process homeo-
statically controlled in order to trigger it, develop
it and turn it off.

The healthy status of an organism coincides
with the condition of homeostasis, in which the
vital parameters (pH, temperature, glycaemia,
and oxygen’s partial pressure) are maintained
within a precise and defined range and whose
deviation up or down is identified with the patho-
logical state. Inflammation is fully embedded in
the physiological functions in homeostatic con-
trol. There is thus a level of inflammation, falling
within the parameters of “normality”, defined
physiological inflammation [13].

In the intestine, physiological controlled
inflammation is necessary for immunological
function, as regulatory immune cells are triggered
by intestinal microbiota and food constituents in
order to regulate pro-inflammatory pathways and
maintain the correct immunocompetence.

Phlogogenic events such as epithelial barrier
disruptions, sudden changes of microbiota com-

position, altered immune balance and, finally,
homeostatic balance disruption can contribute to
disease onset. Physiological inflammation is
overcome by a low-intensity chronic inflamma-
tory condition named Low Grade Chronic
Inflammation (L.G.C.L.) [14-16].

L.G.C.I. and quali/quantitative alterations of
the microbiota may contribute to the onset of
local diseases characterized by alterations in the
permeability of the intestinal mucosa [IBD
(Inflammatory Bowel Disease), IBS (Irritable
Bowel Syndrome), gluten sensitivity, leaky gut
syndrome].

Also systemic diseases such as autistic spec-
trum disorders, the Anxious-Depressive syn-
dromes, Alzheimer’s disease, type II diabetes,
obesity, psoriasis, rheumatoid arthritis, BPCO
(Bronco-Pulmonary-Chronic-Obstructive  pul-
monary disease) or the RRI (Recurrent
Respiratory Infections) are linked with inflam-
matory conditions and P.N.E.I. homeostasis alter-
ations. Interestingly also skin microbial changes
and loss of physiological immunocompetence are
related with some local and systemic diseases
such as acne vulgaris, vitiligo and atopic derma-
titis [9, 12, 17].
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11.3 Alteration
of P.N.E.l. Homeostasis,
Inflammation

and Dermatologic Diseases

Focusing the attention on skin compartment, it is
important to remember that skin defense system
is composed of three main levels: the skin
mechanical barrier, the innate immunity, and the
acquired immunity [18, 19]; these levels have
specific roles in order to react against external
and internal inflammatory triggers. An example
of the intercellular cross-talk at cutaneous level is
the complex of signaling pathways that regulate
the functional interactions between keratinocytes
and melanocytes, fundamental for the skin pig-
mentation. Keratinocytes produce growth factors
and other signaling molecules, which can drive
melanocytes’ migration, differentiation and mel-
anin synthesis. Keratinocytes-melanocytes cross-
talk represent a small P.N.E.I. network at
epidermal level: the psycho-neuro component is
guarantee by the embryologic origin of melano-

cytes which derive from the same embryonic
layer that origins some neuronal cell lines, the
neural crest [20]. The intercellular cross-talk
between keratinocytes and melanocytes is
homeostatically regulated condition by growth
factors and cytokines of endocrine origin. The
immune function is linked with represented by
the involvement of melanocytes in the anti-
oxidative stress protective mechanisms mediated
by keratinocyte-derived b-FGF (basic-Fibroblast
Growth Factor). (Fig. 11.3).

These observations highlight the pivotal role
of PN.E.I. homeostatic mechanisms in the main-
tenance of healthy skin conditions.

An alteration of skin structure (due to infec-
tion or mechanical/chemical injuries) and/or the
loss of immune skin homeostasis contributes to
the pathogenesis of inflammatory skin diseases
that are characterized by the breakdown of the
homeostatic cross-talk; the role played by the
Immune System in the context of the P.N.E.I. net-
work within the “skin system” is crucial for the
maintenance of the physiological inflammation.

Keratinocytes-derived

b-FGF signaling molecules involved

I in melanocyte cell functions
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Fig.11.3 Keratinocytes-Melanocytes cross-talk
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The physiological inflammatory process is
supported by a panel of Thl-related cytokines,
which comprise IL-1, TNF-a and IL-6 that exert
their role in a precise chronobiology. Within
72-96 h after the proinflammatory stimulus, the
response is managed by a sequence of cytokines
activation: and deactivation: IL-1 and TNF-a
(primary inflammatory cytokines) induce the
production of adhesive molecules, chemokines,
growth factors and lipid mediators such as pros-
taglandins and nitric oxide (NO). These media-
tors stimulate leukocyte recruitment at the site of
inflammation by amplifying the innate immune
mechanisms. Then, IL-6 acts as secondary medi-
ator, responsible for maintaining the inflamma-
tory response, and stimulates the production of
acute phase proteins in the liver. This chronobiol-
ogy reflects the temporal scan triggering mecha-
nisms and maintenance of the acute inflammatory
phenomenon, which is followed by the progres-
sive decrease in the levels of IL-1 TNF-a and
IL-6 and increased levels of IL-10, the most
important Th2 anti-inflammatory cytokine, typi-
cal of the phase the phenomenon of inflammation
resolution [21, 22].

In presence of Low Grade Chronic
Inflammation the two phases of inflammation
maintenance and resolution coexist. The inflam-
mation is continuously enhanced without an
effective restitutio ad integrum; the phases of
sequential release of cytokines are altered, IL-1,
TNF-o and IL-6 levels are about 3—4 times higher
than baseline. Contextually, we do not assist to
the up-regulation of IL-10 anti-inflammatory.
Inflammation persists over time, like a fire smol-
dering under the ashes.

The persistence of an altered immune response
to pro-inflammatory triggers leads to the instau-
ration of a chronic inflammatory process charac-
terized by the absence of the typical signs and
symptoms, the Low Grade Chronic Inflammation
(LGCI). A relevant number of dermatologic dis-
eases include within the etiologic factors the
presence of a shift of the immunological balance,
which reflects an imbalance between the cyto-
kines expressed by Th1/Th17 and T,/Th2 lym-
phocyte subpopulations [23, 24].

The so-called “Th1/Th2 shift” paradigm is
supported by the evidence that Thl cytokines
hyper-production is strictly linked with inflam-
matory and autoimmune skin diseases such as
psoriasis, vitiligo and alopecia areata.

An example of the complexity of the skin
PN.E.L. cross-talk is given by the deep analysis
of the inflammatory mechanism at skin level. In
1999 Caroline Robert and Thomas S. Kupper
published on The New England of Medicine [25]
an exhaustive review on immune imbalance
related to inflammatory skin diseases. The
authors highlighted the fundamental role of T
cell-mediated immune surveillance in both phys-
iological and pathological skin conditions point-
ing out the central role of a class of memory T
cells characterized by the presence of the
Cutaneous Lymphocyte Antigen (CLA) on their
surface and responsible for skin-homing T cell.

CLA-positive T-cells are generated in lymph
nodes draining skin and recruited back to the skin
during inflammation. The presence of LGCI is a
potent trigger for CLA* T-cells and their continu-
ous activation is linked with the inappropriate
immune surveillance, which characterizes for
example psoriasis, allergic contact dermatitis and
atopic dermatitis. Also in vitiligo CLA* T-cells
contribute to the massive death of melanocytes
driving the skin-homing (mainly near disappear-
ing melanocytes) of CD8" T cells at perilesional
level. The increased in situ presence of a CLAY/
CDS8* T cells is responsible of the destruction of
melanocytes with consequent skin depigmenta-
tion [26].

LGCI is one of the most important etiopatho-
genetic factors of the most dramatic dermatologic
chronic inflammatory autoimmune diseases and
consequently a therapeutic target.

At present, there are no classical therapeutic
opportunities to treat LGCI because the chronic
use of anti-inflammatory active principles stud-
ied for the management of acute phenomena
shows an unfavorable efficacy/adverse effects
balance; in particular chronic NSAID use is con-
nected with an increased incidence of chronic
diseases such as heart failure and hypertension
[27].
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Since the 1990s, anti-cytokine therapy was
proposed and tested for the treatment of inflam-
matory and autoimmune diseases mainly coun-
teracting the expression of Thl proinflammatory
cytokines such IL-1 and TNF-a. Moreover, the
therapeutic use of Th2 cytokines (e.g. IL-10) and
specific antibodies was applied for alopecia
areata, psoriasis and atopic dermatitis treatment.

However, side effects due to high dosages nor-
mally used for these molecules have slow down
the development of possible new drugs [28]. The
most important and limiting pitfalls connected
with the use of high dosage cytokines and other
signal molecules are:

e The need of high doses of active molecules in
order to reach the therapeutic goal

e The low compliance of systemic administra-
tion performed by injective routes.

An innovative approach for the treatment of
LGCI based on new therapeutic tools and con-
cepts is need. The Low Dose Medicine (LDM)
fulfills these specifications.

11.4 Low Dose Medicine (LDM):
Theoretical, Physiological
and Biochemical Basis

The Low Dose Medicine (LDM) is an innovative
therapeutic approach based on the most advanced
knowledge in Molecular Biology, PN.E.I. and
research results in the field of low dose
pharmacology.

LDM has deep roots within the fundamental
P.N.E.I. principles resumed in the centrality of
the human being as a whole mind-body entity.
Each patient is considered as a unique identity;
this assumption guides the study of a specific
therapeutic approach for a particular disease.

The primary outcome of the LDM approach is
the restoration/preservation of the homeostatic
equilibrium; the oral administration of the appro-
priate biological signaling molecules, which are
selected after identification of the altered P.N.E.I.
networks, is the therapeutic tool that allows
reaching the expected outcome.

The use of biological molecules which control
and drive the intercellular cross-talk in order to
restore the physiological homeostasis is the inno-
vative core of LDM. The main characterizing
points of LDM approach are:

e Oral administration of signaling molecules

e Systemic and synergistic activity of the orally
administered molecules

e Accurate modulating action of specific signal-
ing pathways exerted by the orally adminis-
tered molecules.

The most representative aspect of LDM is the
significative efficacy of orally administered low-
dose signaling molecules. From a biochemical
point of view, cytokines, hormones, neuropep-
tides and growth factors are oligo-peptides and
small protein sequences. Oligo-peptides and
small fragments of proteins reach the intestinal
tract and here exert their biological actions [29].

The proposed action mechanism for orally
delivered signaling molecules involves the intes-
tinal M cells which act as a carrier of signaling to
T cells in Peyer’s patches lymph nodes [30]. The
interaction between delivered signaling mole-
cules and M cell is the key event that underlay the
effectiveness of this administration route
[31-33].

The critical issue of oral administration route
is the low bioavailability (within 1 and 2%) of
signaling molecules and oligo-peptides in gen-
eral [34]; to overcome this critical pitfall an
effective drug delivery system is needed.

The SKA (Sequential Kinetic Activation)
technology, codified and standardized by GUNA
S.p.a. -Italy-, makes the low doses of signaling
molecules able to be active even below the mini-
mum dose classically considered as effective.
SKA technology also permits low dose molecules
to be, as effective as classic recombinant peptides
administered at higher concentrations overcom-
ing the high dose-related adverse effects.

The action mechanism of SKA low dose sig-
naling molecules takes advantage of the activa-
tion of some units of cellular (or plasmatic)
receptors by virtue of their low concentration.
Low dose SKA signaling molecules are adminis-
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Fig.11.4 SKA activation and therapeutic efficacy

tered in agreement with their physiological work-
ing levels [between 107° (micromolar) for
hormones [35] and 10~'? (picomolar) for other
messenger molecules [36]] (Fig. 11.4).

A demonstration of the effectiveness of low
doses of signaling molecules is possible referring
to the effects demonstrable in accordance with
Arndt-Schultz experiments [37, 38]. W. H. Hauss
observed ad explained the effects of Arndt-
Schultz’s Law on “mesenchymal non-specific
reaction” [39]. Recently, the research of Edward
J. Calabrese on the phenomenon called “horme-
sis”, that means “different behavior of the same
substance at different doses” [37, 40] further elu-
cidated Arndt-Schultz observations. Furthermore,
the pharmacological importance of low doses is
recognized from both regulatory bureaus and
industries in the pharmacological field [41-43].

The biological response due to low doses of
signaling molecules is also linked with the char-
acteristic of the specific ligand/receptor binding.
Receptors for both class-I and class-1I helical sig-
naling molecules [44, 45] undergo ligand-induced
receptor homo- or hetero-oligomerization laws
[46], which can explain the dose-dependent

mixed agonist/antagonist activity of some cyto-
kines and oligo-peptides [46, 47], a characteristic
linked with low dose-response [41].

The peculiar ligand/receptor interactions
exerted by low dose SKA molecules induces the
activation and fine regulation of a great number
of intercellular signaling pathways, contributing
to the restoration and/or protection of the biologi-
cal function of the entire P.N.E.I. network. Low
dose SKA molecules are able to activate (or reac-
tivate) the P.N.E.L. self-tuning intra- and intercel-
lular pathways representing the innovative and
highly effective tools of LDM [48-56].

11.5 Low Dose Medicine and Skin
Diseases: Preclinical Studies

As previously described, the skin diseases etiol-
ogy is complex and the alteration of both innate
and adaptive immune responses occupies a rele-
vant role in both diseases’ onset and
maintenance.

From a biological point of view, the impor-
tance of LGCI in both psoriasis onset and pro-
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gression and the efficacy of Low Dose SKA
molecules in the reduction of its negative impact
were recently evaluated by Barygina V and
colleagues.

A panel of in vitro experiments was performed
on fibroblasts obtained from lesional skin of pso-
riatic patients [54] evaluating the oxidative stress
level as marker of an inflammatory condition.

Extracellular Reactive Oxygen Species (ROS),
over-expressed by fibroblasts, exert a pro-
inflammatory action in psoriatic lesional skin; the
effectiveness of low doses SKA interleukin-4;
10, basic-Fibroblast Growth factor and
B-Endorphin (IL-4, IL-10, bFGF, and b-End -
10 fg/ml) in reduction of ROS production by
lesional fibroblasts highlight one of the possible
LDM medicines’ action mechanism against
LGCI, crucial etiologic component of psoriasis
onset and progression.

Barygina V. and colleagues also designed and
performed a basic preclinical in vitro study [55]
in order to evaluate the effects of low dose SKA
IL-4, IL-10, b-FGF, and p-End (10 fg/ml) in the
modulation of intra- and extra-cellular oxidative
stress and on the proliferation of human perile-
sional keratinocytes (PL) from the skin of Vitiligo
patients (in vitro study on cells obtained from
lesion skin biopsies). Vitiligo, a highly psycho-
logically disabling skin disorder characterized by
a progressive depigmentation, is another example
of a dermatologic disease characterized by the
presence of LGCI and related excessive oxidative
stress.

Obtained results showed that low dose SKA
IL-4,1IL-10, and b-FGF are effective significantly
reducing the intra-cellular oxidative stress rates.
Furthermore, low dose SKA IL-4 and b-FGF are
also able to reduce the extra-cellular oxidative
stress.

Low dose SKA IL-10, b-FGF, and B-End
induce a significative increase of keratinocytes
viability compared to untreated perilesional cells.
IL-4, IL-10, B-End, and b-FGF show positive
effect on both redox mechanism effectiveness
and cell viability without interferes with kerati-
nocytes cell cycle.

11.6 Low Dose Medicine and Skin
Diseases: Clinical Results

In 2014, the first study conducted on a dermato-
logic disease (psoriasis vulgaris) in order to test the
LDM approach with the oral administration of low
dose SKA activated cytokines was published.
Roberti ML. ad colleagues designed and performed
a multicenter double-blind placebo-controlled clin-
ical study [52] in order to test the efficacy of low
dose SKA interleukin-4, -10 and -11 (IL-4; IL-10;
IL-11 at the concentration of 10 fg/ml) for the ther-
apy of psoriasis vulgaris.

The main outcomes chosen for the evaluation
of the treatment with low dose SKA interleukins
were

e Presence and extension of psoriatic plaques
evaluated in agreement with PASI (Psoriasis
Area Severity Index) scale.

e Improvement of the quality of life parameters
evaluated in agreement with DLQI
(Dermatology Life Quality Index) rating
scales.

The results revealed the efficacy (and safety)
of oral administered low dose SKA interleukins
in the reduction of both evaluated scores. The
study also highlighted the long-lasting efficacy of
the proposed treatment opening the opportunity
to formulate a treatment protocol for psoriasis
and other dermatologic chronic diseases charac-
terized by an immune imbalance with the pres-
ence of a LGCI status.

In 2015, another interesting study in the field of
LDM applied to the treatment of psoriasis was
published by Lotti and colleagues [53]. The results
of a spontaneous retrospective observational clini-
cal study were collected and evaluated.

The clinical outcomes of the most up-to-date
therapeutic approach for psoriasis treatment
based on UV-A-1 phototherapy combined with
low dose SKA cytokine therapy were evaluated.
And revealed that the combination of UV-A-1
phototherapy with laser p/us low dose SKA inter-
leukin-4 and -10 and low dose SKA antibodies
anti IL-1a/f is more effective than UV-A-1 pho-
totherapy alone and also equally safe. The com-
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bination of phototherapy and LDM represent an
innovative strategy for the treatment of inflam-
matory skin diseases such as psoriasis vulgaris.

Lotti T. and colleagues also performed a retro-
spective spontaneous clinical study comparing
the effectiveness of current Vitiligo treatments
with LDM therapy [56].

In this study, some groups of patients treated
in accordance with standard and experimental
therapeutic protocols were evaluated; two groups,
treated respectively with orally administered low
dose SKA IL-4, IL-10, Anti-IL-1 antibodies, and
low dose SKA basic- Fibroblast Growth Factor
(b-FGF) were evaluated and compared with other
groups of patients who received topical treat-
ments with a cortisone cream (alone or in com-
bined associations with both groups of low dose
SKA molecules) and phototherapy (narrow-band
UV-B radiation) alone or in combined associa-
tions with the low dose SKA molecules. Two
groups of subjects treated with natural sunlight
exposure and systemic oral intake of G. biloba
extract were evaluated as control groups.

An inclusion criteria applicable for all the cur-
rent vitiligo treatments is that the skin surface
presenting vitiliginous lesion not exceeding the
15% of the total skin surface. The study high-
lighted that the low dose SKA treatment effec-
tively reduces the depigmented skin areas and
brakes the spreading of the vitiliginous lesions, in
particular when co-administered with UV-B pho-
totherapy with a significative reduction of the
depigmented areas. The effectiveness of the asso-
ciation of low dose SKA treatments with the topi-
cal UV-B treatment opens news scenarios for the
combined use phototherapy and LDM.

11.7 Conclusions

Many dermatologic diseases have a complex
pathogenesis; the inflammatory phenomena is
one of the most important etiological component,
it is driven by the imbalance between Th1/Th17
and Th2/T,, responses and induces a profound
alteration in immune response homeostasis. The
consequent disruption of PN.E.I. equilibrium has
not only local but also systemic negative out-

comes that compromise the whole body health
conditions.

An effective therapeutic action exerting a
rebalance action of the immune inflammatory
response, not adequately managed with currently
available therapies, is needed. Today, the Low
Dose Medicine is one of the most promising
approaches able to allow the researchers to design
innovative therapeutic strategies for the treatment
of skin diseases based on the rebalance of the
immune response.

The availability of Low Dose SKA signaling
molecule is the cardinal point of LDM because
the effective and safe oral administration of low
dose SKA signaling molecules represents the
innovative core of the entire strategy for the treat-
ment of dermatological diseases characterized by
an immune imbalance and LGCI such as in pso-
riasis vulgaris and vitiligo.

Preclinical and clinic results confirm the
effectiveness of LDM approach and give to the
physician the therapeutic tool and theoretic basis
for a fine tuning of the immune system in order to
restore its homeostatic equilibrium in accordance
with PN.E.I principles.
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Abstract

Vitamin D is known as the sunshine vitamin. During exposure to sunlight
the skin transforms 7-dehydrocholesterol into vitamin Ds;. Throughout
evolution vitamin Dj; has played a pivotal role in the evolution of verte-
brates. Vitamin D is not only critically important for bone health but has a
multitude of other biologic functions to help reduce chronic illnesses. This
Chapter reviews how vitamin D is produced in the skin, factors that affect
its production and a prospective on how to obtain vitamin D from sensible

sun exposure.
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Prehistoric and Historic
Perspectives

12.1

As life evolved in the ocean it took advantage of
the sun’s energy to generate a variety of photo-
chemical compounds essential for the evolution
of life on earth. Photosynthesis resulted in the
generation of carbohydrates to provide energy
source for these early life forms. In addition to
the production of carbohydrates during exposure
to visible radiation early life forms were also pro-
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ducing vitamin D as a result of being exposed to
solar ultraviolet radiation. One of the early phy-
toplankton species, Emiliania huxlei (a cocco-
lithophore ~which has calcium carbonate
containing exoskeleton) which has existed
unchanged in the Sargasso Sea (the Atlantic
Ocean) for more than 250 million years was
found to have a large quantity of the vitamin D,
precursor ergosterol. When exposed to ultraviolet
radiation that it was converted ultimately to vita-
min D, [1]. Thus the photosynthesis of vitamin D
has been occurring throughout evolution in
organisms exposed to sunlight. Although the
function of ergosterol and vitamin D2 are
unknown in these primitive organisms it has been
suggested that one of the functions was to act as
a natural sunscreen to efficiently absorb
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ultraviolet B (UVB; 290-320 nm) radiation that
was potentially damaging to UV sensitive macro-
molecules including DNA. Recently it was
observed that vitamin D was most effective in
prolonging the lifespan of the round worm
Caenorhabditis elegans by improving protein
homeostasis and slowing the aging process [2].

It was also speculated that early vertebrates
including the dinosaurs required vitamin D to
maintain a healthy skeletal structure. Their quick
demise could’ve been caused in part by their
inability to produce any vitamin D as a result of
the asteroid strikingly earth and releasing into the
atmosphere from its impact and fires so much
debris that it prevented any vitamin D producing
radiation from reaching the earth surface.
Curiously nocturnal rodents adapted to their sun-
less environment and did not require vitamin D to
survive. Ultimately it was these nocturnal rodents
that gave rise to the evolution of hominids and
humans [1].

Most vertebrates exposed to sunlight are able
to produce vitamin D in their skin with the excep-
tion of cats that apparently obtained their vitamin
D from their dietary sources. Captive vertebrates
including amphibians, reptiles and nonhuman
primates are at extremely high risk for vitamin D
deficiency and metabolic bone disease due to
lack of direct sun exposure [3, 4]. The vitamin D
producing ultraviolet radiation is absorbed by
glass and thus these animals require dietary vita-
min D or exposure to artificial ultraviolet radia-
tion to maintain a healthy skeleton and normal
calcium metabolism [5].

For humans the lack of sun exposure as a
result of the industrial revolution resulted in a
devastating bone disease commonly known as
rickets [6, 7]. This disease was recognized in the
mid 1600s that caused severe growth retardation
and skeletal deformities especially of the lower
legs. The first insight for the role of sunlight for
bone health was made by Sniadecki in 1822 when
he reported that from his experience as a physi-
cian he observed that rickets was common in
children living in Warsaw Poland and he very sel-
dom observed rickets in children living in the
rural areas outside of this industrialized city. He
made the association that it was lack of sunlight

in the dark and poorly lit streets in Warsaw that
was responsible for this devastating skeletal dis-
order [6-8]. 70 years later Palm reported that
from his clinical experience in London and con-
tacts with his colleagues who were in India and
China that rickets was extremely common in
London and yet his colleagues reported back to
him that rickets was uncommon in children living
in squalor in India and China. He concluded the
only common denominator that could explain
this dramatic difference was the fact that the pall
of smoke from coal burning in the atmosphere
and buildings built in close proximity prevented
any sunlight from reaching children who were
outside in London. He advocated sunbathing to
treat and prevent rickets [7, 9].

It was incomprehensible to the medical com-
munity at the time to believe that exposure of the
skin to sunlight could have any beneficial effect of
the skeleton and the observations by Sniadecki and
Palm [7] were dismissed. It wasn’t until 1919
when Huldschinsky reported that exposure of chil-
dren to radiation from a mercury arc lamp was
effective in improving mineralization of the skel-
eton based on the analysis of x-rays before and
after the exposure for several weeks. He also
reported that exposure of one arm to the ultraviolet
radiation was effective in improving the mineral-
ization of the bones in the unexposed arm as it did
in the exposed arm. He concluded that as a result
of the ultraviolet radiation exposure something
was produced in the skin that circulated in the
body to have an effect on the skeleton in the arm
not exposed to the mercury arc lamp [7, 10, 11].

Two years later Hess and Unger exposed chil-
dren with rickets to sunlight on the roof of their
hospital in New York City and reported signifi-
cant improvement in their rickets [12]. Thus it
was established that exposure to ultraviolet radia-
tion and sunlight were effective in treating and
preventing rickets.

However it was also perplexing that rickets in
dogs and children could be treated effectively
with cod liver oil. Originally it was considered
that the vitamin A in cod liver oil had antirachitic
activity. However when cod liver oil was heated
and exposed to oxygen which destroyed vitamin
A activity the antirachitic activity remained
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intact. This resulted in McCollum calling this
new antirachitic factor vitamin D [7, 10, 13, 14].

By the turn of the twentieth century more than
90% of children living in the Netherlands and
North Eastern United States had evidence of rick-
ets [7]. A large campaign was mounted world-
wide to find the cause and cure for this crippling
metabolic bone disease [13]. A study in rodents
demonstrated that cod liver oil was as effective as
exposure to UV radiation in treating rickets [7].
Thus it was concluded that the antirachitic factor
in cod liver oil could be produced in the skin
when exposed to sunlight. As a result of these
observations Steenbock and Black [15] and Hess
and Weinstock [16] began exposing a variety of
foods including cotton seed oil, corn oil and milk
to ultraviolet radiation demonstrated this process
produced the antirachitic factor and was effective
in preventing rickets in rodents.

It was also recognized at the same time that
yeast exposed to UV radiation resulted in the pro-
duction of the antirachitic factor. An analysis of
the yeast resulted in the identification of the pre-
cursor of vitamin D as ergosterol. As a result
ergosterol was added to milk as well as wide vari-
ety of other foods and drinks followed by expo-
sure to ultraviolet radiation resulting in them
having antirachitic activity [6, 7, 17]. It was ini-
tially the irradiation of milk containing ergosterol
that was effective in preventing rickets in chil-
dren. Once it was determined that the ergosterol
was the precursor of vitamin D it was irradiated
and the irradiated product was added to milk to
fortify it with the antirachitic factor, vitamin
D. This process quickly eliminated rickets as a
significant health problem in countries that forti-
fied their milk with vitamin D [6, 7].

At the same time in the early 1930s depart-
ments of Health in the United States and UK also
advocated sensible sun exposure for the preven-
tion of rickets [7, 10, 13]. Originally it was
assumed that the vitamin D produced in human
skin during sun exposure was the same as the
vitamin D produced in UV irradiated yeast.
However it was observed that the vitamin D pro-
duced from irradiated yeast was less effective in
its antirachitic activity in chickens when com-
pared to vitamin D obtained from the irradiation

of pig skin [7, 13, 17]. It was finally demonstrated
by Windaus that the precursor of vitamin D in
mammalian skin was from the precursor of cho-
lesterol, 7-dehydrocholesterol not ergosterol. The
difference between the 2 provitamin D’s was a
double-blind between C22 and C23 and a methyl
group on C24 [7, 13, 17].

12.2 The Photochemistry
and Photobiology
of Vitamin D

In the 1940s a major effort was undertaken to
understand the photochemistry of vitamin D. It
was demonstrated that during exposure to UV
radiation 7-dehydrocholesterol underwent a ring
opening between carbons 9 and 10 to form previ-
tamin D;. It was found that previtamin D; was
thermodynamically unstable and rearranged its
three double bonds (triene) to form the thermo-
dynamically stable vitamin D;. It was also
observed that continued exposure of previtamin
D; to UV radiation produced a variety of photo-
products including lumisterol, tachysterol and
toxisterols [7, 18].

In the 1980s studies were conducted to under-
stand the photochemistry of vitamin D in human
skin (Fig. 12.1) [19-21]. An evaluation of the
action spectrum for vitamin D; (efficiency of
various wavelengths in producing vitamin Ds) in
human skin revealed that the wavelengths most
effective for producing previtamin D; were
around 298 nm and that UVA (wavelengths
above 315 nm) was ineffective (Fig. 12.2) [7,
19]. It was also observed that during prolonged
exposure to UVB radiation (290-315 nm) that
previtamin D; photo isomerized to lumisterol
and tachysterol [21]. This observation revealed
that sun exposure regulates the production of
previtamin D; and that excess exposure does not
result in the production of intoxicating amounts
of vitamin D5 [20]. Originally it was thought that
melanin pigmentation not only in decreased risk
for developing skin cancer but also prevented
excessive vitamin D from being produced in the
skin [22]. Although the former is true the latter is
not since sunlight itself is responsible for regu-
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Blood vessel

OH OH

Fig.12.1 A schematic representation of the photochemi-
cal and thermal events that result in the synthesis of vita-
min Dj in the skin, and the photodegradation of previtamin
D; and vitamin D; to biologically inert photoproducts.
7-dehydrocholesterol (7-DHC) in the skin is converted to
previtamin Ds by the action of solar ultraviolet B radia-
tion. Once formed, previtamin D; is transformed into vita-

lating the production of vitamin D; in the skin.
No more than 15% of 7-dehydrocholesterol is
converted to previtamin D;. The continued expo-
sure to sunlight results in the production of
lumisterol and tachysterol setting up a photo-

Vitamin Dy

Tachysteroly

HsC

%

HO Suprasterol 2

min D; by a heat-dependent (AH) process. Vitamin Ds
exits the skin into the dermal capillary blood system and
is bound to a specific vitamin D-binding protein (DBP).
When previtamin D; and vitamin D; are exposed to solar
ultraviolet B radiation, they are converted to a variety of
photoproducts that have little or no activity on calcium
metabolism (Holick, copyright 1995 with permission)

equilibrium (Fig. 12.3). Prolonged exposure to
UVB radiation will also converted to previtamin
D; and its photoproducts to other photoproducts
known as toxisterols (Fig. 12.4) [7]. These were
originally thought to have toxic properties which
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is why they were called toxisterols. Vitamin Dj
also will photo isomerized when exposed to
ultraviolet B radiation forming suprasterols and
1005 g 5, 6-trans-vitamin D; [7].
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Fig. 12.3 An analysis of the photolysis of
7-dehydrocholesterol (7-DHC) in the basal-cell layer and
the appearance of the photoproducts previtamin D; (Pre-
D;), lumisterol; (L), and tachysterol; (T) with increasing
time of exposure to equatorial simulated solar ultra violet
radiation. Bars above data points show the standard error
of the mean of three determinations (Holick, copyright
1981. Reproduced with permission)

The conversion of previtamin Ds to vitamin Ds
is a temperature-dependent process. At room tem-
perature it takes several days for this process to be
completed. Even at body temperature it takes
more than a day for most of the previtamin D; to
be converted to vitamin D;. However when reptile
skin and human skin was exposed to ultraviolet B
radiation it was observed that the conversion of
previtamin Ds to vitamin D; was approximately
tenfold more rapid compared to previtamin D3
isomerizing to vitamin Dj; at the same temperature
in an organic solvent [23]. It was quickly deter-
mined that this was not due to an enzymatic reac-
tion but rather due to a novel nonenzymatic
membrane mediated catalytic mechanism. The
7-dehydrocholesterol being a planar molecule is
sandwiched in between the fatty acid hydrocarbon
side chain with the 3-hydroxyl oriented to the
polar head group of triglyceride in the plasma
membrane. When 7-dehydrocholesterol absorbs
UVB radiation it undergoes a bond cleavage
between carbons 9-10 to form the thermodynami-
cally unstable cis-cis conformer which is main-
tained within the triglyceride permitting it to
rapidly convert to vitamin D; and not to its more
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Fig.12.4 Once previtamin Dj is formed, it has the ability to rotate around the 6-7 bond. Relaxation via rotation about
the 6-7 bond followed by UV irradiation can give rise to a wide variety of toxisterols and tachysterol

thermodynamically stable cis-trans conformer
which is not able to isomerize to vitamin D; as
demonstrated in Fig. 12.5 [7].

12.3 Factors Affecting
the Cutaneous Production
of Previtamin D3

It had been assumed that one of the driving forces
in evolution for dark skinned pigmentation was
for the prevention of excessive amounts of vita-
min D from being produced that could potentially
cause toxicity [22]. However is now recognized
that sunlight itself regulates the cutaneous pro-
duction of vitamin D; [7, 20, 24]. Thus melanin
pigmentation did not evolve to prevent vitamin D
intoxication. However melanin is extremely effi-
cient in absorbing UVB radiation and therefore
competes with 7-dehydrocholesterol for solar
UVB radiation reducing its conversion to previta-
min D; [25]. A person with skin type 5 and 6
(never burns always tans) therefore requires a
much longer exposure time usually about 5-10

times more compared to a person with skin type
2 (always burns and sometimes tans). This is the
explanation for why people of color are at much
higher risk for vitamin D deficiency.

Sunscreens mimic melanin and efficiently
absorb UVB radiation. A sunscreen with a sun
protection factor of 30 applied properly would be
expected to absorb approximately 97-98% of the
UVB radiation striking the skin and therefore
reduces the skin’s capacity to produce vitamin D;
by 97-98% [26].

As stratospheric ozone efficiently absorbs
solar UVC (180-290 nm) and a large amount but
not all UVB radiation (290-315 nm) is the expla-
nation for why approximately only 1% of the
solar UVB radiation ever reaches the earth sur-
face. An increase in the path length by which
UVB radiation passes through results in a further
decrease in how much UVB radiation reaches the
earth surface (Fig. 12.6). This phenomenon
explains why time of day, season, latitude, alti-
tude as well as weather conditions have such a
dramatic effect on the cutaneous production of
vitamin D; [7, 27]. The zenith angle of the sun is
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Zenith

W'"‘ Sun meridian

Fig.12.6 The solar zenith angle is the angle made by the
sun’s light with respect to the vertical (the sun being
directly overhead). This angle is increased at higher lati-
tudes, early morning and late afternoon when the sun is
not directly overhead, and during the winter months. As
the solar zenith angle increases, the amount of UVB radia-

more oblique in the early morning and late after-
noon explaining why very little vitamin D is pro-
duced before 9 AM and after 3 PM even in the
summertime. The higher Ilatitude for more
oblique is the angle of the sun explaining why
very little if any vitamin D is produced in the skin
during the winter months. In Boston 42° North
very little if any vitamin D is produced between
November and March. 10° further North in
Canada or Europe very little if any vitamin D is
produced between October and April (Fig. 12.7)
[27]. Clouds as well as air pollution absorb UVB
radiation reducing the efficiency of the sun in
producing vitamin D3 in the skin. The higher the
altitude shorter is the path length and therefore
the cutaneous production of vitamin D3 is much
more efficient. In Agra, India (169 m) in
November at 27° North latitude very little previ-
tamin D3 was produced during sun exposure. An
evaluation of previtamin D3 production traveling
to base camp of Mt. Everest revealed a gradual
increase in the production of previtamin D3 with
increasing latitude reaching a maximum of about
400% higher at 5350 m compared to Agra [28].

tion reaching the earth’s surface is reduced. Therefore, at
higher latitudes, greater distance from the equator, more
of the UVB radiation is absorbed by the ozone layer
thereby reducing or eliminating the cutaneous production
of vitamin D; (Holick, copyright 2006. Reproduced with
permission)

12.4 The Role of Sunlight
and Other Sources of UVB
Radiation in Contributing
to Vitamin D Status

Once vitamin Dj; is produced in the skin or
ingested in the diet and travels to the liver
where it is converted to 25-hydroxyvitamin D
[25(OH)D] [29, 30]. This is the major circulat-
ing form of vitamin D used by doctors to mea-
sure a person’s vitamin D status. Studies have
shown that blood levels of 25(OH)D very with
season with a peak blood level occurring at the
end of the summer and then nadir at the end of
the winter. Hours of sunshine in Denmark was
directly associated with blood levels of
25(OH)D [31] (Fig. 12.8). A study of 3.8 mil-
lion blood samples collected over a two-year
period of time in the United States revealed
that there was a definite seasonal variation in
the circulating blood levels of 25(OH)D [32].
There was also a significant latitudinal effect
with blood samples collected in the southern
United States having higher circulating
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Fig. 12.8 (a) Seasonal fluctuation of serum 25(OH)D in
healthy perimenopausal Danish women and relationship
between hours of sunshine and serum 25(OH)D. (b)
Seasonal fluctuation of serum 25(OH)D according to fre-

25(0OH)D levels at the end of the winter (24 ng/
mL) compared to samples collected at the
same time from adults living in Northern
United States. The study also demonstrated
that the contribution of season was very sig-
nificant. The mean blood levels of 25(OH)D at
the end of the winter in northern United States
was 21 ng/mL and at the end of the summer
rose to 29 ng/mL. This seasonal variation had

g 9 10 11 112

quency of sun exposure. ll, regular sun exposure; €,
occasional sun exposure; @, avoiding direct sun exposure
(Holick, copyright 2013. Reproduced with permission)

also a significant physiologic effect on the
blood levels of parathyroid hormone (PTH).
There was an inverted relationship between
PTH and blood levels of 25(OH)D with a
4 week lag time. Thus at the end of the sum-
mer PTH levels reached their nadir 4 weeks
later and at the end of the winter when 25(OH)
D reached its nadir PTH levels were at their
highest level 4 weeks later (Fig. 12.9).
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Fig. 12.9 Seasonal Variation of 25-Hydroxyvitamin D3
(bottom panel) and Intact PTH (iPTH) (top panel) Weekly
Mean Values. The maximum seasonal variation of 25(OH)
D3 (peak to trough) was 6.8 ng/mL, reaching its trough in
the 8th week (early March) of each year and its peak in the
34th week (early September). Peak iPTH values occurred
at week 12 (early April) and trough values at week 37 (late
September), a pattern that is roughly reciprocal to that of
25(OH)D3, but lags by 3.5 weeks. Individual points repre-

Human skin has a large capacity to produce
vitamin D. When healthy adults in a bathing suit
had their whole bodies exposed to one minimal
erythemal dose (slight pinkness to the skin 24 h
after the exposure; MED) of UVB radiation in a
tanning bed they raised their blood levels of vita-
min D to ~20 ng/mL which is equivalent to
ingesting approximately 20,000 IUs of vitamin D
(Fig. 12.10) [7]. Studies in surgically obtained
humans skin have also demonstrated that approx-
imately 250 ng (10 IUs)/in2 of vitamin D is pro-
duced when exposed to one MED of UVB
radiation [33]. A study in healthy adults who
used a tanning bed at least once a week were
found to have mean blood levels of 25(OH)D of
48 ng/mL. Healthy adults matched for sex and
age at the same time had a mean blood level of
25(0OH)D of 18 ng/mL [34].
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sent the mean of the normalized distribution for each
week. The solid lines represent the fit. Dark vertical
dashed lines represent 25-hydroxyvitamin D3 peaks and
troughs, and light vertical dashed lines represent the iPTH
peaks and troughs. To convert 25-hydroxyvitamin D3
from ng/mL to nmol/L, multiply by 2.496 (rounded as

2.5) (Holick, copyright 2015. Reproduced with
permission)
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Fig.12.10 Comparison of serum vitamin Dj; levels after
a whole-body exposure (in a bathing suit; bikini for
women) to | MED (minimal erythemal dose) of simulated
sunlight compared with a single oral dose of either 10,000
or 25,000 IU of vitamin D, (Holick, copyright 2004.
Reproduced with permission)
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12.5 Ultraviolet B Induced
Extrarenal Synthesis
of 1,25-Dihydroxyvitamin D

Once vitamin D is made in the skin or ingested in
the diet it travels to the liver to be converted to
25(OH)D. Once formed it reenters the circulation
and travels to the kidneys where it is converted to
its active form 1,25-dihydroxyvitamin D
[1,25(OH)2D] [29, 30]. Patients with chronic
kidney disease who are unable to produce
1,25(0OH),D results in a decrease in the efficiency
of intestinal calcium absorption leading to a tran-
sient decrease in the blood calcium levels. This is
immediately recognized by the parathyroid
glands resulting in an increase in the production
of parathyroid hormone. This causes secondary
hyperparathyroidism which results in a metabolic
bone disease of the skeleton known as renal
osteodystrophy. 1,25(OH),D; (calcitriol) and its
active analogs have been effectively use for the
prevention and treatment of secondary hyper-
parathyroidism and renal osteodystrophy [29].
However these medications can cause hypercal-
cemia limiting their use in some patients.

It is recognized that variety of cells and organs
not responsible for calcium metabolism also have
the capacity to convert 25(OH)D to 1,25(0OH)2D
including activated monocytes and macrophages
and keratinocytes [29, 30]. It had in previously
reported that patients with chronic kidney disease
who while on dialysis and have no kidney func-
tion often have measurable levels of
1,25(0OH),D. Is thought that uremia associated
with chronic kidney disease that activate mono-
cytes which have the capacity to produce
1,25(0OH),D [35, 36].

It had been previously reported that keratino-
cytes have a large capacity to convert 25(OH)D
to 1,25(0OH),D [37]. It has also been reported that
keratinocytes express not only the 25(OH)D- 1
alpha hydroxylase but also the vitamin D-25
-hydroxylase [38]. In vitro studies reported that
vitamin D3 added to culture the skin cells could
be converted to 1,25(0OH)2D3 [39].

This was the rationale conducting a study in
patients with chronic kidney disease on hemodi-
alysis to expose them to UVB radiation to deter-

mine if this would be effective not only in raising
blood levels of vitamin D; but also increase the
blood levels of 25(OH)D; and 1,25(0OH),D;. 95
chronic kidney disease patients (mean a 62 years)
on hemodialysis were treated with a mean dose
of 35,000 IUs of vitamin D; a week while a group
of 14 patients (mean age 51 years) received
whole body UVB radiation for 6 months. Skin
biopsies were obtained in 3 patients. The group
receiving oral vitamin Dj; raised their blood levels
of 25(OH)D; by 60% over 18 months compared
to an increase of 400% in the group that received
UVB radiation for 6 months. In a group of 4
patients who received suberythemal exposures to
UVB radiation for up to 10 years also were able
to maintain normal circulating levels of
1,25(0OH),D; (Fig. 12.11). The skin biopsies con-
firmed that the epidermal cells were expressing
the VDR as well as the vitamin D-25-hydroxylase
and the 25(OH)D-1- alpha hydroxylase [38].
The 14 patients who received the UVB irradi-
ation for 6 months show an increase in their
hematocrit and required less erythropoietin. They
demonstrated an increase in maximum oxygen
uptake and work load capacity that was associ-
ated with decreased lactic acid production. They
also demonstrated decreased heart rate and
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Fig. 12.11 Vitamin D status of 4 hemodialysis patients
over 10 years received suberythemal UVB irradiation one
to three times weekly (Vit D;: gray bars; 25(0OH)D;: black
bars; 1,25(OH),D;: white bars) (Holick, copyright 2016.
Reproduced with permission)
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systolic and diastolic blood pressure with an
increase in the R-R interval and beat-to-beat dif-
ferences [40].

12.6 Sunlight, Skin Cancer
and Vitamin D

Sunlight has been and continues to be a major
source of vitamin D for children and adults
worldwide [7, 41]. The introduction of sun-
screens and the worldwide publicity campaign
recommending avoidance of all direct sun expo-
sure because of concern for increased risk for
skin cancer, has cause a vitamin D deficiency
pandemic [42]. Globally 30—40% and 60—80% of
children and adults have been reported to be vita-

min D deficient based on The Institute of
Medicine’s definition for maximum bone health
and vitamin D insufficiency based on the endo-
crine Society’s definition for maximum bone and
muscle health respectively [30, 43-47]
(Figs. 12.12 and 12.13).

Most skin cancer is due to excessive exposure
to sunlight and the number of sun burning experi-
ences especially as a child and young adult.
These cancers, known as melanoma and non-
melanoma skin cancer, typically appear the most
sun exposed and sun damaged areas including the
face, top of the ears and top of the hands [48, 49].
A study in Danish adults who were exposed to
high intensity sunlight for 38 h over a 6 days dur-
ing a vacation in the Canary Islands were able to
improve their circulating levels of 25(OH)

Diet alone

Mean 25(0OH)D serum levels by gender and age group
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Fig. 12.12 Vitamin D intakes recommended by the
Institute of Medicine and the Endocrine Practice
Guidelines Committee. 25(OH)D|[25-hydroxyvitamin DJ;
Al [adequate intake]; RDA [recommended dietary allow-

level] (Copyright
permission)

Holick 2013,

ance]; SE [standard error]; UL [tolerable upper intake

reproduced with
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Fig. 12.13 Reported incidence of vitamin D deficiency
defined as a 25-hydroxyvitamin D (25[0OH]D) level below
20 ng/mL around the globe in pregnant women and the

D. However. Peterson et al. [50] also observed a
significant and concerning cutaneous DNA dam-
age as measured by increased urinary cyclobu-
tane pyrimidine dimers (CPD), a surrogate for
DNA damage. Thus, it was suggested that you
could not have your cake and eat it to, i.e. take
advantage of the beneficial effect of sun exposure
for producing the vital vitamin D; without sig-
nificant DNA damage in the skin. From an evolu-
tion perspective this makes little sense since
sun-induced synthesis of vitamin D; was essen-
tial not only for the evolution of none human ver-
tebrates on terra firma but was also essential for
the maintenance of skeletal health for hominids
including present-day humans [51]. Felton et al.
[52]expose healthy British adults with skin type 2
and 4 to an amount of simulated sunlight typical
for what would occur during the summer in the
UK. Those with skin type 2 received simulated
June midday sun light for approximately
13-17 min 6 times weekly for 6 weeks. They
reported a 49% increase in circulating levels of

general

New
Zealand

general population. To convert 25(OH)D values to
nmol/L, multiply by 2.496 (Copyright Holick 2013,
reproduced with permission)

25(OH)D. Initially they observed that this expo-
sure resulted in the formation of CPD and other
pyrimidine photoproducts that if unrepaired have
been associated with increased risk for nonmela-
noma skin cancer. However 24 h after the last
exposure skin biopsies and urine revealed signifi-
cant clearing of the CPD-positive nuclei. This
corresponded to undetectable levels of CPD in
the urine and no change or accumulation in
another marker for DNA damage from baseline,
i.e. urinary 8-oxo-2'-deoxyguanosine (8-oxo-
dG), a measure of oxidatively damaged
DNA. They compared skin type 2 with type 5,
and found that there was more DNA damage
done to those with type 2, supporting that our
ancestors who migrated further from the equator
were at a disadvantage when it comes to UVB
skin protection. As has been previously reported,
increased skin protecting pigmentation effi-
ciently absorbs UVB radiation and therefore also
reduces the number of photons absorbed by
7-dehydrocholesterol, resulting in a decrease in
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the effectiveness of the sun in producing vitamin
D;,which they also observed by demonstrating a
statistically insignificant increase in serum
25(OH)D levels in their Asian subjects. These
data support the concept that skin pigment began
to devolved as a result of the migration of humans
north and south of the equator [51]. A mutation
of the melanocortin 1 receptor (MRCIR), which
regulates pigmentation in humans and other ver-
tebrates resulted in decreased melanin synthesis
resulting in penetration of more of the less intense
solar UVB radiation for the production of vita-
min D [51, 53, 54]. Asians with skin type 5 dem-
onstrated very little DNA damage from the same
amount of simulated sunlight exposure and were
unable to make enough vitamin D in their skin to
significantly raise their blood level of 25(OH)D
[50]. Therefore the degree of skin pigmentation
evolved to protect the skin from the damaging
effects from excessive sun exposure while at the
same time permitting an adequate amount of
vitamin D to be produced. This is nicely demon-
strated in Maasai herders who have skin type 6
and have circulating levels of 25(OH)D on aver-
age of 48 ng/mL [55]. Achieving these levels
requires the ingestion of 3000-5000 IUs daily
[56].

The most feared form of skin cancer is mela-
noma. It has been suggested that the major reason
to abstain from any direct sun exposure is for the
prevention of this deadly cancer [42]. However it
is well documented that most melanomas occur
on the least sun exposed areas and occupational
sun exposure is associated with a reduced risk.
The major risk factors are number of sunburns as
a child and young adult, being red headed, having
alarge number of moles on the body and a genetic
predisposition for developing it [48].

There are other numerous studies relating
vitamin D deficiency with increased risk for
many acute and chronic illnesses. These include
increased risk for preeclampsia and the need for a
cesarean section, autoimmune diseases including
Type 1 and 2 diabetes, multiple sclerosis, cardio-
vascular disease, infectious diseases, neurocogni-
tive dysfunction, deadly cancers including breast
and colon cancers (Fig. 12.14) [29, 30]. What is

also remarkable are the earlier observations that
living at higher latitudes with less vitamin D pro-
ducing sun exposure was associated with
increased risk for mortality, multiple sclerosis,
Type 1 diabetes, hypertension and deadly cancers
[7,30, 41].

Besides the cutaneous production of vitamin
D, exposure to solar UVB radiation also increases
the production of p-endorphin. Exposure to solar
UV radiation is also associated with increased
production of nitric oxide and carbon monoxide
both of which cause vasodilation and can lower
blood pressure. It also increases the expression of
the proopiomelanocortin (POMC) gene increase
in the production of adrenocorticotropin hormone
which helps to regulate the immune system [41].

12.7 Conclusion

There needs to be an acknowledgment by health
care officials worldwide that sensible sun expo-
sure is important not only for the production of
vitamin D but also for overall health and well-
being. A study of Australian dermatologist in the
summer revealed that their use of a sunscreen
resulted in 87% of them being vitamin D deficient
at the end of the summer [57]. The World Health
Organization on its website regarding sunlight
and health state that some sunlight exposure is
important for the production of vitamin
D. However time of day, season, latitude, altitude
and skin pigmentation all influence the efficiency
of the skin to produce vitamin D during sun expo-
sure. An app dminder.info which is free for the
iphone and android formats provides guidance for
sensible sun exposure and informs to user not
only how much vitamin D they can produce when
exposed to sunlight but also provides a warning to
wear sun protection after that sensible sun expo-
sure to prevent sunburning. For a wide variety of
reasons it is not reasonable to expect that you can
obtain an adequate amount of vitamin D from sun
exposure unless you are outdoors all the time and
exposed to a significant amount of your skin to
sunlight such as a lifeguard or a Maasai herder or
frequent a tanning salon [7, 34, 55, 58]. Following
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Fig.12.14 A Schematic representation of the major causes for vitamin D deficiency and potential health consequences
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the recommendations of the Endocrine Society
will help to achieve blood levels of 25(OH)D in
the desired range above 30 ng/mL [45]. The
amount recommended are 400-1000 IUs, 600—
1000 IUs and 1500-2000 IUs daily for children
under 1 year, children 1 year and older and adults
respectively. Obese children and adults require
2-3 times more vitamin D to satisfy their require-
ment. For simplicity I recommend all children can
take 1000 IUs daily and teenagers and adults 2000
IUs daily as a supplement. I also recommend that
this amount of vitamin D be taken daily through-
out the entire year even in the summer. This
amount of vitamin D along with any vitamin D
available in the diet and sun exposure will not
cause vitamin D intoxication [7, 59]. The safe
upper level or vitamin D for children is 4000 IUs
daily and 10,000 IUs daily for adults as recom-
mended by the Endocrine Society [45].
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Abstract

Vitamin D is a fat soluble hormone, with a well described role in bone
health and calcium/phosphate metabolism. Recent evidences have related
vitamin D to other physiological functions and pathological conditions.
Specifically, vitamin D has widely proven activities on immune system
and evidences suggest that it may be implicated in the pathogenesis of
rheumatoid arthritis (RA). The relationship between vitamin D and RA is
complex, also because a deficitary vitamin D status, which is very com-
mon in RA patients, can contribute to the increased risk of osteoporosis
typical of RA. In this chapter, will be described and discussed the main
aspects of the relationship between RA and vitamin D.
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1,25(0OH), vitamin D
1,25-dihydroxyvitamin D

25(0OH) vitamin D 25-hydroxyvitamin D
APC Antigen presenting cells

ARD Autoimmune rheumatic diseases
BMD Bone mineral density

BMI Bone mass index

CDh Cluster of differentiation

C-EBP  CCAAT-enhancer-binding proteins
CRP C-reactive protein

CTLA-4 Cytotoxic T-Lymphocyte Antigen 4
DC Dendritic cells

Dkk-1 Dickkopf-related protein 1
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EGFR Epidermal growth factor receptor

Foxp3 Forkhead box P3

HIV Human immunodeficiency virus

IBD Inflammatory bowel diseases

IFN-y Interferon y

IL Interleukin

U International units

JAK Janus kinase

MAPK  Mitogen-activated protein kinase

MHC Major histocompatibility complex

MS Multiple sclerosis

NF-kB  nuclear  factor  kappa-light-chain-
enhancer of activated B cells

OPG Osteoprotegerin

PTH Parathyroid hormone

RA Rheumatoid Arthritis

RANK  Receptor activator of nuclear factor
kappa-B

RANKL Receptor activator of nuclear factor
kappa-B ligand

RCT Randomized clinical trial

RXR Retinoid X receptor

SLE Systemic lupus erythematosus

STATlo  Signal transducer and activator of
transcription 1

TIDM  Type 1 diabetes mellitus

TGFa Transforming growth factor o

Th T helper

TLR Toll like receptor

TNF« Tumor necrosis factor o

Treq Regulatory T cells

UCTD  Undifferentiated connective tissue
disease

uv Ultraviolet

VDR Vitamin D receptor

VDRE  Vitamin D Responsive Elements

13.1 Introduction

The beneficial effect of UV light has been widely
demonstrated in different settings of human
physiology, being vitamin D a crucial mediator
of these actions. In the last decades, evidences
deriving from many studies have shed a new light
on vitamin D physiology, demonstrating that
vitamin D activity is much wider, specially asso-
ciated with human health, than previously

realised, leading to the hypothesis that vitamin D
could be involved in many pathophysiological
mechanisms. In this context, the relation between
vitamin D and RA seems particularly relevant.
Some aspects of this topic deserve a deeper con-
sideration. In this chapter, we will focus our pre-
sentation on two main issues: the prevalence and
treatment of hypovitaminosis D in patients
affected by RA and the potential pathophysiolog-
ical and therapeutic role of vitamin D in RA.

13.1.1 Vitamin D Metabolism
and “Classical” Function

Here we start with the vitamin D metabolism
along with the main “classical” functions of this
hormone. Vitamin D is a fat-soluble steroid mol-
ecule derived from both dietary intake and endog-
enous synthesis. However, the greatest part of
vitamin D required for human health originates
from endogenous synthesis; therefore, cholecal-
ciferol nowadays is more properly considered a
hormone rather than a vitamin.

Ultraviolet rays (UVR) photolyse the cutane-
ous precursor, 7-dehydrocholesterol, present in
epidermal keratinocytes and in dermal fibroblasts,
into cholecalciferol, which is then hydroxylated
to the circulating form of the hormone, 25(OH)
vitamin D, by different liver isoforms of a
25-hydroxylase (CYP2CI11, CYP2J3, CYP2RI,
CYP3A4, CYP27A1, CYP2D25) [1-4]. 25(OH)
vitamin D circulates in the blood stream bound to
a vitamin D Binding Protein (DBP), and can also
be stored in fat tissue [5]. This is the intermediate
metabolite usually measured to define the vitamin
D status, because it is more stable and has a longer
life than the active form [6]. 1,25(OH), vitamin D,
also called calcitriol, is the active form of the hor-
mone, resulting from a further hydroxylation
mediated by a l-o-hydroxylase (CYP27B1)
expressed in the cells of the convoluted proximal
tubule of the kidney [7]. While the expression of
25-hydroxylase is restricted to the liver, CYP27B 1
is expressed by many other tissues, including pla-
centa, endothelium, prostate, monocytes and mac-
rophages, skin, colon and brain [8, 9].

1,25(0H), vitamin D exerts its actions on tar-
get cells by binding to a nuclear receptor, the so-
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called vitamin D receptor (VDR). Following the
linkage with 1,25(OH), vitamin D, VDR het-
erodimerizes with retinoid X receptor (RXR),
leading to the formation of a complex which
moves from cytoplasm to nucleus, where it mod-
ulates both positively and negatively the expres-
sion of many downstream genes, linking specific
DNA regions (VDRE) included in the promoter
region of the target genes [10].

The best known and described role of vitamin
D in human health is the regulation of bone and
calcium/phosphate metabolism. 1,25(OH), vita-
min D enhances calcium and phosphate absorp-
tion in the gastrointestinal tract [11] and tubular
calcium resorption in the kidney [12].
Furthermore, 1,25(OH), vitamin D has a pro-
resorptive role on bone, which is the result of
osteoclast activation via RANK/RANKL interac-
tion. In fact, 1,25(OH), vitamin D is one of the

Activities on bone and
calcium/phosphate

T Calcium
resorption

T Bone
turnover

strongest inducers of RANKL in osteoblasts [13]
and, on the other hand, a suppressor of the syn-
thesis of OPG, which acts as a decoy receptor
downregulating this system [14]. Finally,
1,25(0OH), vitamin D downregulates PTH syn-
thesis both indirectly (increasing calcium con-
centration) and directly (linking a VDRE in the
promoter of the PTH gene) [15]. The net effect of
vitamin D activity, therefore, leads to calcium
and phosphate increase and PTH plasma concen-
tration decrease (Fig. 13.1).

13.1.2 Hypovitaminosis D: Causes
and Consequences

A deficitary 25(OH) vitamin D concentration
may have many different causes: UVB intensity
and time of exposure, life-style habits as well as
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Fig. 13.1 Effects of vitamin D on calcium/phosphate
metabolism and on immune system. The net effect of vita-
min D leads to an increase of plasma calcium and phos-
phate concentration and to a decrease of plasma PTH
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: CD40, CD80,
2. CD86
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concentration. Vitamin D also acts on T and B cells and on
antigen presenting cells, with a complex immunomodu-
lant action
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latitude may result in [16-18]. A major determi-
nant of plasma 25 (OH) vitamin D concentrations
is the season in which the dosage is performed.
Assays carried out on 25 (OH) vitamin D concen-
trations showed that it is higher in September,
following summer in the northern hemisphere,
and lower in February [19]. Wearing a sunscreen
impairs cholecalciferol; for example, the use of a
sun protection factor of 30 reduces vitamin D
synthesis by more than 95% [20]. Melanin acts as
a natural sunscreen, protecting skin from UVB
rays and therefore affecting cholecalciferol pro-
duction. Dark skinned people require at least
three to five times longer exposure to make the
same amount of vitamin D as a person with a
white skin tone [21]. Furthermore,
7-dehydrocholesterol amount in human epider-
mis is inversely related to age [22]; thus aging
significantly decreases the ability of the skin to
produce cholecalciferol [23]. An increased pro-
portion of body fat decreases bioavailability of
cholecalciferol [24], due to its preferential accu-
mulation in the adipose tissue [25]. Other authors
confirmed an inverse association between BMI
and 25(OH) vitamin D concentrations and a
higher proportion of hypovitaminosis D in obese
patients [26]. Another potential causal factor of
hypovitaminosis D is reduced absorption in the
gastrointestinal tract. Patients with a fat malab-
sorption syndrome [27], including those who
underwent bariatric surgery [28], are often unable
to absorb the fat-soluble vitamin D.

The activity of metabolic enzymes of vitamin
D pathways can be influenced by a wide variety
of medications, especially anticonvulsants and
antiviral agents used for HIV treatment, which
enhance CYP24Al, leading to an accelerated
catabolism of the active metabolite [29].

Vitamin D deficiency results in abnormalities
in calcium, phosphorus and bone metabolism.
Specifically, vitamin D deficiency causes a
decrease in intestinal dietary calcium and phos-
phorus absorption; consequently, PTH levels
increase in response to the lowering calcium con-
centrations [30, 31]. Secondary hyperparathy-
roidism maintains serum calcium in the normal
range at the expense of mobilizing calcium from
the skeleton and increasing phosphorus wasting

in the kidneys. Therefore, the persistence of high
PTH levels induces osteoclastic activity, creating
local foci of bone weakness and causing a gener-
alized decrease in BMD. Osteopenia and osteo-
porosis ensue, typically in association with
normal serum calcium and low-normal phospho-
rus concentrations. In fact, secondary hyperpara-
thyroidism is generally effective in maintaining
normal calcium concentrations but, inducing
phosphaturia, leads to a poor phosphorus status.
This results in an inadequate calcium-phosphorus
product, causing a mineralization defect in the
skeleton. In young children who have little min-
eral in their skeleton, this defect results in a vari-
ety of skeletal deformities classically known as
rickets [32], while in adults is associated to osteo-
malacia. Osteomalacia causes a decrease in BMD
and is associated with isolated or generalized
aches and pains in bones and muscles [33, 34],
since 1,25(0OH), vitamin D also regulates muscle
cells growth and differentiation [35].

The definition of vitamin D adequacy is still
largely controversial and mainly based upon the
identification of the plasma 25(OH) vitamin D
threshold able to suppress PTH synthesis.
Different studies reached different conclusions,
but the 75 nmol/l (30 ng/ml) cut-off seems the
more reliable [36]. Indeed, the threshold of
75 nmol/l is deemed adequate by many for frac-
ture prevention in the general older population
[37]. The 50 nmol/l (20 ng/ml) cut-off limit has
been alternatively suggested to differentiate pop-
ulations at true risk for the effects of vitamin D
deficiency [38]. Consequently, the vitamin D sta-
tus is currently defined deficient for concentra-
tion lower than 50 nmol/l (20 ng/ml), insufficient
for 50—75 nmol/l (20-30 ng/ml) and adequate for
75-250 nmol/l (30—100 ng/ml) [39], though this
classification is not universally accepted [38].

Many cohort studies have been performed
worldwide to estimate hypovitaminosis D preva-
lence, all agreeing in the depiction of a very
diffuse health concern [40]. In fact, in accordance
with the above definitions, the prevalence of vita-
min D deficiency is approximately 36% in other-
wise healthy young adults aged 18-29 years,
42% in black women aged 15-49 years, 41% in
outpatients aged 49-83 years, up to 57% in gen-



13 Role of Vitamin D in Rheumatoid Arthritis

159

eral medicine inpatients in the United States.
Higher rate of prevalence have been described in
Europe (28-100% of healthy and 70-100% of
hospitalized adults) [41]. Considering the cut-off
of 75 nmol/l, the prevalence is obviously higher,
especially in the elderly and among hospitalized
patients at higher risk for osteoporosis [42—45].

13.1.3 Vitamin D Statusin RA

As previously stated, a first relevant issue dealing
with the topic of vitamin D in RA is the preva-
lence of hypovitaminosis D and its correction in
patients affected by this condition. The deleteri-
ous effect of hypovitaminosis D on bone can be
particularly relevant in this population; in fact,
patients affected by inflammatory arthritis, such
as RA, are characterized by a decreased BMD,
being therefore at higher risk for osteoporosis
and fractures [46]. Therefore, the maintainance
of a normal vitamin D status is a milestone in the
treatment of RA comorbidities. Furthermore,
hypovitaminosis D prevalence is very high in
patients affected by ARD in general and specifi-
cally in RA.

Considering  non-supplemented  patients
affected by ARD, the prevalence of hypovitamin-
osis D, in a rheumatology outpatient clinic in
Northern Italy, has been reported to be as high as
87% [47]. This observation is in line with many
other studies [48, 49], agreeing with a 90% prev-
alence of hypovitaminosis D in rheumatic
patients who are not undergoing cholecalciferol
supplementation. In this specific context, season,
gender and age are confirmed to be main determi-
nants of vitamin D status, since female sex,
elderly and measurements performed in spring
are additional risk factors for hypovitaminosis D
[47, 50, 51]. Whether ARD are independent risk
factors for hypovitaminosis is, again, highly
debated. In the past, lower plasma 25(OH) vita-
min D concentrations have been described in
ARD patients with respect to general population
[52, 53], though other studies lead to opposite
results [54-56].

Similarly to what happens in ARD, a high
prevalence of hypovitaminosis D has been

observed in RA. Specifically, the prevalences of
insufficiency and deficiency have been reported
around 85% and 45%, respectively [57, 58].
Interestingly, we have recently reported that
ARD patients show an altered vitamin D/PTH
ratio, since they had higher plasma PTH for simi-
lar vitamin D concentrations; in other words,
PTH synthesis seems to be more refractory to
plasma vitamin D suppression than in general
population, contributing to the developement of
a” relative hyperparathyroidism”. These results
suggest that patients with autoimmune/inflam-
matory diseases may actually have an impair-
ment of vitamin D metabolism. Different possible
explanations are conceivable to explain this find-
ing. Chronic inflammatory processes may reduce
parathyroid cells sensitivity to active vitamin
D. Alternatively, immune cells might consume
1,25(0OH), vitamin D, at the expense of the
amount available to act on bone health [59].

A main issue is how to correct vitamin D sta-
tus in RA. A guideline dealing with cholecalcif-
erol dietary requirements and supplementation in
general population has been released in 2011 by
The Endocrine Society Task Force [39]. In case
of inadequate vitamin D status, the Task Force
suggests the use of 50,000 IU of vitamin D2 or
vitamin D3 once a week for 8 weeks to achieve a
blood level of 25(OH) vitamin D above 30 ng/ml,
followed by a maintenance therapy of 1500—
2000 IU/d. However, this recommendation is still
largely debated and not universally accepted
[60]; the best regimen in the specific subset of
RA patients is even less defined.

It has been shown that a high loading dose of
300,000 IU, followed by a maintainance daily
dose of 800—1000 IU cholecalciferol [61], could
be of advantage, being more effective in inducing
PTH suppression along with vitamin D normal-
ization. The potential advantages of this regimen
need to be weighted at the light of recent findings
[62] suggesting an increase in falls and fractures
risk in patients treated with a high cholecalciferol
dose (500,000 IU). This last observation has been
recently replicated in a randomized clinical trial;
although higher monthly doses of vitamin D
(60,000 IU) were effective in reaching normal
25(0OH) vitamin D plasma concentrations, they
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had no benefit on lower extremity function and
were associated with increased risk of falls com-
pared with 24,000 IU. More specific studies on
RA are required to better ponder the potential
risks and advantages of high doses regimens in
this population. Whatever, the correction of
hypovitaminosis D in RA is crucial, since patients
affected by inflammatory arthritis are at the
higher risk of osteoporosis [63].

Osteoporosis is a clinical condition character-
ized by a high risk of vertebral and non-vertebral
fractures, due to the reduction of BMD. The rea-
sons why osteoporosis occurs in inflammatory
arthritis are multiple and not completely under-
stood. The failure of several bone regulatory sys-
tems has been claimed to be responsible for this
complication of systemic inflammatory diseases
even though this issue remains partially unre-
solved. Patients affected by RA have been
reported to be at higher risk of vertebral and non
vertebral fractures [64—66]. With respect to the
reference population values, female RA patients
display lower BMD values at the hip and the
spine; the risk of osteoporosis seems higher
among patients who are older, postmenopausal,
positive for rheumatoid factor, treated with corti-
costeroids, with longer disease duration and
higher burden of disability [67]. In a prospective
cohort of 102 RA patients [68] who completed a
5-years follow-up, an annual incidence of verte-
bral fractures of 3.7/100 patients/year has been
reported, higher than in the general population
according to other prospective studies [69, 70].
The annual incidence of nonvertebral fractures
was also increased. The reasons why patients
affected by autoimmune inflammatory diseases
are prone to develop osteoporosis are complex. A
central role seems to be played by systemic
inflammation. In patients with RA the overex-
pression of several inflammatory cytokines TNF-
o, IL-1,IL-6andIL-17 favorsthe RANKL-induced
osteoclastogenesis [71, 72]. Furthermore TNFa
can also induce osteocytes to synthetize scleros-
tin and Dkk-1, two inhibitors of the Wnt/f catenin
pathway, a crucial system for osteoblastic differ-
entiation [73, 74]. In a recent study on RA
patients, a OPG/RANKL ratio 5 times lower than
that observed in healthy controls has been

reported, with an inverse correlation between cir-
culating OPG and the disease activity score
DAS28, and a positive correlation between
RANKL and CRP. Furthermore, Dkk-1 and
sclerostin levels were higher in RA patients than
in healthy controls. After 2 months of treatment
with tocilizumab (a humanized anti-IL-6 receptor
antibody), the OPG/RANKL ratio increased pro-
portionally to clinical improvement and suppres-
sion of inflammation; furthermore, sclerostin
increased while Dkk-1 decreased with respect to
baseline [75]. Similar data have also been
obtained with other biologics; in fact, the
improvement of inflammation control with inflix-
imab has been associated with a reduction in
bone loss [76]. Another major factor involved in
the pathogenesis of osteoporosis in rheumatic
diseases is the long term use of corticosteroids. It
is known that glucocorticoids can induce osteo-
porosis through different mechanisms: in fact,
the use of glucocorticoids reduces the number
and the function of osteoblasts and impairs their
differentiation and maturation through interfer-
ence with Wnt/pB-catenin signaling [77, 78]. In
this context, the apoptosis of osteoblasts and
osteocytes is enhanced, the expression of
RANKL increased and that of OPG decreased,
favoring the activation of osteoclasts.
Glucocorticoid treatment is an independent risk
factor for bone loss; in a meta-analysis on 2891
steroid users glucocorticoid treatment has been
linked dose dependently to bone loss and risk
fractures, in particular in the first months of treat-
ment. The risk decreases after stopping therapy.
However, doses as low as 5 mg/day have been
reported to increase the risk of fractures of
approximately 20%; interestingly, higher initial
doses are strongly related to the risk of bone loss
than higher cumulative doses [79].

A role for vitamin D/PTH system in the patho-
genesis of RA-related bone loss can be postulated
[80]. Actually, an impairment of vitamin D
system has already been claimed as a concausal
factor in the pathogenesis of osteoporosis in
inflammatory arthritis. In fact, a VDR polymor-
phism has been linked to bone loss in RA [81]; in
particular Rass [82] and colleagues found a lower
BMD in RA patients carrying the BB and Bb
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genotypes of the VDR Bsml polymorphism with
respect to carriers of the bb genotype. These
results suggest that the B allele may be a marker
for increased bone reabsorption and bone loss in
RA. The recent observation of a “relative hyper-
parathyroidism” in ARD patients, could partially
explain the alteration of bone metabolism
observed  during  chronic  inflammatory
conditions.

13.1.4 Vitamin D and Rheumatoid
Arthritis

In the last few decades, the discovery that VDR is
expressed by many different cell types other than
the classical target cells led many authors to
explore new putative vitamin D functions. For
instance, 1,25(0OH), vitamin D is able to induce
epidermal cells differentiation [83], has a crucial
role in proliferation and differentiation of the ner-
vous system, affecting neurotrophism, neuropro-
tection, neurotransmission and neuroplasticity
[84], inhibits Renin/Angiotensin/Aldosteron
System [85], regulates insulin secretion in vitro
and in vivo [86—88]. Furthermore, vitamin D has
antiproliferative actions in vitro, inducing p21
and p27 and inhibiting the proliferative signal of
TGFa-EGFR, observations that focused the
attention of scientists on its potential role in can-
cer prevention [89].

Probably, the most convincing amount of evi-
dence about new functions of vitamin D has been
obtained in the field of immune system and rheu-
matology. A first clue of vitamin D involvement
in this context derived from the isolation of VDR
in mononuclear cells [90, 91]. Further studies
demonstrated that, in vitro, 1,25(OH), vitamin D
regulates the function of almost all the main
actors of immune system, acting on both innate
and adaptive immunity. Monocytes and macro-
phages are among the main targets of vitamin D
action. 1,25(OH), vitamin D affects functional
activities of monocytes and macrophages. Tumor
cell cytotoxicity, phagocytosis, and mycobacteri-
cidal activity of monocytes/macrophages are
enhanced by exposure to active vitamin D [92,
93], while monocyte function as an APC is

decreased [94], as decreased is the production of
crucial proinflammatory cytokines such as IL-6
and TNFa [95]. Furthermore, 1,25(OH), vitamin
D promotes the terminal differentiation of mono-
cytes towards a macrophage phenotype [96] and
clearly inhibits, in vitro, the differentiation of
murine and human monocytes in DC [97].
1,25(0OH), vitamin D also impairs DC function as
APC, by downregulating MHC II and costimula-
tory molecules expression [98], and chemotaxis
[99], thus affecting adaptive immune system,
which is strictly regulated by DC activity.
Interestingly, 25(OH) vitamin D could be
directly activated by immune cells. In fact,
CYP27B1 gene expression is demonstrable in
macrophages [100] and human macrophages
obtained from synovial fluid of arthritic patients
are able to activate directly 25(OH) vitamin D in
significant amounts ex vivo [101]. Similarly, DC
are able to express CYP27B1 and to activate
directly vitamin D in vitro [102]. These observa-
tions are particularly relevant, testifying the pres-
ence of a positive autocrine loop in immune cells,
able to activate vitamin D locally, where it may
play a role in response to bacterial and mycobac-
terial infections. In fact, in animal models, mac-
rophage expression of CYP27BI1 is significantly
increased and associated to an upregulation of
VDR and other vitamin D responsive genes by
infectious diseases [103]. The pathways underly-
ing CYP27B1 induction are now well described:
a crucial role is played by the TLR family.
Specifically, Lipopolysaccharide would activate
TLR2/1 and TLR4 upregulating CYP27B1
expression [104]. Another fundamental trigger
for vitamin D autocrine activation is represented
by IFN-y [105]. IFNy and TLR4 seem to act in a
synergistic way activating a complex downstream
pathway involving JAK, p38, MAPK and the
transcriptional factors NF-Kp, C-EBP and
STAT1a; each of them is essential, because
blocking individual pathways is sufficient to
block CYP27B1 expression. Interestingly this
immune autocrine loop is not downregulated by
1,25(OH), vitamin D, as observed for
CYP27B1 in the kidney [106]. Clinically signifi-
cant macrophagic vitamin D activation can be
observed even in chronic inflammatory condi-
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tions; CYP27B1 overexpression in granulomas is
the mechanism underlying the development of
hypercalcemia in patients affected by tuberculo-
sis and sarcoidosis [107].

The action of 1,25(OH), vitamin D is not lim-
ited to innate immunity. It acts directly on B cells,
inhibiting proliferation and inducing apoptosis of
activated B cells; furthermore, 1,25(OH), vita-
min D inhibits plasma cells and post-switch
memory B cells differentiation and significantly
reduces immunoglobulin  secretion [108].
1,25(0OH), vitamin D acts as inhibitor of T cells
cytotoxic activity, by suppressing Fas-Ligand
expression in activated T cells [109]. 1,25(0OH),
vitamin D has been shown to drive CD4* differ-
entiation leading to a suppression of Th, and Th,,
function towards a more favourable and less
inflammatory Th, or T, phenotype. In fact
1,25(0OH), vitamin D reduces the expression of
the Th, associated cytokines IL-2, TNF-a, and
IFNy [110] while the Th, key cytokines IL-4 and
IL-5 are induced [111, 112]. In the last decades, a
growing interest has been devoted to the role
played by Th;; in immune diseases, especially in
inflammatory arthritis. This specific subset of T
CD4+ cells is able to produce IL-21, IL-6, TNF-a
and IL-17, thus playing a pivotal role in inflam-
mation. Th;; associated cytokines have also been
shown to be inhibited by 1,25(OH), vitamin D
[113]; furthermore 1,25(0OH), vitamin D inhibits
the differentiation and the maintenance of Thy,
[114]. In addition to Th,, Th, and Th;; cells,
CD4+ T cells can also develop into T, the main
function of which appears to be the maintenance
of self-tolerance. 1,25(OH), vitamin D favours
the development of T,,, inducing the expression
of CTLA-4 and Foxp3 and inhibiting IL-17,
IL-21 and IFNy expression [115]. Figure 13.1
presents schematically the main actions of vita-
min D on the immune system.

Despite this consistent body of evidence
obtained by in vitro studies, the role of vitamin D
in the development and treatment of autoimmune
conditions is still largely debated, mainly because
in vivo studies lead to less conclusive findings.
However, in the last two decades, an inadequate
vitamin D status has been associated with differ-

ent autoimmune conditions, such as TIDM [116],
MS [117],IBD [118], SLE [119], UCTD [120].

Finally, vitamin D has been claimed as a
potential actor in the pathogenesis of RA.RAisa
very common autoimmune rheumatic condition,
with a still unknown pathogenesis and high
impact in terms of quality of life and socio-
economic costs. Vitamin D status has been
widely explored in epidemiologic studies, which
raised controversies and lead to inconclusive
results. In 2004, Merlino et al. described a lower
risk of RA development in patients with a greater
vitamin D intake (from food or oral supplements)
in a prospective cohort of 29,368 women aged
55-69 years along a 11-years follow-up [121].
This finding was not confirmed in another pro-
spective cohort study [122] and was criticized
because vitamin D intake estimation was based
on self-questionnaires. In fact, in a study on 79
RA patients and 79 age and sex matched controls,
no differences were found with respect to plasma
25(0OH) vitamin D concentration measured in
blood samples collected 1, 2 and 5 years before
onset of the disease [54]. Similar conclusions
were reached in a more recent cohort study [123].
A potential clue for vitamin D involvement in RA
pathogenesis derives from the observation of a
meta-analysis, according to which patients carry-
ing Taql and Fokl VDR polymorphisms are at
higher risk for RA development [124]. On the
other hand, many studies agreed in correlating
vitamin D status with disease activity during RA
course [55, 125-127].

In conclusion, the current evidences support a
convincing immunomodulatory role for vitamin
D in vitro, but further studies are required to bet-
ter define the relative role that vitamin D could
play in development and maintenance of autoim-
munity in vivo; a better knowledge of these
mechanisms could have important consequences
and, maybe, lead to implement our therapeutical
instruments. In fact, 1,25(0OH), vitamin D acts on
targets that are not influenced by standard
treatment, being particularly promising in addi-
tion to drugs commonly used in RA. For exam-
ple, vitamin D is able to suppress the crucial Th,,
pathway which is essentially untouched by
antiTNF treatment [128]. Anyway, 1,25(0OH),
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vitamin D does not only act on inflammation, but
directly acts on fibroblasts profile, reducing their
erosive potential [129]. The fact that monocytes
and macrophages are able to activate vitamin D
locally in synovia can have further relevance,
since the stimulation of this vitamin D milieu in
synovial tissue could be particularly favourable
in RA patients, leading to the downregulation of
local concentration of key inflammatory cyto-
kines, such as IL-6, TNFa, IL-17 [130], and
metalloproteinases production.

In the past, cholecalciferol has been already
tested in small RCT as additional treatment in
RA with controversial results. While some
authors described an improvement in disease
activity [131] and in patients pain relief [132],
others failed to demonstrate any effect on disease
course [133, 134]. The sample size of all these
studied has been small, which could have affected
the results. Furthermore, it is likely that local
concentrations required to exert an immunomod-
ulatory role could be obtained only in the pres-
ence of very high plasma 25(OH) vitamin D
concentrations. Fairney et al. demonstrated that
plasma 25(OH) vitamin D approximately dou-
bles the synovial concentration [135]. Since
Jeffery et al. [115] showed an anti-inflammatory
effect of 25(OH) vitamin D, in the presence of
activating cells such as APCs, at a 50-100 nM
concentration, a biological effect in vivo proba-
bly requires a plasma 25(OH) vitamin D concen-
tration constantly >100-200 nmol/l, the safety of
which is to be tested.

13.2 Conclusion

In summary, though in vitro data are promising, it
is not possible to attribute to vitamin D a conclu-
sive role in immune diseases pathogenesis and
treatment in vivo yet. Nevertheless, obtaining a
normal vitamin D status is paramount in prevent-
ing RA-related osteoporosis; therefore, the cor-
rection of a deficient vitamin D status should be
suggested to each rheumatic patient. Currently,
there is no consensus about the best regimen for
these patients and further studies are required to
better address this important area of medical

problems. Furthermore, more research on the
postulated role in immune modulation might
prove to be more relevant than expected. In the
near future, further insights on vitamin D physi-
ology could lead the way to new therapeutic uses
of this old, but still promising molecule.
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Abstract

The increase in asthma and allergies prevalence that has been recorded in
many countries during the last decades, and the reemergence of vitamin D
(VD) deficiency in many populations worldwide, renders fairly plausible
the assumption of an underlying association between these two conditions
and justifies the research effort invented in this issue. Indeed, there is
growing body of evidence from epidemiological, laboratory, and clinical
studies, suggesting that such an association does exist. The hypothesis of
low levels of VD leading to compromised fetal programming and impair-
ment of various immune functions involved in asthma and allergic disor-
ders, stands as the most credible explanation of this presumed association.
However, the evidence is not yet definite and there are some conflicting
results among studies. As a consequence, no safe conclusions can be
drawn yet, and more research is required in order to fully clarify the
involvement of VD deficiency in the pathogenesis of asthma and allergies,
and decide if VD has a role to play in the prevention and therapy of these
disorders.
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14.1 Introduction

Vitamin D (VD) has gained much attention in
recent years and is considered a topic of great sci-
entific interest. Research on VD was in the past
decades focused mainly on the osseous-related
endocrine system and skeletal health [52].
However, it has now become common knowl-
edge that essentially all tissues bear vitamin D
receptors (VDRs) and, in addition, a wealth of
evidence supports the vitamin’s immunomodula-
tory role regarding both the innate and adaptive
components of the immune system [34]. This, in
turn, has led researchers to seek associations
between VD deficiency states and a number of
immune mediated illnesses, including auto-
immune, atopic and infectious conditions.
Indeed, there are fairly compelling evidence sup-
porting potential roles of VD deficiency in the
pathogenesis of a wide spectrum of mainly
chronic and phenomenally unrelated illnesses
such as, cardiovascular, autoimmune, respiratory
and allergic disorders, metabolic syndrome,
dementia, and cancer [38, 95].

The importance of VD can be further empha-
sized by the fact that in modern societies VD
deficiency tends to become a common health
problem, probably because of lifestyle changes,
such as the more sedentary way of life with more
time spend indoors, and the increased use of sun
safety practices [52].

The purpose of this chapter is to examine the
current evidence for the potential role of VD defi-
ciency on asthma and other allergic disorders
focusing mainly on food allergy (FA) and atopic
dermatitis (AD).

14.2 Vitamin D Sources
and Metabolism

In humans, the majority of VD is synthesized in
the skin under the influence of ultraviolet solar
radiation which converts 7-dehydrocholesterol
into cholecalciferol (vitamin D3). Sunscreens
and clothing prevent the conversion of
7-dehydrocholesterol to vitamin D3 [34]. Apart
from D3 there is also another bioactive, plant-
derived form of VD, named vitamin D2 (ergocal-

ciferol), which has been produced commercially
since the early 1920s and is now widely used for
food fortification and as a dietary supplement.
Structurally, the two forms are similar, with vita-
min D2 having an extra methyl group on carbon
24 and an additional double bond between car-
bons 22 and 23. However, these structural differ-
ences have no major consequences on the
metabolic activation of VD, and so the two forms
are still officially regarded as being equivalent
[102]. Dietary VD is only a minor contributor to
overall VD used by human organisms, and the
exact amount depends on each individual’s par-
ticular diet. In general however, food sources of
VD are limited and include oily fish, cod liver oil,
and egg yolks. Fortification of infant formula
with VD is mandatory whereas, some dairy prod-
ucts are also fortified with VD. The dietary intake
is more important when sunshine exposure is
inadequate. People in northern countries are
dependent on dietary sources to ensure adequate
VD levels, especially during the winter months.

VD is not biologically active and must be con-
verted to its active form. To achieve this, VD
from either the skin or the diet, enters the circula-
tion where it is transported by the vitamin D
binding protein (DBP) to the liver where it is
metabolized to 25 hydroxyvitamin D (25(OH)D;
calcidiol) by the enzyme vitamin D
25-hydroxylase. 25(OH)D is the major form of
circulating VD; nevertheless, it is practically
biologically inactive. 25(OH)D is further trans-
ported through DBP to the kidneys where it goes
through another hydroxylation in the kidney’s
mitochondria by the enzyme 25-hydroxyvitamin
D-la-hydroxylase (1-OHase) resulting in
1,25(0H),D (calcitriol) which is the actual active
form of VD. Once formed, 1,25(OH),D can inter-
act with the specific nuclear VDR to exert its
actions.

Kidneys were long thought to be the only
organs capable to produce calcitriol. However,
we now know that expression of 1-OHase is
widespread in extrarenal sites and the conversion
of calcidiol to calcitriol can take place in many
tissues other than kidneys, such as skeletal and
heart muscle, T and B lymphocytes, macro-
phages, liver, brain, placenta, breast, colon, pros-
tate, and bronchi [12]. It has to be mentioned that
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VD is not, strictly speaking, a vitamin but rather
a hormone, since vitamins are substances that
cannot be synthesized in sufficient quantities by
an organism, and must be obtained from its diet.

14.3 Vitamin D Deficiency

14.3.1 Definition of Vitamin D
Deficiency

There is a continuing debate on how VD defi-
ciency is defined. Serum concentration of 25(OH)
D is considered the best determinant of VD sta-
tus. However, determining 25(OH)D serum con-
centrations is not  straightforward and
considerable interassay discrepancies have been
noted in studies comparing different commer-
cially available 25(OH)D tests [25, 114]. In addi-
tion to the previous technical problem, there is
also scarcity of data regarding the correlation
between 25(OH)D serum concentrations with
health outcomes, something that makes the defi-
nition of VD deficiency on the basis solely of
25(OH)D levels quite challenging. On the other
hand, calcitriol is not useful as a marker of VD
status or for the correlation with health outcomes
because of its short serum half-life [17].
Furthermore, it has been demonstrated that poly-
morphisms in DBP gene may affect the percent-
age of bioavailable VD making the issue of
determining the normal levels of 25(OH)D even
more complicated [96]. Given the many uncer-
tainties, a scientific advisory committee in United
Kingdom concluded that the current data are
insufficient to clarify relations among VD intake,
biochemical status, and chronic disease outcomes
[109].

However, despite the many unanswered ques-
tions, most authors use 25(OH)D serum levels of
50 nmol/l (25 nmol/l = 10 ng/ml), as the cut-off
value of VD deficiency, although, some recom-
mend higher levels, e.g. higher than 75 or even
100 nmol/l [52, 102]. The 2011 report from the
Institute of Medicine Committee on dietary
requirements for calcium and VD levels con-
cluded that according to available evidence, VD
concentration of 20 ng/ml (50 nmol/liter) is ade-
quate for the needs of at least 97.5% of the popu-

lation [102]. The European Society for Paediatric
Gastroenterology, Hepatology and Nutrition
(ESPGHAN) has recently re-established the rec-
ommendation of a 25(OH)D concentra-
tion > 50 nmol/l to indicate sufficiency whereas,
severe VD deficiency during childhood, is
defined as 25(OH)D concentrations <25 nmol/l
[17]. In other pediatric guidelines [81], VD status
has been given a more detailed definition and has
been schematically divided in 4 categories, as
follows: severe deficiency: <12.5 nmol/L (5 ng/
mL); deficiency: 12.5-37.5 nmol/L (5-15 ng/
mL); insufficiency: 37.5-50 nmol/L (15-20 ng/
mL); sufficiency: > 50 nmol/L (20 ng/ml).

14.3.2 Determinants
of Hypovitaminosis D

The main determinants of VD status is time spend
indoors and sunshine exposure, skin pigmenta-
tion, clothing, use of sunscreen, nutrition and use
of VD supplements [17]. It has been demonstrated
that serum levels of 25(OH)D are not always a
characteristic of people living in sun deprived
areas. VD levels tend to be higher in Northern
than in Southern Europe [123]. This phenome-
nally “odd” conclusion has been confirmed by
subsequent multicenter studies that used a single
laboratory for their measurements and the com-
parison of 25(OH)D levels was straightforward
([67,74] [122]). The high serum levels of 25(OH)
D in Norway and Sweden are probably due to a
high intake of fatty fish and cod liver oil, whereas
the lower serum 25(OH)D in Spain, Italy and
Greece may be the result of more pigmented skin
and sun avoidance practices [123].

Obesity has been associated with low serum
levels of VD [81], although the underlying mech-
anism has not still verified. It may occur because
of trapping of VD in fat cells [98] or, on the other
hand, VD deficiency may not be a consequence
but rather a risk factor and obesity may predis-
pose to VD deficiency through upregulation of
adiponectin synthesis [115]. Secondary causes of
VD deficiency are medications (e.g. rifampicin,
anticonvulsants), and diseases causing malab-
sorption such as celiac disease and cystic fibrosis
[78].
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14.3.3 Epidemiology of Vitamin D
Deficiency

Regardless of the thresholds used, VD deficiency
unambiguously comprises a common health
problem worldwide. Epidemiological studies
suggest that approximately 50% of adults and
children worldwide are VD deficient, with serum
concentrations of 25(OH)D below 50 nmol/L
[13, 73]. Hilger et al., in a recent comprehensive
systematic review of the literature, found that
88.1% of the papers reported mean or median
values of 25(OH)D levels below 75 nmol/l,
37.3% below 50 nmol/l and 6.7% below 25 nmol/l
[51]. Studies included in this review contained
data on almost 170,000 participants from 44
countries, representing practically all geographic
areas of the earth. The authors found significant
differences between the various geographic
areas, with values being significantly higher in
North America than in Europe or Middle East/
Africa region. Age-related differences were not
found in Europe and North America. However, in
the Asia/Pacific region, children and adolescents
had significantly lower 25(OH)D values com-
pared to adults and elderly. In contrast, children
and adolescents from Middle East and Africa had
significantly higher values than adults and
elderly. No significant sex-related differences
were observed in any of the regions, although
reports in women tended to show lower 25(OH)D
values, especially in the Asia/Pacific and Middle
East/Africa regions [122]. The later observation
could be, at least partially, explained by limited
sun exposure of women due to -cultural
practices.

14.4 Asthma and Allergies:
An Epidemic of Modernity?

14.4.1 Epidemiological Evidence

The prevalence of asthma has been increasing
since the decade of 1960s in most areas of the
world [132]. The highest prevalence of the dis-
ease has been observed in developed countries
[9]. In 2006, Eder et al. summarized data from

registries and epidemiological surveillance stud-
ies, and found that increases in the prevalence of
asthma had been reported from most of the coun-
tries during the second half of the twentieth cen-
tury. However, this apparent global increase in
asthma prevalence was evident only up to the
1990s, whereas after then the temporal pattern
was not clear. In some populations, the preva-
lence of asthma was still rising, while on the con-
trary in others appeared to be stable or decreasing
slightly. In particular, in some areas of the
Western world, the prevalence seemed to have
reached a plateau [40].

In the same year, another group published a
study [5] on global trends in the prevalence of
asthma, rhinoconjunctivitis, and eczema in child-
hood. Researchers repeatedly collected cross-
sectional data for two age-groups of school
children — 6-7 years and 13-14 years — from
many countries as part of phase 3 International
Study of Asthma and Allergies in Childhood
(ISAAC) and compared data with that of a base-
line survey that had been undertaken approxi-
mately 7 years before. A large number of centers
from around the world took part in this study. In
the majority of centers there was a change in
prevalence of 1 or more standard errors for at
least one disorder, with increases being twice as
common as decreases, and increases being more
common in the 6-7 year age-group than in the
13-14 year age-group. An exception was
observed for asthma symptoms in the older age-
group, where decreases were more common at
high prevalence. For both age-groups, more cen-
ters showed increases in all three disorders more
often than showing decreases, but most centers
had mixed changes. The changes were greatest
for eczema in the younger age group, and for
allergic rhinoconjunctivitis in both age-groups.

The ISAAC study also found an increase in
AD in both age groups. There was a significant
increase in the prevalence of AD, ranging from
0.07 to 1.09% in 48 countries with decrease in 8
countries and little change in 12 countries in the
6-7-year age group and increase in 47 countries,
decrease in 32 countries, and little change in 26
countries in the 13—14-year age group. In gen-
eral, the increase occurred primarily in previous
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areas of low prevalence, whereas the areas with
previous high levels showed leveling off [116].

The prevalence of FA is difficult to be deter-
mined with precision because standard criteria
for its definition are still lacking. Two recent sys-
tematic reviews estimated that FA roughly affects
0.1-6.0% of the European population [90] and
more than 1-2% but less than 10% worldwide
[26]. In US, from 1997 to 2007, the prevalence of
reported FA increased by 18% in children less
than 18 years old [18]. Despite the absence of an
accurate estimation of its prevalence, available
data suggest that there has been a significant
increase in the last two decades and the problem
has reached almost epidemic characteristics in
developed western countries [10, 91, 113, 125].
FA is considered now the main cause of anaphy-
laxis [72].

14.4.2 Hypotheses for Explaining
the“Epidemic” of Asthma
and Allergies

Although much research effort has been investi-
gated in the explanation of increasing prevalence
of asthma and allergies, a comprehensive and
explicit model to interpret this phenomenon is
still lacking. The majority of authors try to
approach and explain this issue based on the
hygiene hypothesis [117] which suggests that
children living in modern families of westernized
societies have minimal exposure to infectious
agents in the first years of life, which in turn leads
to inappropriate development of their immune
system and its regulatory pathways. As a conse-
quence, the transition from a prevalent Th2 to a
balanced Th1/Th2 response that ensues during
infancy is not properly and fully implemented,
and children develop a propensity for asthma and
allergies [101]. However, despite favorable evi-
dence from experimental studies, epidemiologi-
cal data have not been consistent and sufficient to
confirm this hypothesis, and now it is evident that
this model cannot explain on its own the many
dimensions of the extensive asthma and allergy
epidemic [99].

In 2007, Litonjua and Weiss proposed a new
approach to explain the issue, based on another
consequence of westernized way of living. They
argued that, as populations become more pros-
perous they tend to spend more time indoors
and expose themselves less to sunlight [76].
This results in VD deficiency that can lead in a
disposition for the development of asthma and
allergies. VD deficiency’s harmful effect begins
as early as prenatal life through its impact on
fetal lung and immune system development
[64], and is continued postnatally. This hypoth-
esis offers a reasonable alternative explanation
for some of the epidemiologic attributes related
with the asthma epidemic, namely the increased
risks associated with obesity, and recent immi-
grants to westernized countries. Some of the
cons and pros of this theory will be reviewed in
the next pages.

14.5 IsVitamin D a Key Player
Allergy and Asthma

Epidemic?

14.5.1 The Regulatory Role
of Vitamin D in the Immune
System

The concept of VD possessing a key role in the
regulation of the immune response has emerged
from the discovery of a variety of immune cells,
such as antigen-presenting cells, natural killer
cells, and B and T lymphocytes, that express the
intracellular VDR and are responsive to
1,25(0OH),D [36]. Moreover, it is supported by
the ability of various types of immune cells,
including peripheral blood mononuclear cells,
activated T lymphocytes, dendritic cells, and qui-
escent CD4 cells, to convert 25(OH)D to
1,25(0OH),D [1, 79, 110]. A number of studies
have demonstrated the modulatory effects of VD
in the function of cells involved in numerous
aspects of immunity, affecting both innate and
adaptive immunity.

The immune and inflammatory processes that
underlie allergic and asthmatic disorders are
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complex and still not fully understood; however,
there is robust evidence that impaired immune
regulation plays a pivotal role in the pathogenesis
of these disorders [77]. Based on these grounds,
it has been argued that VD is directly involved in
the pathogenesis of asthma and allergies, and
indeed, there is a substantial body of high-quality
research in favor of this connection. Some of the
evidence supporting a potential role of VD defi-
ciency in the development of asthma and aller-
gies through defective immunoregulation are
reviewed below.

Calcitriol decreases the maturation of den-
dritic cells (DC) and their ability to activate T
lymphocytes. Activation of VDR signaling path-
ways inhibits DC maturation as evidenced by
decreased levels of DC markers, such as MHC-
class II, co-stimulatory molecules (CD40, CDS8O0,
and CD86), and other maturation-induced sur-
face antigens (e.g. CD83) ([8]). Similarly to DC,
the antigen-presenting and T cell stimulatory
ability of monocytes and macrophages is reduced
upon exposure to 1,25(OH),D [4, 8&].
Immunomodulatory pathways involve both direct
and indirect effects on the proliferation, differen-
tiation, and function of T cells. VD administra-
tion decreases THI1 cytokine secretion and
inhibits T-cell proliferation [60, 86]. Matheu
et al. found that VD administration in mice could
induce IL-4, IL-5, and IL-13 ([80]). A study on
naive human cord CD4 and CD8 T cells showed
that VD exerts an inhibitory effect on IFN-y pro-
duction induced by IL-12, and suppresses IL-4,
and IL-13 expression induced by IL-4 [36]. VD
stimulates CD4*CD25*Foxp3* Treg cells to
increase the secretion of IL-10, which is consid-
ered a chief effector molecule in VD-mediated
promotion of the immunosuppressive states of T
cells [106]. Activation of VDR modulates the
humoral immune response by inhibiting IgE
expression in B cells and enhancing IL-10 expres-
sion [48, 50]. Apart from IL-10, it has been
recently demonstrated that 1,25(OH),D has a
profound inhibitory effect on the development of
human Th9, a CD4* T cell subset that is highly
associated with asthma, in an IL-10 independent
manner [119]. In a study that examined the effects
of VD on T cell differentiation it was found that

the stimulation of CD4* CD25- T cells in the
presence of 1,25(OH),D inhibits the production
of pro-inflammatory cytokines including IFN-y,
IL-17, and IL-21, and stimulates expression of
high levels of CTLA-4 and FoxP3. CTLA-4 plays
an important role in the suppressive activity of
Treg, whereas FoxP3* Treg cells have a central
role in the prevention of catastrophic autoimmu-
nity. Through the previous pathway, T cells
treated with 1,25(OH),D were able to suppress
proliferation of normally responsive T cells, indi-
cating that they possessed characteristics of adap-
tive Tregs [59]. In patients with severe asthma,
there was a strong correlation of low serum con-
centrations of 25(OH)D with a paucity of FoxP3*
Treg cells in the peripheral blood. In the same
study it was also found that the frequency of cir-
culating FoxP3* Treg cells were significantly
lower in steroid resistant than in steroid sensitive
asthmatic patients with comparable disease
severity [27]. Effector CD8* T cells convert from
IFN-y* (Thl) to IL-13* (Th2) cells as a result of
their activation by IL-4-producing CD4* T cells,
a process having been related with the develop-
ment of asthma [66]. It was also recently shown,
that the addition of 25(OH),D during CD8* T-cell
differentiation prevents IL-4-induced functional
conversion of CD8" T cells from IFNy to IL-13
producing cells, via a mechanistic link to
CYPI11AL activity [108].

VD also regulates the effectiveness of innate
immunity in antimicrobial defense mechanisms
[83]). This is mainly accomplished through the
induction in skin, lung, and monocytes of cathe-
licidin [47, 107], an antimicrobial peptide that
has a pivotal role in the host defence against vari-
ous microbial infections [44, 88]. Apart from
that, VD can augment skin defence mechanisms
by increasing locally the production of some
other antimicrobial peptides, such as b-defensin 2
and b-defensin 3, epidermal lipid synthesis
enzymes, fatty acid synthase, serine
C-palmitoyltransferase, and  3-hydroxy-3-
methylglutaryl-coenzyme A, as well as the struc-
tural proteins of corneocytes, filaggrin and
involucrin [53]. All of the above are essential ele-
ments for the development of structural and func-
tional integrity of skin.
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In general, however, despite the abundance of
available data on the immunomodulatory effects
of VD and the quite a few proposed mechanisms
[62], the synthesis of evidence into a coherent
model that can clearly explain how these effects
can intervene in the propensity of an individual to
develop asthma and allergies has not yet become
feasible.

14.5.2 Vitamin D and Asthma

There is an ongoing debate in medical literature
as to whether VD deficiency has a causal associa-
tion with the development of asthma and aller-
gies. Most of the epidemiological and
pathophysiological data support the existence of
such a link, although there have been contradic-
tory results too [23, 24, 42, 57, 133]. A lot of
studies from different geographic areas have
shown high prevalence of VD deficiency in asth-
matic children. VD insufficiency was very com-
mon in North American children with
mild-to-moderate persistent asthma and further-
more, the low levels of VD were associated with
higher odds of severe exacerbation [20]. In
another population-based study it was shown that
low serum concentrations of 25(OH)D, were
strongly correlated with reduced spirometric
indices (FEV,, and FVC) [14]. A study con-
ducted in Costarican children, demonstrated that
VD levels were negatively associated with air-
way responsiveness, eosinophil counts, IgE lev-
els, and likelihood of hospitalization for asthma
exacerbations [19]. In two studies from Italy, low
levels of VD in children were associated with
reduced lung function and increased reactivity to
exercise; only 11% of children with asthma had
adequate VD levels [31, 32]. A study from Turkey
in preschool aged children found that the fre-
quency of VD deficiency and insufficiency was
higher in children with asthma, compared to the
controls [120]. An Indian study showed that,
compared with controls, children with asthma
had lower 25(OH)D concentrations and propor-
tion of Treg cells, whereas the proportions of B
cells with IgE receptors (CD23 and CD21) were
higher [28]. In a randomized, double-blind,

placebo-controlled trial, the daily supplementa-
tion with 800 IU of VD, in addition to standard
therapy, for 2 months in schoolchildren from
Japan with asthma resulted in significant
improvement in levels of asthma control [118].
Contrary to the previous results, however,
some other studies indicated that supplementa-
tion with VD has no effect in asthma. So, in a
double-blind, randomized, placebo-controlled
trial in Irish children with uncontrolled asthma,
the authors assessed the effect of 15 weeks of a
relatively high dose of VD supplementation
(2000 IU/day) on subjective asthma symptoms,
lung function, and biomarkers of inflammation/
allergy. They found that apart from decreased
school days missed, VD supplementation failed
to demonstrate any advantageous changes in
asthma parameters [63]. Likewise, a recent meta-
nalysis found only relatively weak evidence to
support VD supplementation for the reduction of
asthma exacerbations, and no real evidence to
support any benefits of VD supplementation for
other asthma-related outcomes in children [100].
A number of hypotheses have been postulated
to explain the possible pathogenetic link between
asthma and VD deficiency. One of these hypoth-
eses is based on the protective role of VD against
infections with the reasoning being as follows:
Viral respiratory tract infections (VRTI) are the
most common trigger of asthmatic exacerbations,
especially in children, and typically lead to more
severe symptoms compared to non-asthmatics
[56]. VD has virucidal effects [22, 39, 121] and,
in addition, may also exert antiviral effects
through alterations in growth and differentiation
of airway epithelial cells [21]. Considering the
above, it is plausible that VD deficiency may
weaken the defense mechanisms against respira-
tory infections and thus indirectly increase
asthma exacerbations and morbidity [16].
Evidence exists for an association between
low maternal VD levels during pregnancy and
increased risk of wheezing or asthma. In three
observational studies from USA, Japan, and
Scotland, it was shown that maternal VD supple-
mentation protects offspring from the develop-
ment of wheeze [23, 24, 37, 82]. In another large
prospective cohort study, low levels of 25(OH)D
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at birth — but not in mid-gestation — were associ-
ated with a higher airway resistance measured at
the age of 6 years [45]. These results may indi-
cate that VD deficiency could affect the program-
ming of the developing lung resulting in increased
disease susceptibility [35, 69]. In support of this
assumption there are findings from genetic stud-
ies demonstrating regulatory effects of
1,25(0OH),D in airway smooth muscle genes
related with morphogenesis, cell growth, and sur-
vival, as well as genes encoding structural pro-
teins; all these genes are known to be involved in
airway remodelling [11, 15]. These results were
strengthened by consistent findings from a study
which showed that VD-regulated genes were
markedly over-represented in developing human
lung transcriptomes; a significant number of
these genes were known to be associated with
asthma susceptibility [64]. The aforementioned
studies support a genomic mechanistic pathway
linking low levels of maternal VD with childhood
asthma susceptibility, possibly through fetal pro-
gramming. However, it has to be mentioned, that
two recent randomized controlled studies that
aimed to investigate the effect of VD supplemen-
tation during pregnancy (beyond the usually rec-
ommended doses) on asthma-like symptoms in
the first 3 years of offspring life, resulted in
inconclusive findings [30, 75]. Although, the
authors of both trials acknowledge that their stud-
ies may have been underpowered to detect a
potentially important clinical effect, the results
underline the complexity of the issue and the fact
that is far from being considered adequately
answered [126].

VD, apart from being involved in the patho-
genesis of asthma, it may also affect the response
to treatment by enhancing the therapeutic
response to corticosteroids. Searing et al. showed
that in asthmatic children decreased serum VD
levels were associated with increased corticoste-
roid use; the observed correlation may be due to
either more severe disease in children with low
levels of VD, or to the signaling effects of VD on
corticosteroids pathways [111]. Goleva et al.
showed that both steroid requirements and
in vitro steroid responsiveness were negatively

associated with VD status in children; the same
trend was also observed in adult patients though
it did not reach statistical significance. The later
may suggest that the effects of VD were stronger
in childhood asthmatics, probably because of the
less advanced airway remodeling [46]. The
molecular mechanism of steroid resistance is not
yet clear but a well-known characteristic of
steroid-resistant (SR) asthmatic patients is the
inability of their CD4 T cells to increase IL-10
synthesis after in vitro stimulation with cortico-
steroids [49]. Xystrakis et al. demonstrated that
the addition of 1,25(OH),D and dexamethasone
to cultures of CD4 T cells from SR asthmatics,
enhanced IL-10 secretion to levels comparable
with those produced from cells of steroid-
sensitive patients treated only with dexametha-
sone. They further showed that supplementation
with VD of SR asthmatic patients, reversed ste-
roid resistance through induction of IL-10-
secreting Tregs [134]. Zhang and colleagues
went further and showed that VD could also
enhance the anti-inflammatory action of cortico-
steroids in an IL-10 independent manner through
the induction of mitogen-activated protein kinase
phosphatase-1 (MKP-1) in blood monocytes.
However, they also observed that the responses
in patients with SR asthma remained signifi-
cantly lower compared with patients with
steroid-sensitive asthma [135, 136]. In a recent
study, Lan et al. showed that pre-treatment of
patients with VD enhanced the dexamethasone-
induced nuclear translocation of glucocorticoid
receptors in airway epithelial cell cultures and
monocytes of VD deficient adult patients with
severe asthma exacerbations. They also showed
that supplemental VD ameliorated the oxidative
stress and increased the clinical response to cor-
ticosteroid. ~ Their results indicate that
VD-deficiency aggravates the oxidative changes
observed in severe asthma exacerbation and also
imply a possible role for VD therapy in acute
asthma [71].

To summarise, although many aspects of the
underlying mechanism still remain obscure, there
is plethora of data suggesting an aetiological
association between VD deficiency and asthma.
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14.5.3 Vitamin D and Food Allergy

Epidemiological data have linked FA with sun-
light exposure by showing that FA is more preva-
lent in regions further away from the equator [84,
85]. A recent study from Korea compared VD
serum levels and the incidence of food induced
anaphylaxis (FIA) between 2 regions of high and
low solar radiation; VD levels were lower and
concurrently FIA incidence was higher in the
region with the low er solar radiation [65]. This
kind of studies can lead to assumptions but can-
not prove that FA is correlated to VD status and
not to any other sunlight-derived, seasonal and/or
geographic factor. However, they have provided a
stimulating framework for further research on the
subject [104]. Indeed, the research hypothesis of
a connection between VD and FA has been
largely corroborated by cross-sectional and
cohort studies assessing VD dietary intake during
pregnancy, or measuring maternal, cord blood,
neonatal or childhood VD status. Sharief et al.
used a large nationally representative sample
from United States of more than 3000 children
and adolescent, and found that VD deficiency
was associated with allergic sensitization to
selected foods. This association was not observed
in the adult group of the study [112]. Similarly, in
a cross-sectional study from Korea that included
226 infants with atopic dermatitis or FA it was
found that VD deficiency increased the risk of
food allergen sensitization [7]. In another large
prospective cohort study conducted in Australia,
infants with 25(OH)D < 50 nmol/l at 12 months
of age were more likely to suffer from challenge-
proven FA — especially to egg and peanut — and
were more likely to have multiple food allergies
compared with those with adequate VD levels
[3]. Interestingly, this association was evident
only among infants of Australian-born parents,
suggesting a gene—environmental interaction
[94].

Nwaru Bl et al. showed that maternal intake of
VD during pregnancy was associated with
decreased risk of food sensitization in the oft-
spring at the age of 5 years [89]. Chiu CY et al.
demonstrated an inverse association between
cord blood 25(OH)D levels from a birth cohort of

Taiwanese children and milk sensitization at the
age of 2 years [33]. However, there are also stud-
ies that failed to find a valid association between
cord blood 25(OH)D levels and FA [29, 61].
Though not proving an association does not nec-
essarily rule out its existence, their results have
introduced some scepticism. What is more, a
German study reported that maternal and cord
blood 25(OH)D was positively associated with
children’s risk for FA within the first 2 years of
life. As a general comment, one could say that
the presence of conflicting results reflects the
gaps in our knowledge on the exact role of VD in
the development of FA.

A proposed model of the induction of FA
focuses on the actions of VD on the gastrointesti-
nal tract which is the mucosal site with the richest
antigenic exposure in the body. According to this
model, VD deficiency not only compromises
immune tolerance, but also increases susceptibil-
ity to infections and affects gut microbiota com-
position. The ensuing gastrointestinal infections
compromise barrier permeability and other
defence mechanisms against dietary and micro-
bial antigens in the intestinal mucosa. These
defects synergistically promote dysfunctional
responses to food antigens that may manifest as
FA in genetically susceptible subjects [124].

14.5.4 Vitamin D and Atopic
Dermatitis

AD is characterised by defective skin barrier,
skin inflammation, and increased susceptibility
to certain skin infections. Given the aforemen-
tioned attributes of VD, namely immunomodula-
tory effects, cathelicidin induction, and impact
on the development of skin barrier, it comes as no
surprise that VD deficiency is now considered
one of the contributing factors in the pathogene-
sis of AD and indeed, there are many epidemio-
logical reports that have described this association
[70, 82, 129, 130]. Besides, there is also direct
evidence relating low blood levels of VD in chil-
dren with the severity of AD [2, 41, 93]. In a large
cohort study that sought to examine the associa-
tions between early-life VD levels and the
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development of eczema and other allergy-related
outcomes in a population of black and white chil-
dren from the same region, it was shown that pre-
natal 25(OH)D levels were inversely associated
with eczema. This association was stronger in
white children implying that VD plays a role of
varying importance depending on other risk fac-
tors present in a subject [127]. In another cohort
study of children with a family history of allergic
disease, cord blood 25(OH)D concentrations
found to be negatively associated with risk of
eczema in early childhood [92]. A recent meta-
nalysis demonstrated that maternal VD status
during pregnancy was associated with childhood
eczema [128]. Some authors have even suggested
that VD supplementation should be included in
the therapeutic armamentarium of atopic derma-
titis [58, 105].

14.6 Can Vitamin D Increase
the Risk of Asthma
and Allergies?

Despite the amount of literature supporting a
direct relation of VD deficiency with the devel-
opment of asthma and allergies, there are also
quite a few studies suggesting that VD promotes
the development of these disorders. Some of the
existing antilogy has already been presented
herein and some more will be reviewed below.
In a number of studies, VD supplementation
has been linked to allergy and asthma [6, 43, 55,
68]. In an elegant review of the literature on this
particular topic, Wjst has sited the evidence and
discussed the reasoning underlying the findings
[131]. As he postulates, the explanation of the
apparent paradox of both VD deficiency and VD
supplementation  promoting  asthma/allergy
should be sought in the epigenetic programming
in pregnancy and early infancy, where both low
and high levels of VD lead to the same end result.
In cases of excessive VD exposure in newborn
period, either by extra supplements or as an addi-
tive to baby foods, it is assumed that different
reactions can be induced. The kind of reactions
depends on how low or rich the intrauterine envi-
ronment was in VD. This assumption is based on

existing evidence for other disorders showing
that their development can be facilitated by large
discrepancies between the environments experi-
enced in utero, in early infancy, and later life
[131].

Evidence also exists that high VD levels can
increase the risk for asthma and allergies inde-
pendently of dietary supplementation. Hypponen
et al. showed that IgE concentrations were higher
in subjects having either low (<25 nmol/L) or
very high (>135 nmol/L) levels of 25(OH)D [54].
Rothers et al. demonstrated that both lower
(<10 ng/mL) and higher (> 20 ng/mL) levels of
cord blood 25(OH)D were associated with higher
frequency of sensitization to aero-allergens up to
the age of 5 years, compared with a reference
group (10-19.9 nmol/L) [103]. A Canadian study
found that children with both low (<49 nm/L)
and high (=75 nm/L) 25(OH)D levels had
increased risk of asthma [87]. The above results
suggest that possibly a U-shaped association
between VD levels and asthma/allergies exists,
and that there is a threshold in both low and high
25(0OH)D levels associated with increased risk of
these disorders.

Finally on his chapter on environmental fac-
tors and inflamatory non-communicable diseases,
Prescott tried to address the complexity of the
issue with an alternative but very interesting
approach; he proposed that VD might actually be
a proxy for UV exposure, which could someway
reduce a subject’s propensity for inflammation. If
that was the case, then VD supplementation
would not be enough to overcome the effects of a
UV deficiency [97].

14.7 Conclusion

The worldwide epidemic proportions of asthma
and other allergic disorders and hypovitaminosis
D, have been the subject of extensive research
efforts in the last two decades. In an attempt to
explain the coexistence of these two synchronous
“epidemics”, it was proposed that there is a
causal link between VD deficiency and the devel-
opment of asthma and allergies. In support of this
is the vast amount of available data showing the
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important role of VD in regulation of inflamma-
tion and modulation of various immune
responses. Indeed, most of the studies have veri-
fied the hypothesis of VD deficiency predispos-
ing to the development of asthma and allergies.
However, there have been some studies with
opposing results, supporting that VD supple-
ments and high VD levels may have a detrimental
effect on asthma and allergies. It is undoubtedly
very challenging to try to interpret phenomeni-
cally discordant results and propose a unifying
model. And not surprisingly, despite the bulk of
available evidence, there are still huge gaps in our
knowledge to allow a translation of basic research
on immunomodulatory attributes of VD into clin-
ical practice. Clearly, more research, and espe-
cially adequately powered randomised control
trials are needed in order to extract safe conclu-
sions on the role of VD in the prevention and
treatment of asthma and the other allergic disor-
ders. Up to then, it would be prudent in cases of
difficult asthma or recalcitrant eczema, to check
VD levels and, if low, to supplement with VD.
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Abstract

Vitamin D levels and metabolism may play a role in the pathogenesis and
treatment of atherosclerosis and subsequent cardiovascular health. Herein,
we discuss both normal and disordered vitamin D metabolism as it per-
tains to atherosclerosis, and we review major clinical trials regarding vita-
min D levels and effects of supplementation. Although there are no official
recommendations for vitamin D as it applies to atherosclerosis, it is clear
that these two entities are linked. Further study of the complex association
between vitamin D and atherosclerosis, as well as the effects of supple-
mentation, are recommended.
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15.1 Introduction

The atherosclerosis disease state is complex with
many variables contributing to the appearance of,
progression, and stability of the disease. One such
variable is vitamin D metabolism. In this chapter,
we will review the pathophysiology of atheroscle-
rosis, the natural metabolism of vitamin D, as
well as the known effects of vitamin D and its
deficiency on the formation of atherosclerosis.
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15.2 Vitamin D Metabolism

Multiple forms of vitamin D are present within
the body in varying concentrations (Fig. 15.1).
Regardless of where this vitamin is derived, all
forms must be converted to 25 hydroxy-vitamin
D (250HD) and then activated to 1,25(OH),D.
[1] When the skin is exposed to UV light, the
naturally occurring 7-dehydrocholesterol is con-
verted to Vitamin Dj; (cholecalciferol, D3). D3
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may also be ingested from animal sources. A vast
majority of the vitamin D obtained from an
omnivorous diet is in the D2 (ergocalciferol)
form. D2, as a result of its chemical structure, is
cleared from the systemic circulation more read-
ily than D3 forms, limiting the conversion to
250HD [2] which is produced almost solely in
the liver by 25-hydroxylase. 250HD is converted
and activated in the kidney to form 1,25(OH),D.
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Fig.15.1 Vitamin D Synthesis

Cholecalciferol is either formed from UVB interaction
with 7-dehydrocholesterol in the skin or obtained from
dietary sources. In the liver, cholecalciferol and ergocal-
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Calcitriol
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ciferol undergo metabolism and become 25(OH)D3.
25(0OH)3D is converted to active 25 (OH)2D3 (calciferol)
in the kidney
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15.3 Pathophysiology
of Atherosclerosis

The initial formation of atherosclerotic plaques
occurs through the production of cytokines
such as INF-y, TNF-a, TNF-pB, and IL-2.
Together with T-helper 1 cells, these cytokines
bring about macrophage activation, inflamma-
tion and vascular activation that drive the
inflammatory proatherogenic response. [3]
Subsequent migration and proliferation of vas-
cular smooth muscle (VCSM) leads to develop-
ment of arterial hypertension (HTN). The
formation of a vulnerable atherogenic plaque is
what poses the greatest threat to patients.

Thin cap fibroatheroma (TCFA) formation is
the precursor lesion of unstable plaques and
subsequent rupture. TCFAs have a necrotic
core with an overlying thin fibrous layer.
Infiltration with macrophages and T-lymphocyte
leads to thickening and insudation of the lipids
accumulated within the atheroma [4-5]. While
calcification of the cap potentiates inflamma-
tion within the vessel, the lipid cores of these
TCFAs become necrotic and unstable leading to
intraplaque hemorrhage and destabilization.
Several mechanisms potentiate and perpetuate
TCFA formation. Destabilization, intimal
thickening, calcification, and intra-plaque hem-
orrhage are the largest contributors to plaque
instability. [6].

15.4 Effects of Vitamin D
in Atherosclerosis

15.4.1 Modulation of Immune
Response and Endothelial
Response to Oxidative Stress

In the setting of endothelial oxidative stress,
T-helper-1 cells are released and trigger
inflammatory pathways. As a result of inflam-
mation, macrophages become activated and
trigger proatherogenic responses, which may
lead to the formation of TCFAs. IL-2 and
INF-y expression trigger the T-helper-1 pro-
atherogenic response [6]. D3 decreases the

Table 15.1 Beneficial effects of vitamin D pertaining to
atherosclerosis

Beneficial effects of vitamin D

Reduction of endothelial oxidative stress

Inhibition of vascular smooth muscle proliferation and
migration

Regulation of vascular smooth muscle tone

Reduction of vasoconstrictor metabolites

Inhibition of pro-inflammatory cytokines

Leads to increased endothelial nitric oxide

Inhibition of platelet and leukocyte aggregation and
adhesion

Modulation the immune response

expression of IL-2 and INF-y pro-inflamma-
tory cytokines [7] and causes the T-cell
response to shift production from the forma-
tion of T-helper-1 to T-helper-2 cells [8].
Additionally, 1,25(OH)2D also promotes a
T-helper-2 profile [9]. The T-helper-2 anti-
atherogenic immune profile results in secre-
tion of cytokines that are anti-atherogenic,
which serves to neutralize the T-helper-1 effect
on VCSM [10] (Table 15.1).

Vitamin D also helps in limiting the extent of
oxidative stress on VCSM. D3 increases super-
oxide dismutase (SOD) activity within VCSM
through increased expression of IKB-a [11]. With
increased SOD, oxidation of low-density lipopro-
tein (LDL) is reduced in the vasculature [12].
Reduced LDL oxidation helps decrease the
amount of foamy cell formation; consequently,
reducing inflammation and reducing TCFA
proliferation.

15.4.2 Proliferation and Migration
of Vascular Smooth Muscle

Cyclin-dependent kinase 2 (CDK?2) is a critical
cellular protein involved in endothelin-dependent
DNA synthesis. 1,25-OH2D directly inhibits pro-
duction of endothelin-induced CDK2 production
without altering the protein [13]. Serving as a
regulatory switch, circulating vitamin D inhibits
VCSM proliferation.
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15.4.3 Influence on Vascular Smooth
Muscle Tone
and Vasoconstrictor
Metabolites

In animal models, vitamin D derivatives are
shown to reduce aortic endothelium-dependent
contractions [14]. It has been shown that daily
supplementation with 2000 IU of D3 can coun-
terbalance arterial stiffness progression [15]. D3
supplementation also demonstrates improved
recovery and viability of VCSM via regulation of
heat-shock protein 70 [16].

Circulating vitamin D3 has been shown to
correlate with arterial HTN [17]. Shi et al. sug-
gest that one possible mechanism for this vita-
min D relationship is the role of its suppression
of the calcium ionophore A23187 located in the
endothelium [18]. By creating calcium-surge
interference, vitamin D helps reduce vasocon-
strictor metabolites and consequently reduces
endothelium-dependent arterial contraction and
reduces VCSM tone [14].

15.4.4 Influence on Pro-
inflammatory Cytokines

As previously mentioned, vitamin D is involved
in inhibition of pro-inflammatory cytokines.
Vitamin D increases 15-hydroxyprostaglandin
dehydrogenase expression. By increasing this
dehydrogenase, vitamin D promotes inactiva-
tion of prostaglandins. Additionally, COX-2
expression is decreased by vitamin D which
contributes to prostaglandin receptor down
regulation [19].

15.4.5 Effect on Endothelial Nitric
Oxide Production

1,25(OH)D directly regulates nitric oxide (NO)
synthase transcription within the arterial endo-
thelium [20]. Deficiency of vitamin D leads to
decreased bioavailability of NO. Subsequent
stiffness may predispose the arterial system to
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endothelial trauma and initiate pro-atherosclerotic
responses.

15.4.6 Aggregation and Adhesion
of Platelets and Leukocytes

Platelet-leukocyte interactions are partially
regulated through a NO-mediated mechanism
in the arterial system [21].Endothelial injury
potentiates platelet deposition and further
inflammatory response with possible plaque
formation. Repeat trauma leads to plaque ero-
sion. Eroded plaques develop irregular sur-
faces and lose their protective covering of
endothelial cells perpetuating further platelet
and leukocyte aggregation leading to TFCA
formation and destabilization. Vitamin D may
serve an important role in decreasing platelet
and leukocyte aggregation and adhesion to
these eroded plaques may have an impact on
preventing further plaque destabilization.

15.5 Effect of Vitamin D
on Metabolic Contributors
to Atherosclerosis
Development
and Progression

Atherosclerosis is a complex disease with many
contributions in many conditions. The presence
of several comorbidities, such as insulin resis-
tance, hypercholesterolemia, hyperparathyroid-
ism, and HTN dramatically increase the risk of
atherosclerosis and may lead to worsening of the
condition. Vitamin D likewise is a complex bio-
nutrient and cofactor in multiple systemic pro-
cesses and consequently has many additional
roles outside of those already mentioned. In addi-
tion to the aforementioned loss of antioxidant
properties, alterations in immune responses, and
increased vascular reactivity/inflammation, vita-
min D helps regulate the Renin-Aldosterone
Angiotensin System (RAAS), hypothalamic axis,
insulin production and resistance, as well as cho-
lesterol profile all of which may potentiate ath-
erosclerosis (Fig. 15.2.).
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Fig. 15.2. Effects of vitamin D deficiency pertaining to
the formation of atherosclerosis

Highlighting the multiple and complex pathways in which
deficiency of vitamin D may potentiate atherosclerosis.

15.5.1 Vitamin D and RAAS
Activation

The RAAS is a major pathway through which
the body regulates blood pressure (BP). In a
normal system, renin is secreted by the kidney
as a response to decreases in renal blood flow.
Angiotensinogen is converted to angiotensin I
by renin in the plasma. Angiotensin-converting
enzyme then converts angiotensin I to angio-
tensin II. Angiotensin II increases water and
sodium reabsorption in the kidney, as well as

Vascular Cell Smooth Muscle (VCSM), Diabetes Mellitus
(DM), Low Density Lipoprotein (LDL), systolic blood
pressure (SBP), nitric oxide (NO), Renin-Aldosterone
Angiotensin System (RAAS), Parathyroid hormone (PTH)

increases systemic vasoconstriction, leading to
increased systemic BP, possibly leading to vas-
cular strain or VCSM remodeling, which can
predispose patients to atherosclerosis. Vitamin
D may be involved in regulation of
RAAS. Studies have shown an inverse relation-
ship between systemic BP and serum 25(OH)D
concentration [22]. Similarly, supplementation
of vitamin D has been shown to reduce sys-
temic HTN in some patients [23]. 1,25(0OH)2D3
suppresses renin gene expression through tran-
scription regulation of cAMP [24].
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15.5.2 Vitamin D
and the Hypothalamic Axis

Parathyroid glands regulate calcium and phos-
phate through secretion of parathyroid hormone
(PTH). PTH levels are in turn regulated by a
feedback mechanism generated by serum cal-
cium and phosphate levels the calcium and phos-
phate levels. 1,25(OH)2D increases renal calcium
reabsorption while circulating D3 regulates PTH
secretion. When vitamin D is deficient, PTH
secretion increases and in severe cases may lead
to rickets, osteomalacia, or hyperthyroidism [25].
Prolonged increased levels of PTH may lead to
increased inflammation which may contribute to
pro-atherosclerotic pathways [26].

15.5.3 Vitamin D and Insulin
Metabolism

The PROMISE study demonstrated a pivotal role
vitamin D has on islet cell function as well as
metabolism within the pancreas [27]. Vitamin D
levels are correlated with insulin secretion and
B-cell function [28]. Subsequently, deficiency of
vitamin D is correlated with inhibition of insulin
secretion [29].

In vitro expression of insulin receptors and
subsequent glucose transport are increased by
1,25(OH)2D [30]. Insulin resistance may be
accelerated by vitamin D deficiency but is not the
sole factor to contribute to this metabolic issue
[31]. Ironically, dietary supplementation of vita-
min D has not been show in to improve sensitivity
or secretion of insulin [32]. In the setting of diabe-
tes mellitus (DM), comorbid deficiency of vita-
min D may contribute to the increased incidence
of atherosclerosis seen in that population [33].

15.5.4 Vitamin D and Cholesterol
Profile

Lipid metabolism is partially regulated by vita-
min D; however there is insufficient evidence
regarding the relationship between this vitamin
and lipid metabolism to recommend supplemen-

tation [34]. Hepatocyte receptors for vitamin D
are integral in the regulation of cholesterol trans-
port [35]. In vitamin D deficient states, choles-
terol transport becomes altered leading to an
increase in circulating cholesterol which may
contribute to accelerated atherosclerosis [36]. To
some degree, vitamin D also influences macro-
phage polarization which may lead to TCFA for-
mation [37].

15.6 Vitamin D Supplementation:
Controversy

While clear guidelines are established for supple-
mentation for other disease states such as osteo-
penia and osteoporosis, there is not currently
enough evidence for the NIH to make recommen-
dations on vitamin D supplementation with
regards to atherosclerosis, cholesterol, or insulin
resistance. Although the role of vitamin D on the
mechanisms of cholesterol, insulin resistance and
atherosclerosis has been established, as of yet, no
clinical trial has established a correlation between
supplementation and improvements [38].

The Randomized Evaluation of Calcium or
Vitamin D (RECORD) trial is the largest and
most well-known study designed to establish a
morbidity/mortality benefit to vitamin D supple-
mentation. RECORD demonstrated that supple-
mentation of D3 had no effect on mortality [39].
Further, recent studies have highlighted serum
25(OH)D deficiency has no benefit of harm in
relation to incident HTN and mortality [40].
25(0OH)D has also been shown to have a nonlin-
ear association with carotid intima media thick-
ness in the elderly [41]. The ongoing Vitamin D
and Omega-3 Trial (VITAL) seeks to quantify the
effects of high-dose vitamin D on cardiovascular
disease (CVD) events [42].

Regarding dietary supplementation, a recent
systematic review demonstrated that vitamin D
supplementation has no effect on myocardial
infarction, stroke, hyperlipidemia, insulin resis-
tance or BP [43]. Similarly, a recent meta-
analysis of 51 trials pertaining to vitamin D
supplementation also showed no significant
effect on outcome in these endpoints [43]. While
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there are well established guidelines available
with regard to the treatment of skeletal disorders
such as osteoporosis, there are no current recom-
mendations regarding quantity of daily vitamin D
supplementation in CVD.

15.7 Conclusion

The effects of vitamin D deficiency are well
known. However, the full extent of the impact of
this vitamin in health and human disease remains
an area of continued study. Throughout this chap-
ter, we have shown several possible mechanisms
through which vitamin D and subsequent vitamin
deficiency play a role in atherosclerosis. In the
current state of literature, no formal supplemen-
tations recommendations exist for vitamin D
with regards to prevention or treatment of athero-
sclerosis. Although clear connections are estab-
lished between various disease states and
deficiency of vitamin D, we do not yet fully
understand the complex role this nutrient plays in
the body.
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Vitamin D and Type 2 Diabetes 1 6
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Abstract

Type 2 diabetes mellitus (T2DM) has become a significant global health
care problem and its reported incidence is increasing at an alarming rate.
Despite the improvement in therapy and development of new drugs, treat-
ment still remains insufficient especially due to the associated side effects
of most available drugs. Efforts are continuing toward disease prevention
and search for safer drugs. Conflicting evidence is associating low levels
of vitamin D in the body to T2DM and as such studies have been con-
ducted to test the effect of vitamin D levels on incidence of diabetes, dia-
betic control as well as diabetic complications.

Despite the conflicting evidence, vitamin D replacement seems to have
some beneficial effect on the many aspects of diabetes: incidence, control
and complications. Further long term and more convincing controlled tri-
als are required in order to draw firmer conclusions on this beneficial role
of vitamin D treatment on T2DM.
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16.1 Introduction

Type 2 diabetes mellitus (T2DM) has become a
significant global health care problem and its
reported incidence is increasing at an alarming
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2013 for each person affected by the condition.
Projections based on current trends predict that
592 million people will be living with diabetes by
2035; which means that one in ten people will be
affected, with an excessive amount of funding
required globally to treat diabetes and manage
diabetic complications ($627 billion USD in
2035) [1]. This is due to many factors like the
growth of the population, the longer age, seden-
tariness and, obesity. Despite the improvement in
therapy and development of new drugs, treatment
still remains insufficient especially due to the
associated side effects of most available drugs.
For this reason efforts are now increasing towards
disease prevention, with main culprits being obe-
sity and sedentariness, changes in lifestyle, par-
ticularly weight loss and physical activity are
definitely the first to tackle when it comes to
offering prevention. Unfortunately weight loss
and compliance with exercise are both difficult to
achieve and maintain. As such the identification
of easily modifiable risk factors becomes urgently
needed for the prevention of diabetes.

Recently vitamin D has gained importance as
a diabetes risk modifier. Vitamin D deficiency
appears to be a global health concern. In a 2008
survey it was estimated that one billion individu-
als had vitamin D deficiency defined as a 25-
hydroxyvitamin D (25 (OH) D) level of <20 ng/
ml [2]. With the mounting evidence available
depicting the role of vitamin D deficiency in sev-
eral non-skeletal medical conditions such as mul-
tiple sclerosis, some types of cancer and
cardiovascular disease, more attention is shifting
towards improving the balanced levels of vitamin
D to eliminate the deficiency related pathogene-
sis and eventually better control of T2DM. This
was first suggested by the observation of a sea-
sonal variation in the glycemic control where it
was perceived to be worse during the winter sea-
son [3]. Additional evidence for a role of vitamin
D in T2DM comes from a large number of obser-
vational and cross-sectional studies that showed
an inverse relationship between prevalence of
T2DM and a low 25 (OH) D level.

16.2 Vitamin D Physiology

Vitamin D identified by McCollem in 1922 [4] is
a secosteroid that is generated in the skin under
the influence of sunlight; as such it cannot be
considered a true vitamin rather a pre-hormone.
Vitamin D (calciferol) is a generic name for a
group of fat steroids of which the two major
forms are vitamin D2 (ergocalciferol) and vita-
min D3 (cholecalciferol). Both forms of vitamin
D undergo identical metabolism. During expo-
sure to solar Ultraviolet B (UVB) radiation (290—
310 nm), 7-dehydrocholesterol in the skin is
converted to pre-vitamin D3, which is converted
to vitamin D3 in a heat-dependent non-enzymatic
process. A proper sun exposure (mainly of the
face and hands) for around 10-15 min/day is
probably sufficient to maintain normal levels.
Excessive exposure to sunlight degrades pre-
vitamin D3 and vitamin D3 into inactive phyto-
products (photo-degradation), avoiding vitamin
D toxicity in the setting of excess sunlight.

Common human diet is usually poor in vita-
min D, exceptions in fatty fish and egg yolks.
Vitamin D2 is synthesized by plants and also
found in nutrients supplemented with vitamin D
(e.g. milk) or dietary supplements, whereas vita-
min D3 is mostly from animal source. Human
sun exposure is related to the seasonal position of
sun, time of day, atmospheric components, cloth-
ing, sunscreen (because of the major fear of the
carcinogenic effect of sun exposure), and skin
pigmentation all compromise vitamin D synthe-
sis [5]. Despite the fact that the sun light is an
important source of vitamin D, still a large num-
ber of global human populations have been found
to suffer from its deficiency. And hence it is
important that the sufferers are provided alterna-
tive sources of vitamin to maintain healthy living.
The bioavailability of vitamin D also depends on
its intestinal absorption capacity, liver function
and their fat storage.

Adipose tissue easily absorbs vitamin D
whether ingested or produced by chemical affin-
ity. Some researchers suggest that the accumula-
tion of vitamin D in adipose tissue is important
for its subsequent release during times of reduced
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production (for example, during winter when the
fat storage decreases) [6].

All these factors should be taken into consid-
eration upon evaluation of the studies involving
the role of vitamin D. Whether endogenously
synthesized or ingested through diet or supple-
ments, vitamin D in the circulation is bound to
the vitamin D-binding protein (DBP), which
transports it to the liver, where vitamin D is con-
verted by 25-hydroxylase to 25 (OH) D. This
form of vitamin D is biologically inactive and
must be converted primarily in the kidneys by the
I-alpha hydroxylase to the biologically active
form, 1,25-dihydroxyvitamin D 1,25 (OH)2
D. The kidney is the only tissue that can secrete
1,25(0OH)2 D into the blood circulation. Another
hydroxylase, the 24 hydroxylase is responsible
for catabolizing vitamin D and transforming it to
its inactive forms 24, 25 (OH)2 D and 1,24,25
trihydroxyvitamin D [7]. The active form of vita-
min D exerts its actions by binding to a nuclear
receptor {(the vitamin D receptor (VDR)}, first
identified and cloned in 1987. Since then, new
tissue-specific functions of vitamin D have been
discovered. Currently, it is known that the VDR
is widely distributed among tissues [8]. This fact
reinforces the theory that despite the best known
function of vitamin D is maintaining phosphocal-
cic homoeostasis and normal skeletal function,
with most human cells possessing the VDR as
well as the one a-hydroxylase and being capable
of locally forming 1, 25 (OH)2 vitamin D which
remains localized and acts directly on the tissue
in an autocrine manner, vitamin D can indeed has
many implications in many other pathologies. It
was with the discovery of the VDR and vitamin
D binding protein in pancreatic tissue and most
specifically in 3 cells that the connection between
vitamin D and T2DM has been reinforced [9].

16.3 Classification of Vitamin D
Status

The biomarker that is usually used to assess vita-
min D status is the blood concentration of 25
(OH) D since it is the major circulating form of
vitamin D. There is still no consensus on the

thresholds to define deficiency and insufficiency.
Most experts and societies suggest a vitamin D
insufficiency level as a value between 20 and
30 ng/ml or (50-75 nmol/L) and a vitamin D
deficiency level as a level of less than 20 ng/mL
or 50 nmol/L [10], except for the institute of
medicine (IOM) that didn’t agree on the higher
levels and defined the deficiency as a value of 25
(OH) D of less than 12 ng/ml or (30 nmol/L) and
the insufficiency at a value of between 12—-19 ng/
ml or (30-50 nmol/L) [11]. These differences can
be explained by which populations were targeted
by the guidelines and how the evidence was gath-
ered. The IOM guidelines concentrated on the
general healthy population and placed more
emphasis on interventional studies. They found
no convincing evidence linking vitamin D with
benefits for non-skeletal outcomes, that’s why
they adopted lower thresholds that showed evi-
dence mostly in skeletal benefits. In contrast, the
Endocrine Society clinical practice guidelines
concentrate on people at high risk for vitamin D
deficiency and place more emphasis on observa-
tional (epidemiologic) studies that showed evi-
dence linking vitamin D deficiency to many
chronic diseases. Despite this discrepancy both
guidelines agreed that all the recommendations
require further reconsideration in the future as
additional data from ongoing randomized trials
become available.

16.4 Vitamin D Intake
Requirements

Since both guidelines differ in their definition of
vitamin D deficiency, their recommendations for
vitamin D intake are also different. The IOM
report on dietary reference intakes for calcium
and vitamin D recommends 600 international
units (IU) per day of vitamin D for individuals
9-70 years and 800 IU for those older than
70 years as the recommended dietary allowance.
Whereas the Endocrine Society clinical practice
guidelines conclude that in order to raise the
blood level of 25 (OH) D consistently above
30 ng/mL equivalent to an intake of 1500 to
2000 IU/day may be required.
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16.5 Possible Mechanisms
Linking Vitamin D and T2DM

The role of vitamin D in the pathophysiology of
T2DM is a subject of debate in the scientific com-
munity. The link between vitamin D deficiency
and T2DM was reinforced when both the VDR
and the one a-hydroxylase were found to be pres-
ent in P-cells. There are several mechanisms pos-
sibly emphasizing a role of vitamin D deficiency
in the pathogenesis of T2DM. The main key play-
ers in the pathogenesis of T2DM are: insulin
resistance, insulin secretion and inflammation.
Thus by affecting any of these key players, vita-
min D can affect T2DM pathogenesis.

16.5.1 Effect on Insulin Resistance

Insulin resistance is a well-known culprit in the
pathogenesis of T2DM. Any factor that affects
insulin resistance will affect glycemic control.
There are many possible mechanisms by which
vitamin D can affect insulin resistance. The
assumed benefit of vitamin D on insulin sensitiv-
ity was once thought to be an indirect effect,
mostly by increasing and ameliorating muscle
mass leading to an improvement in overall body
insulin sensitivity. But then other lines of evi-
dence emerged suggesting other possible mecha-
nisms, both direct and indirect. Vitamin D
insufficiency has been associated with an
increased fat infiltration in skeletal muscle, which
appears independent of body mass and is thought
to contribute to a decreased insulin action [12].
This effect might be explained by the fact that
Vitamin D acts by activating peroxisome
proliferator-activated receptor delta (PPAR-9),
which is a transcription factor that regulates the
metabolism of fatty acids in skeletal muscle and
adipose tissue [13]. The direct effect occurs
mostly by stimulating insulin receptors expres-
sion, by enhancing the transcriptional activation
of the insulin receptor gene. This has been shown
in an in-vitro study exposing human promono-
cytic cells to active vitamin D, leading to an
increased expression of mRNA encoding for insu-
lin receptors and a 1.3 fold increase in glucose
transport when compared to untreated cells [14].

An indirect effect occurs through increasing
extracellular calcium which will lead to a higher
intracellular calcium influx that is essential for
insulin-mediated intracellular processes, where a
narrow range of intracellular calcium is needed
for optimal insulin-mediated function [15].
Another indirect effect could be mediated through
the renin-angiotensin-aldosterone system
(RAAS). Angiotensin II inhibits the action of
insulin in vascular and skeletal muscle tissue
leading to impaired glucose uptake. Vitamin D
suppresses renin formation and local pancreatic
RAAS; hence vitamin D could be a negative
endocrine regulator of RAAS [16].

16.5.2 Effect on Insulin Secretion
and Beta Cell

The effect of vitamin D on the pancreatic -cell is
through the regulation of extracellular calcium
concentration and flux through the p-cell. As
mentioned above, insulin secretion is a calcium-
dependent process therefore alterations in cal-
cium flux could have an effect on insulin secretion
[17]. Vitamin D can also act by mediating the
activation of p-cell calcium-dependent endopep-
tidases that convert proinsulin to active insulin
[18]. Glucose and sulfonylurea-stimulated insu-
lin secretions were shown to be lower from islets
of vitamin D-deficient rats than from islets of
vitamin D-sufficient rats or vitamin D deficient
rats that were replaced with vitamin D [19].

16.5.3 Secondary
Hyperparathyroidism (SHPT)
and Stimulation of PTH

Low vitamin D will induce Secondary hyper-
parathyroidism (SHPT). The raised PTH inhib-
its insulin synthesis and secretion in p-cells and
induces insulin resistance in target cells by
regulating intracellular calcium. The SHPT
may actually cause a paradoxical increase in
intracellular calcium and in turn may impair the
calcium signal needed for glucose induced
insulin secretion; this is known as the “calcium
paradox [20].
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16.5.4 Inflammation

Inflammation plays a crucial role in the pathogen-
esis of T2DM. Vitamin D can promote p-cell sur-
vival by modulating the generation and effect of
cytokines. Vitamin D regulates calbindin, a cyto-
solic calcium-binding protein found in p-cells [21].
This latter has been shown to protect B-cell from
cytokine-induced cell death [22]. Another way may
be through the down-regulation of NF-kB, a major
transcription factor for TNF-alpha and other pro-
inflammatory molecules [23]. Another pathway
that may also mediate the effect of active vitamin D
on P-cell function is through counteracting cyto-
kine-induced Fas expression, which in turn will
furthermore have anti-apoptotic effects [24].
Moreover vitamin D can have other important
effects on inflammatory cytokines by interfering
with a number of other cytokine genes or transcrip-
tion factors involved in cytokine generation [25]. In
a recent randomized controlled trial, 118 vitamin
D-insufficient diabetic patients were divided into
four groups: either receiving high dose vitamin D
alone or calcium supplements alone, or both or nei-
ther. It has been shown, after adjusting for all con-
founders that joint calcium-vitamin D
supplementation might improve systemic inflam-
mation through decreasing IL-6 and TNF-alpha
concentrations in this group of patients [26].

16.5.5 VDR Polymorphisms Genes

More than 25 VDR polymorphism genes have been
identified until now. Despite the conflicting results,
there seems to be plausible evidence linking VDR
polymorphisms to the pathogenesis of T2DM [27].
There are several mechanisms explaining this asso-
ciation: modification of cytokine expression, altera-
tion in calcium metabolism, modulation of insulin
secretion and alteration of adipokine function [28].

16.6 Vitamin D and Prevalence
of T2DM

Several observational studies have examined the
association between vitamin D levels and preva-
lence of T2DM. The majority has reported an

inverse association while others failed to show
such association. This discrepancy can be sec-
ondary to the many limitations of these studies
such as the difficulty in accurately measuring
vitamin D exposure since both the dietary intake
and the sunlight synthesis are hard to account for,
the heterogeneity of the different studies when it
comes to seasons, environmental factors, ethnic-
ity, the different assays used to measure vitamin
D level, as well as the different levels used to
define deficiency, thus leading to different inclu-
sion criteria. Taking these limitations into consid-
eration, there seems to be an association between
low levels of vitamin D and diabetes prevalence
that should not be ignored, however it is still too
early to speculate on whether it’s a causality rela-
tionship or not.

16.6.1 Observational Studies

Large population-based studies such as The Third
National Health and Nutrition Examination sur-
vey, a cross-sectional survey, where in 6000 mul-
tiethnic participants, vitamin D level as well as
insulin and glucose levels were measured, a strong
inverse relationship between vitamin D levels and
presence of DM 2 after adjusting for other
cofounders and risk factors was shown [29]. This
is in accordance with the British Birth Cohort
study that showed a 74% risk reduction in DM
2 in those patients with a vitamin D level in the
highest tertile when compared to the lowest [30].
Again in the Mini-Finland Health Study, 4000
patients were followed up for over 17 years. A sta-
tistically significant relative risk of T2DM occur-
rence of 0.6 has been shown between the highest
and the lowest quartile of 25 (OH) D [31].

In a meta-analysis [32] including 21 prospec-
tive studies, comparing the highest to the lowest
category of 25 (OH) D levels, the summary
relative risk for T2DM was 0.62, which was sta-
tistically significant and remained so even after
adjusting for different confounders, in addition a
linear trend analysis showed that with each
10 nmol/L increment in 25 (OH) D levels there
was an associated 4% lower risk of T2DM
(P <0.0001). In another meta-analysis of 16 stud-
ies, Afzal et al. estimated the odds ratio for
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T2DM to be 1.5 for the bottom versus the top
quartile of 25 (OH) D concentrations [33].

Furthermore, incidence rate of T2DM has
been shown to be more than 50% lower in the
Grass roots Health cohort with a median serum
vitamin D level of 41 ng/ml than in NHANES
cohort with a median of 22 ng/ml [34]. A cross-
sectional study conducted on Caucasians middle-
aged men and women showed that in women, but
not in men, low vitamin D levels are indepen-
dently associated with T2DM (Using a 15 ng/ml
of vitamin D as a cutoff, adjusted odds ratios for
having newly diagnosed or known T2DM more
than doubled only in women with vitamin D lev-
els below the cutoff). These findings suggest pos-
sible sex-specific effects of Vitamin D in the
pathogenesis of T2DM [35]. Despite the consis-
tency of these results, the observational nature of
these studies precludes an assessment of cause
and effect because residual confounding cannot
be excluded.

16.6.2 Interventional Studies

The effect of vitamin D supplementation on gly-
caemia or T2DM incident has been reported in
several trials with mixed results. Generally
speaking, the available studies are mostly limited
by lack of randomized, placebo-controlled dos-
ages and a failure to reach sufficient vitamin D
concentrations.

An observational study by the Nurses’ Health
Study [36], that followed-up 83,779 nurses in the
USA over 20 years, showed that the incidence of
T2DM (2.7%) was lower in patients who were on
the higher daily dose of vitamin D (511 IU) when
compared to those on the lower dose of 159 TU
(5.6%). But this association became non-
significant after adjusting for dietary variables,
mainly calcium and magnesium intake. In this
same study women who reported combined high
dose intake of both calcium and vitamin D
(1200 mg and 800 IU) had a 33% lower risk of
T2DM when compared to women with a low
intake (600 mg and 400 IU).

The same association has also been shown in
the Women’s Health Study [37], the Finnish

Mobile Clinic Study [38] and the MRC Ely Study
[39]. The potential effect of vitamin D supple-
mentation appears to be more prominent among
persons who were already at high risk for diabe-
tes, as shown in the two studies by Pittas et al.
[40] and Nazarian et al. [41]. In both studies
patients with impaired fasting glucose were
included. In the study of Pittas el a calcium and
vitamin D intake prevented increases in insulin
resistance and glucose levels but only in patients
with impaired fasting glucose and not in normal
participants. Whereas in the Nazarian et al. study,
eight participants with impaired fasting glucose
and a 25 (OH) D level < 30 ng/ml were given
20,000 IU/week for 4 weeks. Seven of these
patients had improvement in insulin sensitivity.

In a randomized double-blind controlled cal-
cium and vitamin D for diabetes mellitus CaDDM
study [42], 92 patients with pre-diabetes were
given 2000 IU/day of cholecalciferol and 800 mg
/day of calcium carbonate. There was a signifi-
cant improvement in insulin secretion with no
effect on insulin resistance. In another random-
ized placebo controlled trial [43], where mutli-
ethnic vitamin D deficient patients, at risk of
diabetes, were given high dose vitamin D in com-
bination with calcium, no beneficial effect was
seen on insulin secretion, insulin resistance nor
inflammatory markers, but in post-hoc analysis,
patients with pre-diabetes showed improvement
in insulin secretion when compared to the pla-
cebo group.

Contrary to the above-mentioned studies, oth-
ers showed a negative association between vita-
min D replacement and DM 2. A Meta-analysis of
4 prospective cohort studies involving 187,592
participants and 9456 incident cases showed an
absence of a significant association between total
vitamin D intake and T2DM risk [44]. This has
also been shown in the Women’s Health Initiative
Study [45], as well as the Record Study [46]. But
both those latter studies were limited by a low
dose supplementation for the first and a low level
of target vitamin D reached in the second. Another
recent randomized controlled trials [47], con-
ducted on healthy patients given high dose vita-
min D for 12 weeks there wasn’t any beneficial
effect on insulin secretion, resistance or other
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metabolic markers. There are still ongoing ran-
domized controlled trials to test the hypothesis
that vitamin D supplementation lowers the risk of
T2DM such as the VITAL study (www.vitalstudy.
org) and the D2d study (www.d2dstudy.org).

imitations were the small number of patients
included as well as the short duration of follow-
up. As such further larger studies with longer
follow-ups and more homogenous inclusion cri-
teria are still needed.

16.7 Vitamin D and T2DM Control

Many recent randomized controlled trials were
published testing the effect of vitamin D replace-
ment on diabetes control showing conflicting
results. The SUNNY trial [48], a randomized
double blind placebo-controlled trial was con-
ducted on 300 diabetic patients. Those patients
were given either a high dose vitamin D
(50,000 TU monthly) or placebo and were fol-
lowed up for 6 months. There was no effect on
HbAlc level or on other glycemic control
measures.

In accordance, another randomized controlled
trial [49] where 50 patients who were diabetic for
less than a year, were given high dose vitamin D
versus placebo. There was only a transient
improvement in glycaemia, but without a mea-
surable change in f-cell function. On the other
hand this study was limited by the fact that those
patients had a normal level of vitamin D at base-
line to start with. In another study, only a positive
effect on insulin secretion was seen with no effect
on insulin resistance, glycemic control or inflam-
matory markers [50].

In discordance, another randomized con-
trolled trial [51] tested the effect of high dose
vitamin D combined with calcium supplementa-
tion on diabetic patients with vitamin D insuffi-
ciency and showed positive results on both
glycemic control and lipid profile. Other random-
ized controlled trials also showed a beneficial
effect of vitamin D replacement on glycemic
control [52-54].

In summary and in the light of those conflict-
ing results it is hard to draw any conclusions
about the effect of vitamin D on glycemic con-
trol. Those studies cannot be compared sine they
differed in the duration of diabetes and its con-
trol, the dose of vitamin D given, the level of vita-
min D at baseline. In addition some major

16.8 Vitamin D and Diabetic
Complications

The best way to prevent diabetic complications is
to control glucose levels as well as the other car-
diovascular risk factors such as blood pressure
and lipid profiles. Unfortunately despite these
preventive measures, diabetic complications are
still common leading most researchers into seek-
ing other measures of prevention. Vitamin D
emerged as a possible promising solution in this
matter. Unfortunately, data is still very scarce, but
deserves to be mentioned and discussed in the
upcoming part.

16.8.1 Diabetic Nephropathy

The effect of vitamin D replacement on diabetic
nephropathy seem to be the easiest to study since
it is already common practice, as recommended
by the guidelines, that all nephropathic patients
be on vitamin D replacement.

Sadly T2DM is still the leading cause of end-
stage renal disease worldwide. This leads to sec-
ondary hyperglycemia which is the main culprit
in diabetic nephropathy by promoting glomerular
injury through several pathways, including stim-
ulation of profibrotic and proinfalmmatory fac-
tors and amplification of the oxidative stress.

The association between low levels of vitamin
D and diabetic nephropathy has indeed been
observed in many studies.

The NHANES survey found that 25 (OH) D
levels were significantly lower in persons with
severely decreased glomerular filtration rate
(GFR) when compared with healthy individuals.
Another recent study showed that patients with
diabetic nephropathy had significantly lower lev-
els of vitamin D than patients without diabetic
nephropathy [55]. A study by Wolf et al. even
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suggested that a low 25 (OH) D level in hemodi-
alysis patients was associated with a worse prog-
nosis and a higher mortality rate [56]. In
confirmation another study by Fernandez-Juarez
[57] et al. showed that vitamin D deficiency is
independently associated with a higher risk of
>50% increase in baseline serum creatinine, end-
stage renal disease or death. There aren’t yet suf-
ficient evidence confirming the beneficial role of
replacing vitamin D in diabetic nephropathy.

Mice studies [58, 59] have shown great prom-
ise when vitamin D replacement added to
angiotensin-converting enzyme inhibitors (ACE-
I)/ angiotensin receptor blockers (ARB) treat-
ment led to a significant prevention of albuminuria
as well as reduction of formation of inflamma-
tory factors and restoration of the glomerular fil-
tration barrier.

There are two main human studies testing the
effect of replacing vitamin D in patients with dia-
betic nephropathy. The first, the VITAL study
[60], is a multinational, placebo- controlled,
double-blind study conducted on 281 patients
with T2DM and albuminuria already receiving
ACE-I or ARB. These patients were divided into
3 groups to receive: placebo, 1 pg/day or 2 pg/
day of paricalcitol over 6 months. Results have
shown a significant decrease in albuminuria in
both treatment arms with a higher decrease in the
higher dose group when compared to placebo
with no major side effects. The second study was
an open label prospective study [61], conducted
on patients with T2DM and diabetic nephropathy
already on ACE/ARB treatment using oral vita-
min D 40000 per week for 2 months then monthly
if the baseline 25 (OH) D was <16 ng/ml and
40,000 every month if the baseline 25 (OH) D
was 16-32 ng/ml. In accordance to the VITAL
study, this study has also shown a decrease in
albuminuria and TGF-beta 1 after 4 months of
treatment, however this study was underpowered
and of a short duration.

16.8.2 Cardiovascular Complications

Cardiovascular disease remains the leading cause
of death in most patients with diabetes mellitus.

There seems to be an association between a low
vitamin D level and a higher risk of cardiovascu-
lar disease in patients with T2DM. Several pos-
sible mechanisms can explain this association:
through a negative regulation of the renin-
angiotensin system [62], which is well known to
be a major player in cardiovascular disease [63],
through affecting cardiac contractility, cardiac
tissue maturation, collagen content, vascular tone
[64] as well as a direct effect on vascular smooth
muscle cell calcification and proliferation [65], or
through regulation of inflammation which has
been shown to increase cardiovascular risk [66].

Indeed many studies have suggested an asso-
ciation between a low 25 (OH) D level and a
higher cardiovascular risk. In a cross-sectional
analysis from NHANES III and after adjusting
for other risk factors, vitamin D deficiency
increased the risk of cardiovascular disease by
an OR of 1.2 [67]. In another study vitamin D
deficiency was associated with higher risk of
myocardial dysfunction in diabetic patients with
no history of coronary artery disease [68]. In
accordance, a study has shown that even after
adjustment for possible confounders, diabetic
patients with a blood vitamin D concentra-
tion < 50 nmol/L had a higher cumulative inci-
dence of macrovascular events than those with
levels of >50 nmol/L [69]. A study even sug-
gested adding vitamin D level status to the
Framingham Risk Score to improve the assess-
ment of cardiovascular risk factors in diabetic
patients [70].

Unfortunately studies on effect of vitamin D
replacement on cardiovascular disease in dia-
betic patients are still very scant. In a random-
ized controlled trial by Witham et al. [71]
comparing the effect of 100,000 IU vs 200,000 IU
of vitamin D3 vs placebo on endothelial function
(assessed by measuring flow-mediated dilation
of the brachial artery to hyperemia) on 61
patients with diabetes over a 4 months period, no
effect on endothelial function was found, but
there was a significant decrease in blood pres-
sure in both groups vs placebo as well as a
decrease in B-type natriuretic peptide levels. But
this study was underpowered, of short duration
and started with a high cutoff of vitamin D level
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inclusion (<40 ng/ml). A positive effect on endo-
thelial function has also been shown in another
study by Sugden et al. [72]. It was also a ran-
domized double-blind placebo controlled trial
where a single high dose of 100,000 IU of vita-
min D2 vs placebo was given over the winter
period to 34 type 2 DM patients. These patients
had lowered 25 (OH) D levels with a cutoff of
<20 ng/ml. Even after adjustment for blood pres-
sure changes, treated group showed a significant
improvement in endothelial function as well as
blood pressure when compared to the placebo
group. But this study was of short duration
(2 months period) and underpowered. Further
studies are still needed before drawing any con-
clusions on the effect of vitamin D replacement
on cardiovascular disease in diabetic patients.

16.8.3 Diabetic Neuropathy

Diabetic neuropathy is a bothersome and very
common complication of diabetes that can lead
to limb amputation. Unfortunately its manage-
ment remains frustrating in most cases. There are
few—and only contradictory—data concerning
the actual correlation between vitamin D defi-
ciency and diabetic neuropathy. In vitro data and
the outcomes of animal testing have both con-
firmed the role played by vitamin D analogues in
stimulating and reducing the breakdown of the
nerve growth factor that is crucial to the survival
of sympathetic and sensory neurons.

The 2001-2004 NHANES [73] showed that
low levels of 25 (OH) D were associated with
self-reported peripheral neuropathic symptoms
even after adjusting for confounders. Shehab
et al. [74] also showed a lower 25 (OH) D level
in patients with diabetes and typical neuropathic
pain. Ahmadieh et al. [75] investigated the rela-
tionship between 25 (OH) D levels and micro-
vascular complications in patients with
T2DM. Diabetic neuropathy was evaluated
using the UK screening score. Mean 25 (OH) D
levels were lower in subjects with diabetic neu-
ropathy compared to those without diabetic neu-
ropathy. Furthermore, using a cutoff value of
20 ng/ml, diabetic neuropathy was more preva-

lent in subjects with vitamin D deficiency than
those with levels >20 ng/ml (63 vs. 42%,
p = 0.03). After adjustment for HbAlc, age,
smoking, BMI and duration of diabetes in a
logistic regression model, diabetes duration and
25 (OH) D levels were significant predictors of
diabetic neuropathy.

In a study conducted by Lee and Chen [76] to
examine the correlation between vitamin D defi-
ciency and diabetic neuropathy, 51 diabetic
patients who had deficient 25 (OH) D serum lev-
els and also diabetic neuropathy were examined.
Following 3 months of administering a vitamin D
supplement, the score values of neuropathy-
induced pain were reduced by 50%. In a prospec-
tive, placebo-controlled trial including112 type 2
diabetic patients with peripheral neuropathy and
vitamin D deficiency, short-term oral vitamin D 3
supplementation improved vitamin D status and
the symptoms of neuropathy [77]. Based on the
above suggestive data, administration of vitamin
D supplements may prove to be a beneficial adju-
vant therapy in mitigating neuropathic pain as
well as in blocking the progression of neuronal
destruction.

16.8.4 Diabetic Retinopathy

There isn’t much evidence on the role of vita-
min D in diabetic retinopathy. One study by
Aksoy et al. [78] have shown an inverse rela-
tionship between the severity of the retinopa-
thy, i.e. neovascularization, and serum 1,25
(OH)2 D3 concentrations, being the lowest in
proliferative diabetic retinopathy and the high-
est in diabetic patients without retinopathy
patients. In line, Alcubiere et al. have shown
that patients with more advanced stages of reti-
nopathy (grades 2—4) had lower concentrations
of 25 (OH) D and were more frequently vitamin
D deficient as compared with patients not car-
rying this eye complication [79]. This is in dis-
cordance with a cross-sectional case control
study where no association was specifically
found between vitamin D deficiency and dia-
betic retinopathy [80].
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16.9 Conclusion

Despite all this conflicting evidence there seems
to be a tendency towards an inverse relationship
between levels of 25 (OH) D and type 2 diabetes
as well as its associated complications. Vitamin
D replacement showed a trend towards decreas-
ing incidence of T2DM and ameliorating glyce-
mic control mainly by increasing insulin
secretion, decreasing insulin resistance and
decreasing inflammation. Despite the fact that the
effect of vitamin D replacement on diabetic com-
plications still deserves higher powered long-
term studies, vitamin D replacement appears to
be beneficial in preventing and improving some
diabetic complications mainly nephropathy and
cardiovascular diseases. In addition future stud-
ies need to address all the previous limitations
such as the 25 (OH) D levels used for inclusion,
the replacement doses given and their ways of
administration, the target levels reached, the level
of diabetes control and the duration of diabetes
(no conclusions can be drawn on whether their
might be a higher benefit in starting vitamin D
treatment at the early stages of diabetes before
the beta cell function is severely and irreversibly
affected).

Awaiting further more homogenous and
extensive studies, one thing is sure, vitamin D
deficiency is definitely associated with many
serious skeletal and non-skeletal complications
and as such needs to be tested and replaced
accordingly.
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Impact of UV Radiation 1 7
on Genome Stability and Human
Health

Sujit Roy

Abstract
Gradual depletion of the atmospheric ozone layer during the past few
years has increased the incidence of solar UV radiation specifically the
UV-C on earth’s surface is one of the major environmental concerns
because of the harmful effects of this radiation in all forms of life. The
solar UV radiation including the harmful wavelength range of UV-B (280—
320 nm) represents a significant climatic stress for both animals and
plants, causing damage to the fundamental biomolecules such as DNA,
proteins and lipids, thus activating genotoxic stress and induces genome
instability. When DNA absorbs UV-B light, energy from the photon causes
covalent linkages to form between adjacent pyrimidine bases, creating
photoproducts, primarily cyclobutane pyrimidine dimers (CPDs) and
pyrimidine-6,4-pyrimidinone photoproduct (6,4PPs). Pyrimidine dimers
create distortions in the DNA strands and therefore can inhibit DNA repli-
cation as well transcription. Lack of efficient repair of UV-induced DNA
damage may induce the formation of DNA double stand breaks (DSBs),
one of the serious forms of damage in DNA double helix, as well as oxida-
tive damage. Unrepaired DSBs in the actively dividing somatic cells
severely affect cell growth and development, finally results in loss of cell
viability and development of various diseases, such as cancer in man.
This chapter mainly highlights the incidence of solar UV-radiation on
earth’s surface along with the formation of major types of UV-induced
DNA damage and the associated repair mechanisms as well as methods of
detecting DNA damage and finally our present understanding on the
impact on solar UV radiation on human health.
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17.1 Introduction covery of ozone ‘hole’ in the 1980s), has become

Continuous depletion of the stratospheric ozone
layer due to the release of atmospheric pollutants,
including chlorofluorocarbons, chlorocarbons, and
organobromides has become one of the major
global concerns since this has been associated with
an increased incidence of solar UV-radiation, spe-
cifically C, on earth’s surface. UV-radiation acts as
one of the most potential genotoxic agents which
directly affect the stability and integrity of the
genetic material specifically DNA and thus have
adverse effects on normal life processes of all living
organisms [1, 2—4]. Depletion of ozone layer with
the concomitant increase in solar UV radiation on
earth’s surface has been predicted to persist through-
out most of this century, provided the control mea-
sures of ozone depletion are not exerted [5].

UV radiation has been broadly classified in
three different forms based on their wavelength;
UV-C radiation (100-280 nm) is mostly absorbed
by the atmospheric ozone layer, which also
absorbs ~90% of the UV-B radiation (280-
320 nm). Therefore, UV-A (320-400 nm) consti-
tutes for about 95% of the total UV radiation
reaching on the earth’s surface, while UV-B radi-
ation accounts for the rest of 5% solar UV radia-
tion on earth [6].

The major impact of UV radiation involves
the induction of DNA damages in all forms of life
[6]. Since absorption maxima of nucleic acids
lies within the range of 260 nm, UV-C acts as the
most potential form of UV radiation for induc-
tion of DNA damage [7]. However, the DNA
damage inducing activity of solar UV radiation
(UVR) is mainly contributed by UV-A and UV-B
since most of the UV-C fails to reach earth sur-
face due to absorption by stratospheric ozone
layer [8]. Although earlier studies have indicated
absorption of about 90-95% of solar UV-B radia-
tion in the atmospheric ozone layer, the increas-
ing level of depletion of the ozone layer during
the recent past years, (as indicated with the dis-

one of the major environmental issues in the con-
text of enhanced possibility of interaction of
UV-B radiation with the biological system. The
magnitude and variability of solar UV-B radia-
tion generally relies on the path length through
the various layers of the atmosphere and on the
real-time concentration of the ozone layer.

Plethora of studies involving UV-C have also
played important roles in our understanding the
molecular mechanism of DNA damage and repair
systems in human and other organisms including
plants. UV-C represents the shortwave of solar
UV radiation including the wavelength of
254 nm, constituting one of the important wave-
lengths of the UV spectra and the most damaging
for terrestrial life. Interestingly, this band of UV
light is completely absorbed by the ozone layers
present in the stratospheric region. But the recent
finding of the ozone hole in the polar regions [9,
10] raised concerns over the serious threat
imposed for the biological system.

Several lines of evidences have demonstrated
the deleterious effect of UV-C irradiation on bio-
molecules, particularly, nucleic acids and pro-
teins through the production of reactive oxygen
species (ROS) and subsequent oxidative damage.
The impacts of UV-C irradiation on the confor-
mational and functional aspects for various pro-
teins have already been demonstrated.
Furthermore, in-vitro experiments have shown
that the penetration efficiency UV-C is signifi-
cantly reduced by chromophores in the upper
epidermal layer of human skin [7]. In addition,
detection of UV-C mediated DNA damage in the
dividing basal layer of human epidermal cells has
been shown to be relatively difficult [6], explain-
ing considerably less steep dose response curve
for UV-C induced erythema (redness or rash on
the skin surface) than UV-B in human skin.
However, UV-C exposure from the artificial
sources may often cause severe photokeratitis — a
burn injury of cornea in the eye.
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Like UV-B, UV-C irradiation mainly causes
damage to the genetic material, primarily DNA
through the generation of different photoproducts
like cyclopyrimidine dimers (CPDs) and
6-4-photoproducts (6-4 PPs). However, as com-
pared with UV-B, UV-C induces the production
of these dimers at a relatively higher efficiency.
CPDs may eventually be transformed into TT
tandem mutations via ‘dimer bypass’ due to UVR
generated reactive oxygen species [2, 6]. The for-
mation of TT mutations is more frequent under
UV-C stress and therefore routinely utilized for
in vitro mutagenesis studies.

17.2 The Incidence of Solar UV
Radiation and Its Influence
on Biological System

The amount of solar UV radiation reaching on
the earth’s surface generally depends on the sea-
son and the location. Some of the variations are
generally usual, like the position of sun in the sky
during the day time and the year-wise changes in
the distance between earth and sun. However,
additional variation may occur due to local or
wide spread alterations of atmospheric constitu-
ents, influencing the transmission of the radiation
from the upper part of the atmosphere to the
lower surface layers where ozone, clouds, aero-
sols and additional gases like nitrogen dioxide
and sulfur dioxide, especially in the regions with
relatively higher levels of pollution, constitute
the essential compositions [6].

The part of the solar energy, popularly known
as ‘albedo’, has also been shown to affect the
level of UV radiation reaching earth’s surface
[11]. As a consequence of the higher position of
sun in the sky, the level of UV radiation is com-
paratively higher in the tropical regions of the
world, also consistent with the fact of higher
intensity of UVR during the mid-day in the sum-
mer season. This is because of the influence of
solar zenith angle (the relative height of the sun
above the horizon) on the incidence of UV radia-
tion, as lower elevation corresponds to longer
pathway, causing higher absorption by the atmo-
sphere and eventually lower incidence at the sur-
face level. The solar zenith angel changes with

the time of the day and season. Therefore, more
UVR reaches on earth’s surface during the mid-
day time when sun appears high in the sky, lower-
ing the zenith angel and the solar radiation finds
relatively less ozone layer and atmosphere.
Furthermore, because of thinner ozone layer,
higher altitudes receive relatively higher level of
solar UVR. However, recent advances have
implicated the importance of cloud cover in regu-
lating the entry of solar UVR for any given alti-
tudes and latitudes. Interestingly, in case of
polluted metropolitans, although the aerosols and
gases provide some degree of protection against
UVR, but may influence scattering of light and
therefore, increasing the possibility of exposure
to UVR in shaded places [12].

The deleterious effects of chlorofluorocar-
bons, organobromides and chlorocarbons have
been studied extensively in the context of strato-
spheric ozone layer destruction. Although regu-
lations have been imposed through various global
summits, the increased levels of use of these
compounds for the past several years and their
selective accumulation in the atmosphere have
already created alarming amount of damage to
the ozone layer [13]. Several biological conse-
quences have been detected alongside the
increased exposure to solar UVR, adversely
affecting the normal growth and developmental
pattern of plants, pathogens, other grazing ani-
mals, soils microbes and certainly the harmful
effects on human health. The effect of solar UVR
on human health has been the subject of exten-
sive investigation worldwide over the last decades
in the context of global climate change and
increasing incidence of skin cancer.

17.3 The Genotoxic Effects
of Solar UV Radiation -
Induction of DNA Damage

and Genome Instability

DNA damage induced by the solar UVR is one of
the crucial cellular signals which probably sig-
nificantly influences the normal life processes in
all living organisms, sometimes without any
immediate detectable manifestations. Various
harmful endogenous factors, including the ROS
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[14], are frequently generated as byproduct of the
metabolic processes and due to exposure to exog-
enous genotoxic agents like UV and ionizing
radiations. Eventually the ROS, via oxidative
modifications of nucleic acids and DNA strand
breaks, interfere with the fundamental cellular
processes like DNA replication and transcription,
therefore inducing genotoxic effects and genome
instability [15]. Damages to the double helical
structure of DNA may lead to change in the base-
pairing potential of the nucleotides during DNA
synthesis and base modification via deamination,
which subsequently induces depurination, and
depyrimidination [16].

The alkylating agents also cause base modifi-
cation and thus may generate mutations due to
mis-incorporation during replication [17]. In
addition, as discussed earlier, direct interaction of
ionizing radiations (IR) and UV-B induced ROS
with the DNA molecules may result in oxidative
damage and DNA intra- and inter-strand cross
links [18]. Exposure to UVR and certain geno-
toxic chemicals may result in single as well as
double DNA strand breaks. DNA double strand
breaks (DSBs) are considered one of most harm-
ful forms of DNA lesions, resulting in loss of
chromosome fragment and thus genetic informa-
tion, leading to genome instability. High intra-
cellular concentrations of ROS, frequently
produced via UV-B mediated genotoxic stress
response in eukaryotes, including human cells,
cause oxidative damage to membrane lipids,
structural and enzymatic proteins and DNA mol-
ecules, and found to be associated with various
human diseases [19].

Although UV-B radiation accounts for about
less than 1% of total solar radiation energy, it rep-
resents one of the extremely active parts of solar
radiation with the potential capacity for modifica-
tion in DNA at the structural and chemical levels.
Some UV-absorbing pigments, mainly the phen-
ylpropanoid compounds like flavonoids and
anthocyanins are produced by various organisms,
particularly by the green plants act as the first line
of defense against the harmful effects of
UVR. However, this mechanism may not be com-
pletely effective in blocking the UV light from
reaching the surface tissues [20, 21]. Along with

the scavengers of oxidative stress generated by
ROS, like vitamin C, B, and E and glutathione,
certain antioxidant enzymes, including catalase
(CAT), peroxidase (POD) superoxide dismutase
(SOD) also play key role as part of cellular
defense mechanism against UVR [22]. However,
for maintaining genome stability, the living cells,
particularly the eukaryotes, with large and more
complex genomes than the prokaryotes, have
developed an extensive and coordinated network
of DNA repair mechanisms, such as excision
repair, photoreactivation repair (PR), post-repli-
cation repair (mismatch repair or MMR, repair of
SSBs and DSBs and additional back-up pathways
like error-free translesion synthesis (TLS), along-
side response at the cellular levels such as activa-
tion of cell cycle check-point functions and
induction of programmed cell death (PCD) for
highly efficient detection, signaling and repair of
UV-induced DNA damages [23, 24].

17.4 Solar UV Radiation and Its
Impact on Plant Life

Plants, because of their immobile nature, are
widely exposed to various environmental stress
factors like solar UVR, high salinity, drought,
chemical toxicity and endogenous processes,
which frequently induce DNA damages via geno-
toxic stress. DNA damage, if remains unrepaired,
perturbs genome stability and thus affecting the
normal growth and development in plants and
finally crop productivity [17, 25]. UV-B radiation
generates various responses in plants at the mor-
phological, physiological, biochemical and cellu-
lar levels [26]. However, the mechanisms of
action of such orchestrated and complicated
network integrating the signals from various lev-
els are relatively less understood. UV induced
DNA damages, which mainly include cyclobu-
tane pyrimidine dimers (CPDs) and pyrimidine
(6-4) pyrimidone photoproducts (6,4PPs), may
usually block DNA and RNA Polymerases [27].
Additionally, UV-B photons may also cause direct
damage to proteins [28]. To avert the damaging
effects of UV-B radiation, plants have developed
two major protective mechanisms; one involves
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the production of UV absorbing sunscreen com-
pounds, such as flavonoids and anthocyanins and
reflection of solar UV radiation by the wax layer
present on the leaf surface and other cellular
structures [29]. The other UV-protective mecha-
nism recruits direct removal of UV induced DNA
lesions by the light dependent pathway called
photoreactivation repair or light independent
(dark repair) DNA repair pathway, the nucleotide
excision repair pathway [27].

With the absorption maxima at 254 nm, DNA is
the major target of UV-B radiation. Low doses of
UV-B radiation was found to be lethal for mutants
lacking specific DNA repair pathways [27, 30].

In flowering plants, the UV absorbing flavo-
noids and anthocyanins accumulate in the vacu-
oles of epidermal cells to minimize the absorption
of UV radiation of sunlight with the minimal
absorption of photosynthetically active radiation
[31]. Among the various forms of secondary
metabolites produced in plants under abiotic
stress through the phenylpropanoid pathway, the
flavonoids represent one of the predominant
classes of compounds in such biosynthetic path-
way. Previous studies have indicated rapid accu-
mulation of flavonoids and anthocyanins in plants
in response to UV-radiation [32]. Recent study
has also demonstrated effective role of flavonoids
in scavenging the r ROS, providing protection
against oxidative damage [33].

The light dependent PR pathway is activated in
plants under low frequency of UV-induced DNA
damage. The PR pathway directly converts the dam-
age DNA into its normal configuration by the activ-
ity of enzymes called photolyases [34]. The PR
pathway has been reported in various prokaryotic
and eukaryotic cells including E coli, yeast and some
species of plants, but characteristically absent in
humans [35]. In contrast, the light independent or
dark repair pathway involves removal of UV induced
photoproducts by nucleotide excision repair (NER)
mechanisms. NER is a general pathway of repair of
UV-B induced DNA lesions and more wide spread
across the animal and plant kingdom. The homo-
logues of most of the genes involved in NER path-
way in mammals, including humans has been
identified in Arabidopsis genome, indicating the
evolutionary conservation of this pathway [36].

17.5 Mechanism of Repair
of UV-Induced DNA
Damages

DNA repair pathways represent one of the funda-
mental cellular processes for protecting cells
against the damage, and intimately associated
with the crucial mechanism to guarantee faithful
transfer of genetic information over generations.
In general, the DNA repair pathways are highly
conserved among the eukaryotes. The Arabidopsis
(dicot plant with genome 130 Mbp, n=5) and rice
(monocot plant, genome 430 Mbp, n = 12)
genome sequence projects have revealed the pres-
ence of several repair proteins, homologues to
those from human genome, with some key differ-
ences [36, 37]. The DNA damages induced by
genotoxic stress, such as UVR must be repaired
for maintaining the genome stability, growth and
productivity. The UV induced non-coding photo-
products, such as pyrimidine dimers, generally
inhibits the activity of DNA and RNA polymer-
ases, and thus necessitates their repair for the nor-
mal functioning of the living cell. The UV induced
photoproducts are repaired via the following
major pathway discussed below.

17.6 Direct Repair of UV
Photoproducts -
Photoreactivation Repair

The high-energy UV-B photons induce modifica-
tions in DNA structure, resulting in the genera-
tion of lesions, commonly known as UV
photoproducts. The cyclobutane CPDs and
6-4PPs are the two most frequently formed pho-
toproducts [38, 39]. CPDs involve the formation
of a link between the four-member ring structure
with the C5 and C6 on the same strand of
DNA. The 6-4PPs are produced due to the link-
age of the C6 position of the 5’-pyrimidine to the
C4 position of the 3’-pyrimidine in the adjacent
pair. The CPDs alone constitute up to 75% of the
total UV-induced photoproducts. On the other
hand, 6-4PPs may become converted into a
Dewar Valence Isomers (DEWSs) following
absorption of UV-A light, with maximal effi-
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ciency at around 320 nm [40, 41]. UV-A has been
shown to generate 6-4PPs in human DNA, but
comparatively in much lower quantities than
CPDs. Recent studies have detected 6-4PPs in the
genome of UV-A-irradiated DNA repair deficient
human fibroblasts, however not detected in nor-
mal fibroblast cells proficient in DNA repair
activity [42], suggesting effective repair mecha-
nism of UV-A generated 6-4PPs in human cells.
CPDs may arise either due to the absorption of
UVA photons or by photosensitization [40].
Photosensitization mechanism involves excita-
tion of endogenous chromophores with the sub-
sequent conversion of long-lived excited triplet
states by intersystem crossing, leading to the
formation of CPDs [43].

In prokaryotes, yeast and plants, under low
frequencies of UV-induced DNA damage, the
light-dependent photoreactivation repair pathway
is generally activated and recruited. This pathway
directly converts the damaged DNA into its nor-
mal state through the activity of the enzymes
called photolyases which are specialized class of
proteins in terms of substrate specificity. All
types of photolyases possess two co-factors, one
of which mainly the two electron reduced form of
FAD (FADH) [44]. Photolyases generally bind
specifically to the UV-B induced DNA Iesions
and remove them directly by absorption of blue
light in the wavelengths between 300 and 600 nm,
reducing the dimer to monomer pyrimidines with
the subsequent release of the enzyme [45].

17.7 Nucleotide Excision Repair
Eukaryotes

The light-independent nucleotide excision repair
(NER) pathway, also known as dark repair path-
way is the more general, flexible and wide spread
mechanism of repair of UVR induced DNA dam-
age. NER involves efficient detection of the
UV-induced photoproducts and removal of
approximately 24-32 oligonucleotides from the
damaged DNA strand, followed by repair synthe-
sis and sealing of the nick through ligation [46,
47]. However, defects in NER pathway may not
completely remove the UV photoproducts,

resulting in the inhibition of fundamental cellular
processes, such as DNA replication and tran-
scription, which may eventually lead to accumu-
lation of mutations and cell death.

In general, the NER pathway comprises of
two sub-pathways based on the initial detection
of the magnitude of UV-induced DNA damage.
These sub-pathways include the global genome
repair (GGR) and the transcription-coupled
repair (TCR). The GGR pathway repairs the UV
photoproducts in the DNA on a genome-wide
level, while the TCR becomes functional for
repairing damage in the transcriptionally active
strand of DNA associated with gene expression.
In general, the NER pathway involves the partici-
pation of approximately 30 proteins which are
recruited in a sequential manner for the removal
of damaged region of the DNA stand containing
the lesion [19, 48]. The GGR and TCR differ in
the initial damage recognition steps. While GGR
becomes activated following the detection of
damage via the activity of Xeroderma pigmento-
sum group C (XPC)/hHR23B complex [49],
TCR pathway is initiated when the movement of
RNA polymerase II in the coding stand of DNA
is inhibited at the site of DNA damage [50]. After
the initial step of damage recognition, in both
GGR and TCR, XPA and TFIIH (basal
transcription factor IIH) bind the DNA stand at
the site of damage, eventually resulting in the
unwinding of damaged region, allowing for the
subsequent binding of other repair proteins. In
the next step, the repair endonucleases ERCC1/
XPF (excision repair cross-complementing/XPF)
and XPG are recruited at the damaged site, fol-
lowed by nick of the damaged strand at the 5" and
3’ sides, with the intact undamaged strand now
serving as the template for the repair synthesis.
At this step, replication protein A (RPA), an
essential component of eukaryotic DNA repair
machinery and a heterotrimeric single-stranded
DNA-binding protein, participates in both inci-
sion reaction and repair synthesis. RPA generally
recognizes and binds to the undamaged template
strand, protecting the cleavage of the template
and also facilitates in stabilizing the open struc-
ture. The final step in NER pathway involves
repair synthesis of the excised part in the dam-



17 Impact of UV Radiation on Genome Stability and Human Health

213

aged strand by the activity of replicative DNA
polymerases, such as DNA polymerase 8 and e,
along with other accessory protein factors like
RPA, RFC and PCNA, respectively [51, 52].

17.8 UV Radiation, Oxidative
Stress and Reactive Oxygen
Species

Oxidative damage is one of the major stresses in
all forms of life, including the plants and humans.
Oxidative stress activates the formation of ROS
and other highly reactive free radicals [53]. ROS
produced either in response to abiotic and biotic
stress or as byproduct of endogenous metabolic
processes, are very short-lived reactive free radi-
cals and immediately interact most of the cellular
components including DNA causing oxidation of
bases, some of which are highly mutagenic. In
mammals, including humans, 8-oxo-dG and
1,2-dihydro-2-oxodeoxyadenine (2-OH-dA) are
the most commonly generated forms of ROS
induced oxidized bases [54]. Presence of 8-oxo-
dG lesion in replicating strand may promote mis-
incorporation of A against 8-oxo-dG. On the
other hand, existence of 2-OH-dA in the replicat-
ing strand strongly inhibits the progression of the
replication fork by the replicative DNA polymer-
ases during replication, generating single-
stranded DNA (ssDNA) intermediate due to
unwinding of DNA strands under replication
stress. The ssDNA intermediates are recognized
as the signal for replication stress by the activity
of ATM (ataxia telangiectasia mutated) and ATR
(ATM and Rad3-related) protein kinases. ATR
kinases, in particular stimulates cell-cycle check-
point function under replication stress through
phosphorylation of the downstream target Chk1
(check point kinase) which subsequently inhibits
activation of origin and blocks the S to G2 phase
transition, delaying cell cycle progression, allow-
ing additional time for repairing the damage [55].

Guanine, because of its lowest ionization
potential among DNA bases, appears as the major
target of oxidative base modification. On the other
hand, oxidative modifications of other three bases
are generally infrequent. However, the sugar

phosphate backbone generally remains unaffected
in this case. Charges are readily transferred to
guanine for oxidative modification of this purine
component of DNA and the effectiveness of
charge transfer generally depends on the GC con-
tent [56]. As indicated earlier, 8-0xodG is the
major product of oxidative DNA damage follow-
ing exposure to UVR and has also been consid-
ered as the molecular marker of oxidative damage
in mammalian genomes, including humans, and
has been found to be associated with cancer and
aging process [57-59]. Plethora of studies have
demonstrated the involvement of human DNA Pol
A, an important member of family X-DNA poly-
merase, in the efficient and error free repair of
oxidative DNA damages, including 2-OH-A and
8-0x0-dG lesions via trans-lesion synthesis (TLS)
[60—62]. On the other hand, error-prone bypass of
8-0x0-dG by human Pol x, a member of Y-family
DNA polymerase, has been shown to enhance the
harmful effects of oxidative damage, thus reduces
genome stability.

17.9 Repair of UV-B Mediated
Oxidative DNA Damage -
The Base Excision Repair
Pathway

In human cells, the oxidized bases in the DNA are
mainly repaired via base excision repair (BER)
pathway. BER involves the elimination of the
damaged base by the activity of a specific class of
enzyme, known as DNA glycosylase, producing
an abasic site, which is subsequently processed by
the step-wise action of the APEl endonuclease
(Apurinic/apyrimidinic endonuclease), Pol § and
XRCC1-DNA ligase 1 complex to finally seal the
nick [63]. In human cells, a specialized repair
pathway, known as trans- lesion synthesis (TLS)
has been shown to be activated in response to pro-
longed replication block via checkpoint function,
which recruits specialized DNA Pols, mainly
members of family X and Y polymerases, capable
to bypass the lesion to resume replication. On the
other hand, DSBs generated by stalled replication
fork or delayed BER, are repaired via homolo-
gous recombination (HR) (during the S phase of
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cell cycle only) and non-homologous end joining
(NHEJ) mechanisms.

The effectiveness and accuracy of BER path-
way are mainly regulated by various forms of
DNA glycosylase, which specifically removes the
corresponding types of oxidatively damaged
bases via the cleavage of the N-glyosidic linkage
between the damaged base and deoxyribose sugar,
resulting in the formation of an abasic site (apu-
rinic or apyrimidinic) or single strand breaks [64].

DNA strands with single nucleotide damage
are processed and repaired via the short patch
BER (SP-BER), while multiple nucleotide dam-
ages (two or more nucleotide) are repaired by
long patch BER (LP-BER) pathway. After the
initial excision of damaged base by a specific
glycosylase, the SP-BER pathway recruits abasic
site specific endonuclease, which creates incision
in the backbone of the DNA at the 5" end of AP
site. The resulting gap is then filled by DNA
polymerase f to replace the damaged nucleotide,
followed by sealing of the nick by the activity of
DNA ligase III and the scaffold protein XRCCl,
restoring the intact DNA [65]. In contrast,
LP-BER involves nick translation reaction in
association with strand displacement in the 5’-3’
direction, producing a flap-like structure. The
flap structure is then removed by the activity flap
endonuclease FEN-1 together with proliferating
cell nuclear antigen (PCNA). DNA polymerase
/¢ fills the gap by insertion of 2—10 nucleotides,
followed by nick ligation via DNA ligase I [66].

17.10 Repairing DNA Strand
Breaks - The Homologous
Recombination (HR)
and Non-homologous End
Joining (NHEJ) Mechanisms

Several studies have clearly demonstrated the
frequent occurrence of DNA SSBs, DSBs in
UV-irradiated cells, particularly in replicating
DNA. UV-B-induced ROS and photoproducts,
such as CPDs and 6-4PPs induce DNA strand
breaks due to inefficient repair of primary lesions
and prolong replication stress at the site of stalled
replication forks containing CPDs, which fre-

quently resulting in the formation of DSBs [67].
Therefore, efficient detection, and rapid repair of
DSBs in the genome is crucial for maintaining
genome stability and faithful transmission of
genetic information to the next generations. The
DSBs are repaired by two fundamental mecha-
nisms: the homologous recombination (HR) and
the non-homologous-end joining (NHEJ) path-
way. The HR pathway is mediated by the proteins
of RADS2 epistasis groups (RAD51, RADS52,
RADS54, RADSS5, RADS57 and the MRN com-
plex, comprising of MRE11, RAD50 and NBS1
[68]. HR pathway utilizes an intact copy of the
homologous DNA duplex for the formation of a
heteroduplex for repairing the damaged strand
using the non-damaged region as a template [69].
DSB repair via HR is common in bacterial and
yeast cells, however, in eukaryotes, including
humans and other mammals, HR mediated DSB
repair is crucial during the early stages of gamete
formation in meiotic cells [68].

In human with large and complex genomes,
majority of DSBs in somatic cells are repaired
via the NHEJ pathway, in which the broken ends
of double stranded DNA are directly joined irre-
spective of sequence homology. Thus, NHEJ
repair is error-prone but represents the predomi-
nant DSB repair pathway during G1 to early
S-phase of cell cycle. However this pathway has
also been found to be functional throughout the
cell cycle [69]. In NHEJ repair, the KU70/80
complex binds to the DNA ends at the site of
DSBs in the double stranded DNA. Broken ends
are then processed by the MRN complex for
making the ends suitable substrate for joining by
the activity of DNA ligase IV and XRCC4. The
gap filling synthesis requires involvement of
DNA polymerase A (Pol 1), the sole member of
family X DNA polymerase in plants.

17.11 Solar UV Radiation Induced
DNA Damage and Biological
Impact Assessment

Two main methods, such as the physical detect-
ing and the biological sensing are generally uti-
lized for measurement of solar UV radiation and
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its biological impact. The physical detectors are
of two major types, including the broadband
detectors and the spectroradiometers. The broad-
band detectors are efficient in detecting UV-A
and UV-B components (400-315 nm and 315-
280 nm) of solar UVR and have been installed at
various latitudes in South America [6]. The spec-
troradiometers are sensitive for measuring indi-
vidual wavelengths of solar UV light, facilitating
efficient detection of shorter UV wavelengths
which, in general, remain undetected by other
physical detectors like broadband system.
However, the physical detector systems are
expensive, with the complicated mode of opera-
tion and proved inefficient in estimating the bio-
logical effects of solar UVR. Considering these
limitations, the biosensors have become increas-
ingly popular in recent years for the assessment
of fundamental biological impacts of solar UV
radiation and during the past years, various bio-
logical models were developed as biosensors of
sunlight and its UV components [7].

Since UV radiation is known to initiate and
induce various harmful effects in all forms of life,
particularly its damaging effects on human
health, the biosensors have become more useful
in directly or indirectly measuring the genome
damaging capacity of solar UV radiation. For
monitoring the genotoxic effects of sunlight
under the conditions of maximum incidence of
solar UVR, several experiments have been per-
formed in recent years at Southern hemisphere
(5°5'S, 23°3'S and 29°4’S) during the summer
using purified DNA preparations. Similar trials
were also conducted in parts of Chile during the
spring time considering the occurrence of ‘ozone
hole’ at this point of the year. Comparative analy-
sis of combination of data obtained from DNA
dosimetry, incidence of UV-A and UV-B radia-
tions, as detected using physical detector systems
have revealed sharp increase in daily UV-B doses
along with the decrease in latitude. On the other
hand, only marginal increase in daily UV-A doses
could be detected due to decrease in latitude.
Further analysis of DNA damage profile on daily
basis have indicated increased frequency of 6-4
PPs with enhanced incidence of UV-B light,
reaching the peak phase during the midday and

the trough phase during early morning and late
afternoon time.

These observations, along with the results
from biochemical and immunological approaches
have indicated differential effects of sunlight, in
terms of induction of DNA damage, depending
on the latitude of the locations. Earlier reports
have revealed increased frequency of DNA base
oxidation with the concomitant increase in lati-
tude and a significant decline in the extent of
accumulation of 6-4PPs [6]. In contrast, decrease
in latitude favored the formation of 6-4PPs but
not oxidized bases. However, UV-induced gen-
eration of CPDs did not shown any clear depen-
dence on the latitude of the locations and in fact
appears as the most common form of UV-induced
DNA lesions. These emerging observations have
indicated the importance of 6-4PPs for consider-
ation of a key biomarker for monitoring the bio-
logical impact assessment of solar UV radiation
in the context of human health and genome
stability.

17.12 UV-Induced DNA Damage,
Error-Prone Repair
and Increased Risk of Cancer
in Humans

Several lines of evidences have already estab-
lished the critical function of DNA repair mecha-
nisms for maintaining the stability of human
genome which is under continuous assault from
the environmental factors and endogenous pro-
cesses. Proper functioning of each specific DNA
damage repair mechanism eliminates the chances
of accumulation of mutations and ensures
genome stability. However, defects in DNA dam-
age repair pathway often found to be linked with
various health problems in human system.
Xeroderma pigmentosum, commonly known as
XP, is one of the typical examples of autosomal
recessive mutation characterized by an extreme
sensitivity to ultraviolet (UV) rays from sunlight,
commonly affecting the eyes and exposed areas
of skin early in childhood. Patients with XP have
defective nucleotide excision repair pathway and
therefore deficient in repairing UV-B induced
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DNA damage. Patients are hypersensitive to UV
light with a remarkably increased risk of devel-
oping skin cancer. Overexposure to UV radiation
from the sun is considered one of the main causes
of skin cancer.

The risk of development of the serious form of
skin cancer, melanoma, has been shown to be
associated with exposure to sun on long-term and
regular basis. The most important defense mech-
anisms in human skin cells for its protection
against UVR are synthesis of melanin in skin and
activations DNA repair mechanisms. Low skin
pigmentation production capacity, as found in
white Caucasians and patients such as of XP, fail
to provide such protective shield. Extensive
research using animal models have revealed more
active role of UV-B in the induction of skin can-
cer than UV-A. In case of SCC and BCC,
UV-induced DNA lesions produce specific muta-
tions, commonly known as ‘UV-signature muta-
tion’ in predisposed genes. In SCC development,
UV-signature mutations in some tumor suppres-
sor genes like p53 have been frequently reported
in SCC development. During the last decades,
animal models, including genetically engineered
mice, and human skin xenografts, have been used
to investigate the key role of the DNA repair
mechanisms in UV-induced skin cancer. Besides
the involvement of NER in UV-induced tumori-
genesis of melanoma and nonmelanoma skin
cancers, several line of evidences have recently
suggested important role of DNA mismatch
repair (MMR) system for repairing UV-induced
DNA damage in mammals [70].

17.13 Conclusion

In addition to its major damaging effects, solar
UV-B radiation at low fluence rate also plays
important role in regulating the expression of
genes, particularly associated with development,
stress, defense and UV-protective responses both
in plants and animals, including humans.
Although the photoreceptor, which appears to
initiate the UV-B mediated effects, has scarcely
characterized, various components of the UV-B

signaling pathway have been identified in human
system.

In plants, the UV resistance locus 8§ (UVRS)
appears to function as an essential protein for
nearly all physiological UV-B mediated
responses, suggesting its close association
with the putative receptor in the UV-B signal-
ing cascade.. Therefore, it is imperative to crit-
ically investigate the mechanisms of UV-B
signaling cascades in order to understand how
these processes regulate expression of the
responsive genes; photoreactivation is one of
the major repair pathways of UV-B-induced
photoproducts. However, human cell lacks
photoreactivation repair and UV-induced DNA
damages and oxidized bases are predominantly
repaired via NER and BER pathways. On the
other hand, DNA DSBs, which represents
another major form of DNA damage produced
under UV-B stress, are mainly repaired by non-
homologous end joining pathway. Defects in
any of the components of these crucial inter-
linked repair pathways severely affect genome
stability and cell viability. Therefore, in depth
knowledge on the underlying mechanisms of
activation of damage response following detec-
tion of UV-induced damage in the genome has
become one of the important areas of biomedi-
cal research in the context of human health.
The challenge for current and future research is
to understand the detail molecular mechanisms
in human DNA damage repair system in order
to get further insight into the damage response
signaling and identification of important target
points for future utilization in the context of
development of potential drugs and the
possibility of genome editing as safeguard
measures.
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Abstract

Observational studies have suggested a possible protective role of vitamin
D on the cardiovascular system. The available evidence does not support
either cardiovascular benefits or harms of vitamin D supplementation. This
chapter provides an overview and discussion of the current knowledge of
vitamin D effects from a cardiovascular health perspective. It focuses on
vitamin D in relation to cardiovascular disease, i.e. ischemic heart disease,
and stroke; the traditional cardiovascular risk factors hypertension, abnor-
mal blood lipids, obesity; and the emerging risk factors hyperparathyroid-
ism, microalbuminuria, chronic obstructive pulmonary diseases, and
non-alcoholic fatty liver disease. Meta-analyses of observational studies
have largely found vitamin D levels to be inversely associated with cardio-
vascular risk and disease. However, Mendelian randomization studies and
randomized, controlled trials (RCTs) have not been able to consistently
replicate the observational findings. Several RCTs are ongoing, and the
results from these are needed to clarify whether vitamin D deficiency is a
causal and reversible factor to prevent cardiovascular disease.
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18.1 Introduction 18.2 Cardiovascular Disease

Vitamin D is produced in the skin when it is
exposed to the sun, and some is derived from the
diet and dietary supplements. The skin has a great
capacity to produce vitamin D [1]. Sensible sun
exposure can provide adequate amounts of vita-
min D that can be stored in body fat and can be
released during the winter, when the strength and
availability of the sun is too low to enable enough
vitamin D production in the skin [1]. However,
vitamin D insufficiency and deficiency are com-
mon all over the world [1, 2].

Vitamin D may be considered to be an indica-
tor of a healthy lifestyle. Determinants of low
vitamin D status include winter season, smoking,
low education, alcohol overconsumption, young
and old age, physical inactivity, poor diet, and a
high body mass index (BMI) [1, 3-5]. Vitamin D
has an important role in preserving skeletal func-
tion and integrity, as it regulates calcium homeo-
stasis and bone mineralization. Vitamin D
deficiency causes rickets, osteoporosis, and
osteomalacia, but a substantial body of evidence
has suggested a broader role. Low levels of vita-
min D have been found to be associated with
mortality [6-11] and suggested to be associated
with a number of diseases [10, 12], e.g. cardio-
vascular disease [10]. In addition, vitamin D
receptors have been found in tissues like cardio-
myocytes, vascular smooth muscle, and endothe-
lium. Thus, itis believed that vitamin D deficiency
may adversely affect the cardiovascular system
and hence has been proposed as a modifiable risk
factor for cardiovascular disease [1, 13]. Vitamin
D may affect the cardiovascular system in a num-
ber of ways [1, 14-25]. A selection of these is
shown in Table 18.1.

Cardiovascular disease (CVD) is an important
cause of mortality and morbidity. Worldwide,
ischemic heart disease (IHD) and stroke account
for more deaths than any other diseases. The
pathogenesis includes forming of atherosclerotic
plaques that eventually rupture with superim-
posed thrombosis. Formation of atherosclerotic
plaque is a complicated process that involves a
number of pathological pathways. Vitamin D has
many possible effects that could have an impact
on the cardiovascular system [1]. It affects a large
amount of genes, e.g. genes responsible for the
regulation of cellular differentiation, prolifera-
tion, apoptosis, and angiogenesis [1]. Vitamin D
has been suggested to reduce the expansion of
atheromatous lesions. It may inhibit the renin—
angiotensin system, decrease coagulation, reduce
parathyroid hormone levels, and reduce inflam-
mation thereby reducing atherosclerosis, and
increase insulin production [1].

Several cross-sectional and prospective stud-
ies have examined the association between vita-
min D status and CVD, and although somewhat
inconsistent, these observational studies often
report an inverse association between vitamin D
status and CVD [26-28]. Some studies have
found an increased risk of CVD mortality with
low vitamin D levels among older people [29—
31], and some have found an inverse association
between vitamin D status and incident cardiovas-
cular disease [32, 33]. Also, Wang and colleagues
found an inverse association between vitamin D
status and incident CVD in hypertensive partici-
pants. However, Messenger et al. found no asso-
ciation between vitamin D levels and incident
CVD in older men [26]. Melamed et al. found no
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Table 18.1 Possible effects of vitamin D on cardiovascular risk factors [1, 14-25]

Hypercholesterolaemia

Suppression of PTH (PTH can reduce lipolysis)

Increased calcium levels causing a reduction of
hepatic triglyceride formation and secretion

Hypertension

Inhibition of the renin-angiotensin system

Reduction of vascular calcification

Reduction of vascular resistance and
vasoconstriction

Obesity Mobilisation of free fatty acids from adipose tissue
Increase in energy expenditure due to uncoupling of
oxidative phosphorylation in adipose tissue

Diabetes Reduced insulin production and increased insulin

resistance

Reduced insulin sensitivity due to a reduction of
osteocalcin

Protection against cytokine induced p-cell
dysfunction and death

Fatty liver disease

Reduce fat accumulation in hepatocytes

Prevent steatosis

Albuminuria Prevention of podocyte loss
Prevention of glomerulosclerosis
COPD Reduce fibroblast proliferation

Tissue remodelling

Abbreviations: COPD chronic obstructive pulmonary disease, PTH parathyroid hormone

statistically significant association between vita-
min D levels and CVD mortality [27], and two
other studies found no associations with incident
IHD or stroke and circulatory disease mortality,
respectively, in the general population [8, 9].
Kilkkinen et al. reported no statistically signifi-
cant association between vitamin D status and
coronary death (except for cerebrovascular death)
in a general population free from CVD at base-
line [28]. Meta-analyses of observational studies
of the association between vitamin D status and
CVD have generally shown inverse associations
between vitamin D and CVD [10, 34-42].
Randomized controlled trials (RCTs) in this
area are inconclusive. Most have been designed
to examine how vitamin D supplementation
affects bone health and often, vitamin D supple-
mentation has been given together with calcium
supplementation. Two meta-analyses showed

non-significant reductions of CVD events with
vitamin D supplementation [32, 43]. In an
umbrella review by Theodoratou et al. the rela-
tive risk of cardiovascular disease was 0.95 (95%
CI: 0.86, 1.05) in the supplemented group [10]. A
meta-analysis on 13,033 participants from 21
RCTs on vitamin D supplementation, the hazard
ratios and 95% confidence intervals (CIs) for
myocardial infarction, and stroke were 0.96 (95%
CI: 0.83-1.10), and 1.07 (95% CI: 0.91-1.29),
respectively [44]. Another meta-analysis found
that vitamin D supplementation had no effect on
the incidence of myocardial infarction and isch-
emic heart disease, or stroke and cerebrovascular
disease [45]. Although a Cochrane review found
that vitamin D supplementation compared with
placebo or no intervention significantly reduced
all-cause mortality, vitamin D had no significant
effect on cardiovascular mortality [46].
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18.3 Cardiovascular Risk Factors

Hypertension, abnormal blood lipids, obesity,
type 2 diabetes, and metabolic syndrome, are
well-established modifiable risk factors for
CVD. Vitamin D may have an effect on all five.
Previous meta-analyses of prospective studies
have found low vitamin D levels to be associated
with higher risk of incident type 2 diabetes but
found inconsistent results for vitamin D and met-
abolic syndrome [47-49]. Vitamin D has also
been suggested to be associated with less estab-
lished cardiovascular risk factors, e.g., hyper-
parathyroidism,  microalbuminuria,  chronic
obstructive pulmonary diseases (COPD), and
non-alcoholic fatty liver disease.

18.3.1 Hypercholesterolemia

Hypercholesterolemia gives a larger influx of low
density lipoprotein (LDL) cholesterol. This is
released from the LDL particles and oxidized
which attracts and stimulates macrophages — an
essential step in the process of inflammation [50].
HDL-cholesterol usually removes cholesterol
from tissues and brings it back to the liver but if
there is insufficient HDL-cholesterol the inflam-
mation process is increased.

Cross-sectional studies reported a higher vita-
min D level to be associated with a favorable
lipid profile, and a prospective study showed an
inverse association between vitamin D status and
triglycerides [51, 52]. A systematic review and
meta-analysis of the relationship between vita-
min and lipid profile in children and adolescents
found that a higher vitamin D level was associ-
ated with a healthier lipid profile [53]. Jorde et al.
summarized the results from the few randomized
controlled trials (RCTs) that had examined the
effect of vitamin D supplementation on lipid pro-
file as being inconclusive [54]. However, none of
the trials were designed to examine the relation
between vitamin D and lipids, and they may have
had low power [54]. A large meta-analysis
reported no effect of vitamin D supplementation
on serum lipid levels [55], and another two sys-
tematic reviews concluded that the relationship

between vitamin D supplementation and blood
lipids needs clarification [10, 56].

18.3.2 Obesity

By increasing amounts of cytokines that decrease
insulin sensitivity, adipose tissue can turn the
system into a pro-inflammatory state that favors
the atherosclerotic processes [50]. Some observa-
tional studies have reported inverse associations
between vitamin D levels and obesity, but RCTs
have failed to replicate this: In a meta-analysis of
largely cross-sectional studies, a significant asso-
ciation between vitamin D deficiency and obesity
was found, but longitudinal data were insufficient
[57]. A bi-directional Mendelian randomization
study showed that obesity leads to vitamin D
deficiency and not vice versa [58]. Likewise,
Jorde et al. found no association between a genet-
ically determined higher vitamin D and body
mass index [7]. Therefore, the direction of cau-
sality and mechanisms need clarification [59].
Meta-analyses of randomized controlled trials of
vitamin D supplementation have shown no effect
on obesity [10, 60, 61].

In line with the results so far, it may be that the
fat-soluble vitamin D is sequestered in adipose
tissue, which results in lower levels in obese.
This would mean that obesity causes low vitamin
D status and not the other way round. An impor-
tant question for further research is the level of
bioavailability of vitamin D in adipose tissue.

18.3.3 Hypertension

Increased force is put on the artery walls in
hypertensives. In time, the pressure and oxidative
stress will damage the arteries making them more
sensitive to the narrowing and plaques formation
associated with atherosclerosis [62]. Vitamin D
may reduce blood pressure by affecting the
renin—angiotensin—aldosterone system. This sys-
tem regulates electrolyte and volume homeosta-
sis, thereby contributing to the development of
hypertension. Most observational studies of vita-
min D status and blood pressure are in favor of an
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inverse association, although the results are
somewhat inconsistent. In meta-analysis of cross-
sectional and prospective studies, Burgaz et al.
found that vitamin D levels were inversely asso-
ciated with hypertension [63, 64]. Kunutsor et al.
meta-analyzed the prospective studies on this
matter and reported a statistically significant
inverse association between vitamin D status and
development of hypertension [65]. Vimaleswaran
et al. found that a genetically determined higher
vitamin D level was associated with a statistically
significant decreased risk of hypertension [66].
RCTs examining a possible effect of vitamin
D supplementation or UV radiation (to improve
the vitamin D status) on blood pressure have
been inconclusive. In two RCTs, there was a
blood pressure lowering effect of vitamin D sup-
plementation in hypertensive participants with
below normal vitamin D levels, in black
Americans and in Danes during winter, respec-
tively [67, 68]. Two meta-analyses of RCTs
found weak evidence of a small effect of vitamin
D on blood pressure [38, 63]. Vitamin D supple-
mentation may decrease blood pressure in hyper-
tensives with a low vitamin D status rather than
in normotensives with a normal vitamin D level.
Further studies are needed for clarification.

18.3.4 Hyperparathyroidism

Parathyroid hormone (PTH) is an important regu-
lator of bone health because it helps to maintain
normal serum concentrations of calcium and
phosphate. PTH is inversely related to glomerular
filtration rate (GFR) and is closely related to vita-
min D status [14] although a study found an
inverse cross-sectional but no prospective asso-
ciation between vitamin D status and PTH [69].
Hagstrom et al. found increased PTH to explain
20% of the population-attributable risk propor-
tion of cardiovascular mortality, which suggests
that diseases with increased PTH may be associ-
ated with an increased risk of cardiovascular dis-
ease and death [70]. Vitamin D regulates the
intestinal uptake of calcium. In turn this controls
the expression, production and secretion of PTH
[14]. Vitamin D deficiency may be able to cause

secondary hyperparathyroidism even without
substantial hypocalcaemia.

18.3.5 Microalbuminuria

Microalbuminuria refers to the situation where
the glomerular permeability for albumin is abnor-
mally high and consequently the kidneys leak out
albumin into the urine. Microalbuminuria is an
early sign of chronic kidney disease (CKD) usu-
ally linked with type 2 diabetes and associated
with an increased risk of loss of kidney function
and cardiovascular disease. Microalbuminuria
can be diagnosed and estimated from the excre-
tion of albumin in a 24-h urine collection or,
more frequently, from the urinary albumin creati-
nine ratio (UACR) in a spot sample.
Microalbuminuria is an important therapeutic
target because a decrease in urine albumin excre-
tion is associated with a decreased risk of cardio-
vascular and renal disease.

Microalbuminuria is an important marker of
endothelial dysfunction and vascular damage. It
may be affected by vitamin D in several ways.
Vitamin D may affect UACR by a cellular effect
that prevents podocyte loss and glomerulosclero-
sis. Vitamin D deficiency has been associated
adverse effects on diabetes markers and insulin
sensitivity, and it could also affect UACR by an
effect on diabetes and insulin resistance both are
established risk factors of albuminuria. Finally,
insufficient vitamin D could contribute to albu-
minuria through an activation of the renin—angio-
tensin—aldosterone system leading to albuminuria
through  both  hemodynamic  and
hemodynamic mechanisms.

Previous studies have suggested a possible
effect of vitamin D on microalbuminuria [16,
71]. A cross-sectional study by de Boer et al.
found increases in the albuminuria prevalence
with decreasing vitamin D quartiles [16].
Evidence from prospective studies is also lim-
ited. A prospective study by O’Seaghdha et al.
found no association between vitamin D status
and incident albuminuria [72]. However, another
study found a statistically significant association
between vitamin D status and both cross-sectional

non-
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and prospective levels of urine albumin creati-
nine ratio (UACR) [69]. An RCT of patients with
diabetic nephropathy showed a decrease in albu-
minuria in the group treated with paracalcitol
which is a selective activator of the vitamin D
receptor [73]. It remains to be proven whether
vitamin D deficiency is a causal and reversible
factor in the development of albuminuria.

18.3.6 Chronic Obstructive
Pulmonary Disease

Chronic obstructive pulmonary disease (COPD)
is worldwide the fifth leading cause of death. It is
a risk factor for cardiovascular disease [74, 75].
COPD is characterized by an irreversible air flow
loss that is suggested to be due to an inflamma-
tory destruction of the airways. The inflamma-
tory destruction is caused by airway irritants and
noxious gases, e.g. the components of tobacco
smoke. Common symptoms include sputum pro-
duction, shortness of breath, a productive cough,
and acute exacerbations with acute worsening of
symptoms. These are typically caused by bacte-
rial or viral infection.

Through the anticipated role in immunity,
vitamin D may affect the number of respiratory
infections that sets off the exacerbations and the
severity of the exacerbations. Observational stud-
ies have found a large prevalence of vitamin D
deficiency and insufficiency among COPD
patients. Both incidences of pulmonary infec-
tions and pulmonary function show correlation
with vitamin D level. A study found an inverse
cross-sectional but no prospective association
between vitamin D level and COPD [76].

18.3.7 Non-alcoholic Fatty Liver
Disease

Liver diseases include disorders such as viral,
autoimmune, and alcoholic hepatitis, fatty liver
disease, cirrhosis, and liver cancer. They are
important causes of morbidity and mortality,
non-alcoholic fatty liver disease has been found
to be associated with a higher risk of CVD [77],

and fat accumulation in the liver is considered to
be the hepatic component of the metabolic syn-
drome. Low vitamin D levels are frequent among
patients with chronic liver diseases. Several stud-
ies suggest that vitamin D may play a role in the
development of liver disease [78—80]. Barchetta
et al. suggested a causal role of vitamin D in the
pathogenesis of non-alcoholic fatty liver disease
through a dose-dependent effect on fat accumula-
tion in the liver cells [24]. Decreased vitamin D
levels associate with increased severity of steato-
sis, inflammation, and fibrosis in patients with
non-alcoholic fatty liver disease. Further studies
are needed to determine whether patients in risk
of developing impaired liver function, e.g.,
patients with overweight, diabetes, hypercholes-
terolemia, fatty liver disease etc. would benefit
from screening for vitamin D deficiency.

18.4 Conclusion

Differentiating cause and effect from simple
association is the major challenge of investigat-
ing vitamin D levels and disease. Although
observational studies have found inverse associa-
tions between vitamin D level and disease, these
associations have shown difficult to replicate in
RCTs. Higher vitamin D levels have largely been
associated with reduced risk of cardiovascular
disease in observational studies [10, 34—42], but
RCTs are inconclusive [10, 43, 44, 81].
Observational studies have reported higher vita-
min D levels to be associated with healthier lipid
profiles [51-53], but RCTs have not supported
this [10, 54-56]. Higher vitamin D levels have
been found to be associated with lower blood
pressure in several observational studies, and
although there may be a small effect in RCTs, the
evidence is inconclusive [7, 38, 63-68].
Regarding obesity, observational studies have
largely shown an inverse association with vita-
min D level but RCTs and Mendelian randomiza-
tion studies have not [7, 10, 57, 58, 60, 61]. Both
some observational and RCTs point toward a
beneficial role of vitamin D to reduce microalbu-
minuria, but the evidence is not conclusive [16,
69, 71-73]. Likewise, further studies are needed
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to investigate the effects of vitamin D on emerg-
ing cardiovascular risk factors, e.g., COPD, non-
alcoholic fatty liver disease and
hyperparathyroidism [69].

Results from RCTs of the effect of vitamin D
supplementation on cardiovascular disease are
scant, and the evidence is not conclusive so far
[10]. It may turn out that vitamin D supplementa-
tion benefits certain groups, e.g., elderly or indi-
viduals with liver disease. Vitamin D
supplementation might only benefit vitamin D
deficient individuals rather than the general pop-
ulation. Further studies, preferably RCTs, are
needed to clarify whether vitamin D deficiency is
a causal and reversible factor to prevent cardio-
vascular disease. Several large interventional tri-
als with cardiovascular endpoints are in fact
ongoing, and the results are expected in 2017—
2020 [82, 83].
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Biofilms: Microbial Strategies
for Surviving UV Exposure
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Carla C.C.R.de Carvalho

Abstract

Biofilm communities are an ingenious form of protection of microbial
cells which have been evolving for billion of years. In general, ultraviolet
(UV) radiation presents poor penetration in the matrix of biofilms and only
the first few top layers of microbial cells are exposed to its deleterious
effects. For further protection against UV radiation, exposed cells can pro-
duce specialized compounds such as mycosporine-like amino acids and
carotenoid pigments. In this chapter, the adaptation mechanisms presented
by biofilms against UV radiation are presented, as well as the application

of UV light to monitor and destroy biofilms in man made surfaces.

Keywords

Biofilm detection ® Carotenoid ¢ Disinfection ® Mycosporine-like amino
acid (MAA) ¢ UV protection

Biofilms Provide Protection
from UV Light

19.1

Micro-organisms adhere to wet surfaces, and
through an exopolymeric matrix, form a slimy
film known as a biofilm [7, 16]. Biofilms are so
successful that they can be found ubiquitously on
Earth, and fossilized biofilms with 3.2-3.4 bil-
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lion years have been found in the Barberton
greenstone belt in South African [38], and in
deep-sea hydrothermal rocks of Pilbara Craton in
Australia [28]. This suggests that the ability to
form biofilms is an ancient property of prokary-
otes, which could have provided protection from
the extreme and fluctuating temperature, pH and
UV radiation values of the primitive earth [16].
This type of protection is still extremely impor-
tant in environments such as intertidal pools
(Fig. 19.1), where biofilms are usually complex
agglomerates of both prokaryotes and microbial
eukaryotes such as diatoms, protozoa and micro-
algae [11]. In these pools, the extracellular matrix
act as buffer against rapid changes in salinity,
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Fig. 19.1 Examples of microbial biofilms and mats on an intertidal pool (a), on a tree (b), on a hydrothermal fountain
(¢) and on a marble fountain (d)

temperature, desiccation and UV radiation, as
binding agent for essential organic molecules and
ions for cells, and as anchor against hydrody-
namic forces during submersion [5, 34, 37].
Solar radiation includes visible, infrared and
UV radiation. The wavelength of UV radiation
corresponds to 100—400 nm, and is broadly clas-
sified into three wavelength bands: UV-A (315—
400 nm), UV-B (280-315 nm) and UV-C
(100-280 nm). The UVB radiation, which repre-
sents ca. 5% of solar radiation, can damage the
DNA of microorganisms, including bacteria, cya-
nobacteria and phytoplankton, and induce photo-
chemical degradation of dissolved organic matter
[19, 33]. UV-A radiation on the other hand is less
damaging on its own. Almost all UV-C, the most
damaging radiation, is absorbed by the strato-

spheric ozone layer and cannot reach Earth. In
water ecosystems, the effects of UV radiation are
dependent of (i) its penetration in the water col-
umn, (ii) the period of exposure, and (iii) the vul-
nerability and repair mechanisms present in the
organisms [10, 33].

Among natural photoprotective compounds
produced by microorganisms are mycosporine-
like amino acids (MAAs) and carotenoid pigments
(Table 19.1). MAAs contain a cyclohexenone or
cyclohexenimine chromophore conjugated with
one or two amino acids, and are low-molecular
weight, water-soluble compounds. They are
widely distributed in cyanobacteria, fungi and
algae and their most important characteristic is the
high UV absorption with molar absorptivity (¢) of
ca. 40,000 L mol~' cm™' [22]. The carotenoid mol-

Table 19.1 Examples of mycosporine-like amino acids and carotenoids produced by microorganisms

Mycosporine-like amino acids (MAAs) Carotenoids
NH
. \/Y\
HO NH
L\COOH
Palythine f3-carotene
0
X AV Y T T T T N
OH OCH,4
HO NH
|\coou
Mycosporine-glycine Lycopene

HOOC

COOH

OH

NN

HO

Shinorine

Astaxanthin
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ecule is characterized by a long conjugated dou-
ble-bond system, able to absorb visible light in the
400-500 nm region of the electromagnetic spec-
trum, which gives the characteristic yellow, orange
and red colour to carotenoids. They are widely dis-
tributed in plants and algae where they help in the
collection of light energy and in its transfer to
chlorophyll for photosynthesis while acting as
photo-protectors of chlorophyll by dissipating the
excessive energy and inhibiting the formation of
reactive oxygen species (ROS) [6, 39]. In microor-
ganisms, such as bacteria, carotenoids provide
protection against UV radiation, ROS, free radi-
cals, salinity, radioactive compounds, pH and tem-
perature [1, 3,4, 9].

By using several cut-off filters to select the
wavelength of light used to irradiate the cyano-
bacterium Nostoc commune it was possible to
demonstrate that MAAs production was induced
by UV-B radiation whilst UV-A and photosyn-
thetically active radiation (PAR) had little induc-
tion effect [32]. High concentrations of NaCl
could not induce MA As production in this cyano-
bacterium in the absence of UV-B. On the con-
trary, high osmotic stress could induce the
synthesis of the MAAs in Chlorogloeopsis PCC
6912 [26]. While the biosynthesis of shinorine
was induced by UV-B, the production of
mycosporine-glycine was induced by high salt
concentration.

One of most effective sunscreen compounds
against UV-A, produced by cyanobacteria, is
scytonemin, a yellow to brown, lipid-soluble,
dimeric pigment composed by indolic and phe-
nolic subunits, connected through a carbon—car-
bon bond, and with a molecular mass of 544 g
mol~! [14]. This compound is produced in inter-
tidal mats, epilithic biofilms and biological soil
crusts as response to UV radiation, although tem-
perature, photo-oxidative stress, periodic desic-
cation or lack of nitrogen may also influence the
levels attained [14, 30].

In a seasonal study at Towra Point in Sydney,
Australia, it was found that the cyanobacterial
mat growing on the intertidal mangrove sediment
was dominated by Lyngbya cf. aestuarii and
Microcoleus chthonoplastes [20]. The pigment
scytonemin was only produced by L. cf. aestuarii
and was the most important UV-absorbing com-

pound at 140-1300 mg m~>, following the sea-
sonal fluctuating solar intensity contrarily to the
areal contents of pterinsc and MAAs.

Using fluorescence imaging to monitor intertidal
biofilms, it was possible to observe the rapid migra-
tion of diatoms into the sediments to avoid UVB
exposure [37]. This behavioral strategy was effec-
tive as a short-term UV protection mechanism but
long-term exposure led to a reduction in the amount
of allocated photosynthetically fixed carbon to col-
loidal carbohydrate, EPS and glucan. Diatoms are
known to migrate vertically in response to light
[11], and among the different types of EPS secreted,
some are used for motility [17, 36].

Hughes and co-workers studied the transmis-
sion of solar UV radiation through artic tundra
plants to determine the biological impact of the
transmitted UV light on artificial microbial bio-
films [18]. The study showed a strong negative
correlation between vegetation cover and UV
transmission to the soil surface. However, pene-
tration of radiation depended on plant morphol-
ogy and on the presence of flowers: up to 71.5
and 30.1% of the spores of Bacillus subtilis in
biofilm that would be killed by ambient UV radi-
ations were inactivated under respectively
Saxifraga oppositifolia and Dryas octopetala,
while no UV-induced damage was observed in
biofilms beneath Drepanocladus sp., Poa alpina
or Silene acaulis.

Photoprotective compounds are mainly pro-
duced in aquatic environments but they are also
synthesised by e.g. cyanobacterial and algal cells
on stone monuments and buildings. Microbial
biofilms collected in a district of Bangkok,
Thailand, with an average annual maximum tem-
perature of 32 °C, 80% humidity and an UV index
of 11-14, contained Synechocystis sp., Scytonema
sp., Nostoc sp., Gloeocapsa sp. and
Gloeocapsopsis sp. [29]. The MAAs produced
were identified by UV-VIS spectra and ESI-MS
as shinorine, porphyra-334, mycosporine-glycine
and palythinol whilst two other compounds pre-
senting peaks with maxima at 329 and 320 nm
could not be identified. Curiously, biofilms con-
tained up to nearly tenfold of certain MAAs than
isolated cyanobacteria, suggesting the presence of
photoautotrophs able to produce this compounds
and/or induction of MAAs synthesis by environ-
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mental stress such as desiccation that is observed
in stone monuments. High production levels of
scytonemin, mycosporine-like amino acids, and
carotenoids was also observed in cyanobacterial
biofilms formed on the exterior of three stone
monuments in Shantiniketan, India [21].

Carotenoid-producing bacterial cells particu-
larly resistant to UV radiation have been found in
radioactive sites [3]. Sunlight-exposed biofilms
have also been found to survive high radiation
levels [27]. Biofilms from concrete walls or pil-
lars in the Chernobyl area contained mainly
Alphaproteobacteria, Bacteroidetes,
Acidobacteria and Deinococcales, as well as
green algae (Chlorophyta) and ascomycete fungi
(Ascomycota) [27]. The diversity of both bacte-
ria and eukaryotes found in the most irradiated
samples was comparable to that found in less
irradiated samples and in Northern Ireland,
although a positive correlation could be found
between radiation level and mutation rates. The
authors of the study concluded that the organisms
in biofilms exposed to UV radiation and desicca-
tion have pre-adaptive mechanisms allowing
them to endure high levels of ionizing radiation.
In another study, Olsson-Francis et al. selected
cyanobacteria from a limestone cliff in Beer,
Devon, UK, for application in space. To select for
extremophilic cyanobacteria from epilithic and
endolithic rock-dwelling communities, they were
exposed to low Earth orbit conditions (vacuum,
0.133 x 1076 kPa; temperature, —20 °C to +30 °C;
solar radiation, >170 nm) for 10 days. Ground-
based exposure experiments to vacuum, desicca-
tion and UV radiation were conducted for
comparison. The exposure of the samples to low
Earth orbit conditions resulted in the isolation of
the single extremophilic cyanobacterium OU_20,
which could not be detected after exposure to UV
radiation in the ground-based experiments.
Curiously, strain OU_13 which survived all
ground-level conditions, including UV radiation,
could not survive in orbit.

Elasri and Miller developed a bioluminescent
assay to study the response of a biofilm to UV
radiation [12]. A plasmid-based recA-luxCDABE
fusion was added to Pseudomonas aeruginosa
FRD1 which was immobilized in an alginate

matrix to simulate a biofilm. The alginate bio-
films transmitted only part of the UV radiation:
13% of UV-C, 31% of UV-B and 33% of
UV-A. The matrix was thus effective in protect-
ing the cells from UV light exposure, resulting in
higher rates of survival of alginate-entrapped
cells than of liquid cultures. The production of
the extracellular polysaccharide alginate during
biofilm formation of P. aeruginosa has been
found to also confer cell protection from antibiot-
ics and the immune system [23, 31].

19.2 Using UV Radiation to Detect
Biofilms

The detection of biofilms in medical and indus-
trial environments is of paramount importance to
avoid the spreading of infections and biofouling.
Biofilm film-sensors should allow the non-
destructive detection of the biofilm to permit fur-
ther measurements while avoiding the spreading
of the cells. Novel UV emitting diodes (UV-LEDs)
have been used to study intrinsic protein fluores-
cence due to the fluorescence excitation of the
aromatic amino acids phenylalanine, tyrosine
and tryptophan. The main advantages of
UV-LEDs are the low power consumption, nar-
row bandwidth of spectral emission, low cost and
nearly instantaneous on/off possibilities with
high light intensities [13].

A UV-LED spectroscopy instrument with a
wavelength of 280 nm and a narrow spectral
bandwidth was made to coincide with the absorp-
tion maximum of tryptophan [13]. After the fluo-
rescence of this amino acid was excited by the
UV-LED light source, the emitted fluorescence
light of the biofilm was collected and guided by
fused silica optical fiber to the detector.
Appropriate calibration with tryptophan solu-
tions and model biofilms of marine Gram-
negative Pseudoalteromonas carrageenovora
and Gram-positive Bacillus subtilis, resulted in a
linear signal response, background suppression,
wide dynamic range and detection of 4 x 103 cells
cm~2 A field experiment conducted in the Baltic
Sea for 21 days provided the first continuous
observation of biofilm formation dynamics in a
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natural setting indicating that the sensor could be
applied to the shipping industry and deep sea
research.

Similarly, it has been shown that the red fluo-
rescence observed with UV-A light in deposits of
mature dental plaque on teeth, restorations, or
dental appliances due to the presence of a por-
phyrin compound (mainly protoporphyrin-IX) in
bacteria, may be used as a diagnostic tool in
dentistry [35]. While the bacteria Actinomyces
odontolyticus, Bacteroides intermedius,
Corynebacterium spp. and Candida albicans
emit red light when excited by UV-A radiation,
the Gram-positive  Streptococcus  mutans,
Enterococcus faecalis and various lactobacilli
present low or no porphyrin fluorescence in the
red spectral region. This indicates that the red
fluorescence is mainly the result of the maturity
of the dental plaque.

19.3 Using UV Radiation
to Destroy Biofilms

Microbial cells in biofilms have developed inge-
nious ways to survive UV radiation, mainly
through the development of thick matrices. UV
radiation has a poor penetrating power in bio-
films, and thus only affects the first few top layers
of cells. Nevertheless, several studies have tested
the efficacy of UV radiation to demote microbial
biofilms, and UV radiation has been found effec-
tive for sterilization when combined with other
techniques such as filtration and ozonation [8].
When comparing oxidative and UV-C treat-
ments for inactivating 100-days old bacterial bio-
films from groundwater wells, it was found that
hydrogen peroxide was the most effective proce-
dure, decreasing by 3.1 orders of magnitude the
CFUs [25]. The coupons containing the biofilms
were treated with UV dosages of 3000 and
6000 W s cm~2 for 30 min or 60 min, respec-
tively, which is one-million times higher than the
UV dosage used in aqueous solutions. Although,
the CFUs decreased on average by 2.1 orders of
magnitude, the effectiveness of UV-C radiation
was diminished by high turbidity of the water.

UV radiation was tested as possible disinfec-
tant of medical equipment by using UV-B
(296 nm) and UV-C (266 nm) irradiation on P.
aeruginosa biofilms at different growth stages
[2]. A new type of UV LEDs was used. UV-B
irradiation was more effective than UV-C and no
colony forming units (CFUs) were observed for
the UV-B treated biofilms at a dose of 10,000 J
m~ A 3.9 log killing efficacy was observed on
mature biofilms at an UV-B irradiation dose of
20,000 J m=.

Bacterial biofilms of P. aeruginosa promoted
inside Teflon and silicone catheter tubes for
3 days could be efficiently killed with UV-C
LEDs. The control counts were in the range of
5 x 105-1.3 x 10° CFU mL~" and ca. 100% disin-
fection rates were observed in 10 and 20 cm
Teflon tubes exposed for 30 and 300 min, respec-
tively. The latter period was also necessary to
achieve the same disinfection level in a 10 cm
peritoneal dialysis silicone catheter tube. The
~78 J m~2 UV-radiation necessary for a 99.99%
killing rate is comparable to that required for the
bacterium in planktonic state, indicating that
UV-C LEDs may be efficiently used in thin
biofilms.

Pulsed ultraviolet light systems allow ultra
short duration pulses in the UV-C wavelength.
Using up to 21.6 uJ cm=2 in biofilm reactors with
polyvinyl chloride coupons, Garvey et al. were
able to obtain a 7.2 and 5.9 log,, inactivation for
P, aeruginosa and Staphylococcus
respectively, suggesting that this technique could
be used for water treatment [15]. Pulsed ultravio-
let light has also been efficient in decontaminat-
ing Escherichia coli O157:H7 and Listeria
monocytogenes on the surfaces of food packag-
ing materials and fresh produce [24]. Aftera 10 s
treatment at a distance of 4.5 and 8.8 cm, the
CFUs of L. monocytogenes and E. coli
O157:H7 in biofilms reduced, respectively, 2.7
log CFU mL! and 3.9 log CFU mL"! in low-
density polyethylene and by 0.6-2.2 log CFU
mL~! and 1.1-3.8 log CFU mL™!' on Ilettuce.
Microbial inactivation was dependent on e.g. UV
radiation dosage, bacterial strain and type of
material supporting the biofilm, indicating that

aureus,
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further studies are required before general appli-
cation of the technique.

19.4 Conclusion

UV radiation from the Sun has been affecting
nearly all living organisms on Earth and microbes
have developed ingenious strategies to survive
exposure. These include the formation of biofilms
and the production of specialized compounds
such as mycosporine-like amino acids and carot-
enoid pigments. However, technological devel-
opments have allowed the utilization of UV
radiation to detect and kill harmful microbes.
Nevertheless, the efficacy is dependent on micro-
bial organism, UV radiation dosage and local
conditions. Further research is needed before a
general application of UV radiation for the steril-
ization of materials may be reached.
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Abstract

At first it seemed that UV processes for disinfection and advanced oxida-
tion were “harmless”, as they didn’t involve the addition of “dangerous”
chemicals nor seemed to result in the formation of toxic byproducts.
However, recently it has become clear that also during UV processes
mutagentic/genotoxic byproducts may be formed. It was found that these
are nitrogen containing aromatic compounds, which are formed by the
reaction of photolysis products of nitrate with (photolysis products of)
natural organic matter. Now more has become clear on the formation pro-
cess of these compounds, it is possible to limit or even prevent their forma-
tion during e.g. UV/H,0, processes. Besides, it appears to be possible to
remove such byproducts by means of filtration processes. Thus, UV based
processes can safely be applied in water treatment.

Keywords
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* Mutagenicity ® N-BPs ¢ Photolysis ® Oxidation * Treshold of toxicologi-
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Introduction

of irradiation causes the formation of thymine
dimers, which can inactivate microorganisms. This

It has been known for a long time that ultraviolet C
(UVC) and UVB irradiation (100-280 nm and 280~
315 nm respectively) can damage DNA. Absorption
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principle has been applied since the middle of the
last century, and it appeared to be a very elegant
disinfection method; contrary to the application of
chlorine compounds or ozone, it doesn’t require the
addition of chemicals, and does not seem to gener-
ate disinfection byproducts, like chlorinated organic
compounds and bromate [1, 2]. Although UVB can
cause structural damage to DNA, natural repair pro-
cesses of the cell seem to correct most of the dam-
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age quickly enough to avoid permanent damage. In
water treatment in general UVC irradiation, which
is more energetic, is applied. Most commonly two
types of mercury based UV lamps are used in water
treatment: medium pressure (MP) UV lamps, which
emit radiation in a range between 200 and 300 nm,
and low pressure (LP) UV lamps, which only emit
radiation at 253.7 nm.

Since the beginning of this century another
application, advanced oxidation processes
(AQOPs), based on UVC have become more impor-
tant in water treatment, mostly for the production
of drinking water from surface water, river bank
filtrate, and also groundwater, but also for waste-
water treatment. Sources for drinking water
appear to contain increased amounts of organic
micropollutants, like pesticides, fungicides, phar-
maceuticals, and personal care products. The oxi-
dation processes, e.g. with ozone, can be used to
decompose such organic micropollutants, but not
every compound is adequately sensitive to oxida-
tion. Since the last 20 years AOPs, characterized
by the fact that hydroxyl radicals are formed, are
gaining more and more interest. Hydroxyl radi-
cals are very reactive, and can oxidize a broad
range of organic compounds.

There are various ways to generate hydroxyl
radicals, but often they are based on UV irradia-
tion of reagents. Examples are UV/O;, UV/H,0,,
photofenton, and photocatalytic processes (with
e.g. TiO, as the photocatalyst). In water treatment
a lot of research has been done into UV/H,0,
processes, which also are applied in full scale
installations for drinking water production.

In fact the UV/H,0, process combines two
simultaneous processes, which involve the pho-
tolysis of chemicals and of micropollutants by
UV radiation:

1. Photolysis of micropollutants caused by direct
absorption of the UV radiation by the
pollutants.

2. Oxidation of micropollutants by hydroxyl
radicals, that resulted from the UV photolysis
of H,0, (Fig. 20.1).

The absorption spectrum of natural water with
H,0, is shown in Fig. 20.1. Water itself is able to
absorb UV radiation with a maximum in the vac-
uum UV (VUV) range (75-185 nm). Although
this also results in the formation of radicals, the
penetration depth of the radiation is very low, as
a result of which practical application of VUV
radiation for water treatment purposes still is lim-
ited. However, in the range of 200-220 nm still
some UV absorption by the water itself can be
observed. Furthermore, natural water always
contains organic matter (“natural organic mat-
ter”; NOM), which, depending on its structure,
also may absorb radiation in the lower wave-
length range of Fig. 20.1. Other compounds that
may be present and cause absorption are carbon-
ate and, at a wavelength <240 nm, nitrate.

As H,0, doesn’t strongly absorb in this range
of wavelengths (200-300 nm), a relatively high
UV dose and high H,O, concentration (of about
10 mg/L) are required to obtain an effective
AOP. For the generation of OH both types of
lamps are effective, but LP lamps are more energy
efficient. However, as MP lamps emit over a
broader range of wavelengths, these lamps give a
more effective photolysis. For the degradation of
some compounds, that are not very sensitive
towards oxidation, this may be beneficial.

Although in principle it is possible to mineral-
ize organic micropollutants by means of UV/
H,0, processes, this would require an enormous
amount of energy and may be expensive. It is
believed that partial decomposition of the pollut-
ants will make them better biodegradable, and
therefore mostly lower UV doses are applied [3].
However, this may result in the formation of
transformation products, the characteristics of
which are not yet identified [4].

In recent years it has become clear that some-
times water treated with UV/H,0, causes toxicity
[5]. More research into this phenomenon is
required, as it is not clear what exactly caused
this. For the European drinking water sectors,
both removing contaminants from raw water
sources and dealing with disinfection byproducts
are important challenges [6].
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20.2 Toxicity Tests

To determine the toxicity a toxicological risk
assessment of putative toxic compounds is
required to be carried out taking into account
their kinetics too. However, in practice very often
it is not known which compound exactly is caus-
ing the toxicity. Besides, toxicity may be caused
by a mixture of compounds, and depends on con-
centration and duration of exposure of organisms
to the compounds. It is very difficult to obtain
relevant information from a sample, as concen-
trations of the toxic agents may be very low,
structure and/or reaction pathways are unknown,
and there is a lack of suitable sample preparation
and detection methods. Therefore, bioassays
have been developed to determine the cumulative
effects of chemicals that exhibit the same mode
of toxic action (MOA) and thus concentration-
additive effects.

20.2.1 InVivo Assays

In literature a large number of toxicological
data on disinfection by-products (BPs) from
drinking water production have been published,
and also the World Health Organization pub-
lished a report on this topic (http://apps.who.
int/iris/bitstream/10665/42274/1/WHO_
EHC_216.pdf) Genotoxicity of BPs has been
evaluated in in vivo experiments using e.g. the
micronuclei test, comet assay, and chromo-
somal aberration test. Carcinogenicity has been
assessed in 2-year dosing studies in rodents.
For this purpose mainly various kinds of rats
and mice, but also hamsters and gerbils were
used. Besides, there are some studies based on
the effects in Drosophila. Often the term “muta-
genicity” refers to assays that measure a change
in DNA sequence (either gene or chromosomal
mutation), The term “genotoxicity” refers to
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mutagenicity as well as DNA damage (like
adducts or strand breaks). For “carcinogenic-
ity” the formation of tumors in several different
organs was studied. The effects of the DPBs on
a broad range of endpoints (like micronucleus
formation, sister chromatid exchange, unsched-
uled DNA synthesis, DNA strand break and
sex-linked recessive mutations, DNA methyla-
tion, DNA repair, germ-cell mutations, chro-
mosomal aberrations, etc.) have been described
[7]. Traditionally in vivo bioassays have several
drawbacks. Apart from the loss of animal lives
involved in tests, they show a high biological
variability, and complexity. Besides, in vivo
tests are expensive and may take time.
Therefore, more and more in vitro bioassays are
being developed and applied.

20.2.2 In Vitro Toxicity Tests

In vitro bioassays do not show the disadvantages
associated with in vivo bioassays. They are
based on mammalian cells or bacterial species,
and can effectively be applied as screening
tools. Jia, Escher [8] presented an overview of
36 bioassays covering 18 biological endpoints.
They used a battery of assays, including assays
for genotoxicity, mutagenicity, estrogenic, glu-
cocorticoid and arylhydrocarbon receptor activ-
ities, oxidative stress response, and cytotoxicity.
The disadvantage of these bioassays is that they
don’t give information on the identity and con-
centration levels of the bioactive toxicants nor
take into account kinetics. Furthermore, the type
and level of response depend on the specific
assay applied. Thus, the results cannot be
directly extrapolated to e.g. human health.
However, they indicate whether compounds are
present, which are capable of inducing toxic
effects in living organisms. If a positive response
is obtained, more research will be required in
order to determine which compounds are caus-
ing the effect, and whether or not it may be a
threat to human health.

In paragraphs below a short literature over-
view of some tests that are commonly used for
UV/H,0, processes is presented.

20.2.3 Toxicity Tests Used for
UV/H,0, Processes

A number of toxicity tests were carried out
including tests with Vibrio fischeri, Paracentrotus
lividus sea-urchin, with Sparus aurata larvae and
Microtox® test on v fischeri [9-11]. A detailed
description of the Microtox® test protocols can
be found in Aguirre-Martinez, Owuor [12]. For
Vibrio fischeri the toxicity was determined by
measuring the bioluminescence intensity of the
bacteria after exposure to putative toxic solu-
tions. The authors compared the results obtained
with mortality of Sparus aurata larvae, treated
with the same solutions. The latter test appears to
be more sensitive, and thus is recommended for
the development of water quality criteria for
marine water bodies [11, 13]. With Paracentrotus
lividus two types of test were performed [10]: a
fertilization test, determining the percentage of
fertilized gametes, and an embryo-larval devel-
opment toxicity test, in which the percentage of
normal pluteus after exposure is measured. Here
also it was observed that the P. lividus embryo-
larval development test was more sensitive than
the V. fischeri essay.

Kolkman et al. determined specific endocrine
receptor activation by using a panel of CALUX
assays for estrogenic, androgenic, glucocorti-
coid, progestagenic and thyroidogenic agonistic
activities [14, 15]. They measured genotoxicity
using the Comet Assay and the Ames fluctuation
test. In Ames fluctuation assays bacterial strains
are used to identify the presence of putative
mutagenic and hence carcinogenic or genotoxic
compounds. Ames assays use a histidine auxotro-
phic mutant with certain additional mutations of
Salmonella typhimurium. Because of their his-
genetic mutation these bacteria can only grow if
histidine is present in the growth medium.
However, if there is any reverse mutation, caused
by mutagenic compounds, the bacteria can form
colonies on histidine deficient agar medium. This
enhanced number of colony formation in com-
parison to the spontaneous number is considered
as due to possible mutagenic activity. Often two
different strains are applied: TA98, which can
show frame shift mutations, and TA100, which is
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sensitive to base-pair substitution. Spontaneous
revertants are used as a control. In order to mimic
the effect of metabolism, as the toxicity of a com-
pound may change during metabolism, rat liver
S9 extract is usually added. Thus, Ames tests are
carried out both with and without addition of S9.
In order to quantify the total mutagenic effect the
Ames test response was converted into
4-quinoline oxide (4-NQO) equivalents. 4-NQO
is a known genotoxic compound that often is
used as a positive control in Ames assays.

20.3 UV Induced Toxicity

20.3.1 First Indication of Mutagenic
Activity

Guzzella, Feretti [16] studied advanced oxidation
processes based on O;/UV and Os/H,0,/UV, and
like Monarca, Feretti [5], observed an increase in
mutagenicity impact in treated water. These find-
ings were in accordance with the findings of
Heringa, Harmsen [17]. Also Shemer and Linden
[18] observed an increase in mutagenicity in
drinking water after UV based photolysis and
oxidation, although the compounds causing these
effects and their parent compounds could effec-
tively be removed by oxidative degradation.
However, not all authors observed this mutagen-
icity effect. Mahmoud, Toolaram [19] studied the
phototransformation of thalomide, and, based on
Quantitative Structure Activity Relationships
(QSARs) expected the formation of mutagenic
products. However, surprisingly they didn’t
observe an increase in the Ames response. It was
assumed that the mutagenic products would be
present in too low concentrations to observe any
effects, or that antagonistic interactions would
prevent mutagenicity in this test. Another expla-
nation may be that the bacterial strains used in
this test, TA98 and TA 100, were not be very sen-
sitive towards the specific compounds formed.
Also de Veer, Moriske [20] and Haider, Sommer
[21] didn’t find a positive Ames test response
upon UV irradiation of (ground) water, even
though Haider, Sommer [21] increased the UV

dose up to 800 mJ/cm?. These results seem to be
contradictory to the results obtained for the UV/
H,0, process by other authors [9-11]. These
authors applied a multi-barrier treatment, includ-
ing UV/H,0, with either an LP or an MP UV
lamp, to synthetic industrial wastewater. This
type of water has a low UV-transmittance (17—
43%), and the authors applied H,O,: TOC ratios
of 1:1-10: 1, resulting in H,O, concentrations of
40-400 mg/L. Compared to concentrations used
in drinking water production (ca. 5-10 mg/L),
this is very high. The authors found a significant
increase in toxicity of the water after the UV/
H,0, treatment for both types of UV lamps,
which was attributed to the (large) excess of H,O,
and possibly the formation of some byproducts
during the reaction. However, after filtration over
granular activated carbon (GAC), the toxicity
appeared to have disappeared.

The removal of mutagenic compounds by
means of filtration over activated carbon also had
been observed by Heringa, Harmsen [17]. These
authors studied both MP and LP UV lamps, and
the results suggested that the mutagenicity was
caused mainly by photolysis reactions, rather
than by oxidation reactions. Because of their
broad UV spectrum, MP lamps are more effec-
tive for photolysis than UV lamps emitting only
one specific wavelength like LP or high pressure
(HP) lamps, as were used by Haider, Sommer
[21] and de Veer, Moriske [20]. Besides,
Parkinson, Barry [22] had shown that also the
composition of the water matrix may play a cru-
cial role in the formation of toxic byproducts.
They applied UVC and UVC/H,O, processes,
using an LP-UV lamp, to remove natural organic
matter (NOM) from water. However, degradation
of NOM-copper complexes resulted in the release
of metal ions, which probably caused the toxicity
observed afterwards.

In order to obtain information on possible tox-
icity generation in disinfection installations and
during advanced oxidation UV/H,0, processes
research was carried out by Hofman-Caris,
Harmsen [23]. These authors identified the main
reaction parameters involved in the formation of
mutagenic byproducts.
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20.3.2 Toxicity Development
in Drinking Water Disinfection
Installations

For disinfection of drinking water in general rela-
tively low UV-doses of 20—70 mJ/cm? are applied.
As shown in Table 20.1 samples were taken at
full scale drinking water production plants
throughout the Netherlands, applying either MP
or LP UV-lamps for disinfection purposes.

During treatment the drinking water passes
the UV reactor. This is a vessel equipped with
UV lamps, placed either in the flow direction or
perpendicular to the flow. The dose required is
obtained by adjusting the reactor geometry, the
number of UV lamps inside the reactor (and their
UV output), and the total flow through the reactor
[24]. Often a number of such reactors is applied
in parallel streets. At the Dutch Drinking Water
Utility of PWN in Andijk “Swift 16 L30” UV
reactors of Trojan are applied. These reactors are
equipped with 16 lamps each, and can apply
flows up to 6300 m?/h each. For advanced oxida-
tion purposes a higher UV-dose, i.e. a longer resi-
dence time of the water in the UV reactor is
required, and thus the applied flow will be lower.
At Andijk three streets, each equipped with four
Swift 16 L30 reactors are present, enabling
advanced oxidation of about 5000 m* of water
per hour [25, 26].

Table 20.1 Details of sampling sites at full scale drink-
ing water disinfection processes in the Netherlands [23]

Reduction

Type of | equivalent UV
Origin and type of water | UV-lamp | dose (mJ/cm?)
River bank filtrate and MP 25
ground water
Ground water LP 70
Pretreated surface water | LP 42
Pretreated (coagulation, | MP 40
sedimentation, 100*
filtrations) surface N
(Meuse) v)vater 200
Surface water after LP 40
pretreatment and dune 1002
infiltration

“Dose increased for research purposes

The Ames fluctuation test, applying both TA98
and TA 100 bacterial strains, was used to study the
water samples from the full scale disinfection
installations shown in Table 20.1. It was found
that under normal disinfection conditions none of
the samples showed an increase in the Ames
response suggesting that more likely there are no
mutagenic compounds present. However, upon
increase of the UV dose in Meuse water to 100 or
200 mJ/cm? such an increase could be observed
(Fig. 20.2 upper panel). This became even more
clear in laboratory experiments, using a ‘“colli-
mated beam set-up” [27] (Fig. 20.2, lower panel).

The fact that in duplicated measurements
some differences in the exact number of wells
can be seen, shows that a positive response (the
maximum number of wells in one plate being 48)
is not unusual for bioassays. From these experi-
ments it became clear that after “normal” disin-
fection conditions no mutagenic compounds
could be detected, but that upon increasing the
UV dose such compounds may be formed. This
means that the (pretreated) Meuse water must
contain certain compounds which upon UV irra-
diation may become mutagenic.

Disinfection experiments with MP UV lamps
were also carried out by Martijn, Kruithof [28].
These researchers found a significant Ames test
response at an MP UV dose of 40 mJ/cm?, using
IHSS Pony Lake NOM and nitrate. It was sug-
gested that the presence of nitrate is involved in
the formation of mutagenic compounds.

20.3.3 UV/H,0, Advanced Oxidation
Processes

Hofman-Caris, Harmsen [23] investigated which
parameters affect the formation of mutagenic
compounds, and derived the following relations:

e Mutagenicity increases with increasing UV-
dose, both for LP and for MP UV-lamps

e The formation of mutagenic compounds is
significantly higher by MP UV-lamps than by
LP UV-lamps.

e Mutagenicity increases with increasing nitrate
concentrations.
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negative control, PC positive control, PrC procedure con-
trol. Average values of triplicate tests are shown for each
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* Mutagenicity increases with increasing NOM
concentrations (at least in the pretreated
Meuse water studied)

* Mutagenicity decreases when H,0O, is added.

From the above results it can be concluded that
the combination of UV dose, TOC, H,O, and
NO;™ id responsible for 74-87% of the Ames
responses obtained, and that these are the main
factors involved in the formation of mutagenic
byproducts. Based on the experimental data, it
was suggested that the photolysis of nitrate plays
an important role in the formation of mutagenic
compounds. Nitrate has two absorption bands in
the UV region, one in the near UV region from
260 to 350 nm (with a maximum at 300 nm), and
a more intensive band below 240 nm, with a max-
imum at 200 nm [29], as shown in Fig. 20.3. The
photolysis of nitrate, eventually resulting in the
formation of nitrite, is a rather complex process,
as shown in Fig. 20.4. On the other hand, UV pho-
tolysis of nitrite results in the formation of nitrate.

Buchanan, Roddick [31] suggested that muta-
genicity may be caused by the nitrite formed dur-
ing the UV photolysis process of nitrate. However,
Hofman-Caris, Harmsen [23] showed that in the
presence of H,O, the nitrite concentration becomes
higher than by UV photolysis alone, although the
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Ames test shows no increase in mutagenecity. This
indicates that it is not the nitrite itself, nor the
hydroxyl radicals formation which causes muta-
genicity. As shown in Fig. 20.4 and by Wols,
Hofman-Caris [32] several radicals are formed
during photolysis of nitrate; these include proba-
bly nitrogen containing aromatics, formed by
reaction of intermediate nitro- and nitroso radicals
with NOM or with photolysis products of
NOM. Thus nitrogen containing disinfection
byproducts (N-BPs) can be formed. These find-
ings are in accordance with the findings of other
authors [28, 29, 33]. Martijn et al. also concluded
that the photolysis of nitrate plays a crucial role in
the formation of mutagenic compounds. Several
reasons outlined below may explain why in the
presence of H,O, less mutagenicity is observed.

1. Part of the UV irradiation is “used” for pho-
tolysis of H,O, instead of NO;~

2. The hydroxyl radicals formed upon H,O, pho-
tolysis will quench the radicals formed during
the conversion of NO;~

3. The hydroxyl radicals react with aromatic
NOM, decomposing the aromatic structure of
the molecules, as a result of which less muta-
genic compounds (nitrogen containing aro-
matics) can be formed.

-- H202
-+ NO3-
=+ MP UV lamp

0.8

0.6

0.4

260

0.2

emission spectrum MP UV lamp (W/m?2)

-0.2

270 280 290 300

Fig.20.3 Emission spectrum of an MP UV lamp and molar absorption of nitrate and hydrogen peroxide
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Fig.20.4 Reaction
scheme of the photolysis
of nitrate, not including
follow-up reactions of
nitrite [30]
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Martijn et al. [29], 201 showed that the NOM
composition plays an important role in the forma-
tion of mutagenic compounds. Indeed, they also
found that mutagenic compounds seem to be nitro
aromatics. This could not be deduced from the
inorganic nitrogen mass balance (nitrate versus
nitrite). Although a significant Ames test response
was obtained, no significant nitrogen deficit could
be observed, indicating that only very small
amounts of mutagenic compounds are formed.
However, when phenol was used as a model com-
pound for aromatic NOM, it could be demon-
strated that nitrogen was incorporated in the
organic matrix: 2- and 4-nitrophenol and 4-nitro-
catechol could be detected. It is known that nitro

aromatics may be genotoxic [34, 35], so these
findings may account for the increase in toxicity.
As the nitrate content of groundwater is about
4-9 mg/L, and of surface water usually circa
4 mg/L, but possibly, due to agricultural activities,
much higher [28], this is something that has to be
considered when applying high UV doses for the
production of drinking water. It also is possible
that organic micropollutants are involved in the
formation of mutagenic byproducts; however,
Martijn, Kruithof [28] showed that the presence
of these micropollutants has no significant effect
on the Ames response. This may be explained
from the fact that micropollutant’s concentrations
are in the order of ng or pg/L, whereas NOM is
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present in mg/L.. Therefore, it cannot be excluded
that micropollutants are involved but their contri-
bution to mutagenicity will be small in compari-
son to the contribution of NOM.

20.3.4 Identification of Possible
N-BPs

In order to be able to carry out a proper risk
assessment, it is essential first to identify the
byproducts formed. For this Kolkman, Martijn
[14] developed a new technique in which they
applied >N labeled nitrate. After UV irradiation,
stable isotope labeled N-BPS identified using
high resolution mass spectrometry. In this way
they were able to detect 84 N-BPs at concentra-
tions between 1 and 135 ng/L bentazon-ds equiv-
alents after MP UV treatment of artificial water
containing both NOM (Pony Lake) and nitrate,
with a summed concentration of 1.2 pg/L ben-
tazon-ds equivalents. Furthermore, they were
able to detect the presence of 22 of these N-BPs
in real water from a full scale drinking water pro-
duction plant, applying MP UV/H,0,. In a subse-
quent paper Vughs, Baken [36] were able to
identify 14 N-BPs after MP UV treatment, none
of which had been listed as (potential) human
mutagen or carcinogen. These include nine

Table 20.2 Identities of N-BPS [36]

N-BPs from the former mentioned 22 N-BPs also
observed in water from a full scale UV/H,0O, pro-
cess. Applying effect-directed analysis (EDA)
the authors were able to identify five N-BPS that
are potentially genotoxic and were present in
relatively high concentrations in the fractions of
treated water, in which mutagenicity had been
detected. Two of these had been observed in
water from the full scale process as well
(Table 20.2).

The identity of a large part of the byproducts
has not yet been confirmed, but it seems clear that
N-BPS cannot be neglected when UV processes,
especially based on MP UV-lamps in nitrate con-
taining water, are applied.

20.3.5 Risk Assessment

For genotoxic compounds in drinking water the
concept of a Threshold of Toxicological Concern
(TTC) has been proposed [37]. In this concept
the human exposure threshold value is estab-
lished, below which no appreciable health risk
occurs. This concept may be applied when the
presence of a new contaminant in e.g. food or
drinking water is observed, for which no toxico-
logical information is available (e.g. it is not
applicable to N-nitroso compounds). For drink-

Present in water from full
Compound Formula potential genotoxicity proven | scale UV/H,0, process
4-nitrophenol C¢HsNO;
4-nitrocatechol C¢HsNO,
4-nitro-1,3-benzenediol CsHsNO,
2-nitrohydroquinone C¢HsNO,
2-hydroxy-5-nitrobenzoic acid C;HsNO;
4-hydroxy-3-nitrobenzoic acid C;HsNO;s X X
2-hydroxy-3-nitrobenzoic acid C;H;5NOs
2,4-dinitrophenol C6H,4N,05
5-nitrovanillin C3H;NO;
4-nitrobenzenesulfonic acid C¢HsNOsS
4-nitrophtalic acid C3HsNOy X
2-methoxy-4,6-dinitrophenol C;HgN,Oq X X
3,5-dinitrosalicylic acid C;H N0, X
Dinoterb C,0H,05N, X
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ing water it is suggested that an acceptable TTC
is 10 ng/L. This means that only concentrations
below this level in general are considered not to
pose a significant human health risk [14, 37].
This TTC, however, doesn’t apply to carcino-
gens, which need substance-specific risk evalua-
tion [14].

In order to quantify the total mutagenic effect,
the Ames test response was converted into
4-nitroquinoline oxide (4-NQO) equivalents. The
response of the Ames assay then is compared
with a certain concentration of a known muta-
genic compound (4-NQO) that shows a similar
Ames response.

Wollin and Dieter [35] derived health based
drinking water guideline values for some nitro
aromatics. Martijn, Van Rompay [38] used the
4-NQO toxic equivalency factor (TEF) to deter-
mine the risk of unknown genotoxic compounds.
Based on their results they tried to indicate the
risk of MP UV/H,0, treatment via the margin of
exposure (MOE) approach. Assuming a body
weight of 70 kg and a drinking water consump-
tion of 2 L per day (the only contribution resulting
from drinking water consumption), the 4-NQO
equivalent concentration should be lower than
80 ng/L associated with a negligible risk. In water
from a full scale MP UV/H,0, process, before fil-
tration over GAC, a 4-NQO equivalent concentra-
tion of 107 ng/LL was observed [38]. However,
Vughs, Baken [36] applied a standard allocation
of only 20% of the total exposure to drinking
water (as part of the exposure may also be caused
by e.g. food), resulting in a provisional drinking
water guideline of 5.8 mg/L for 2-hydroxy-5-ni-
trobenzoic acid, 0.01 mg/L for 2,4-dinitrophenol,
and 18 mg/L for 5-nitrovanillin. This gives a more
realistic estimation of the risks involved. The
authors identified five byproducts, which are pres-
ent at relatively high concentrations in fractions of
UV treated water that show mutagenicity. These
five byproducts (4-nitrophtalic acid, 4-hydroxy-
3-nitrobenzoic acid, 2-methoxy-4,6-dinitrophe-
nol, dinoterb and 3,5-dinitrosalicylic acid) are
potentially genotoxic (based on QSARs), but
more research will be required to determine the
concentrations of these compounds that would be
acceptable for drinking water.

20.3.6 How to Prevent Negative
Effects from UV/H,0,
Processes

As mutagenic compounds may be formed by
reaction of photolysis products of nitrate and
NOM, this can be prevented by preventing the
photolysis of nitrate. In principle it is possible to
reduce nitrate concentrations in water by apply-
ing ion exchange processes. IEX may also be
applied to remove part of the NOM, especially
high charge density/high polarity organic frac-
tions such as humic (—like) and fulvic substances
[39]. According to these authors, the presence of
dissolved organic nitrogen is a key parameter in
the formation of N-BPS, and strongly basic ion
exchange resins can be applied to remove N-BPs.

Another way is to prevent the photolysis pro-
cess itself is by applying natural quartz sleeves
that cut off UV light at wavelengths below 240 nm
[28]. Thus, nitrate will not be able to absorb UV
irradiation anymore, and the formation of N-BPs
will be hindered or even prevented.

In order to obtain an efficient UV/H,0, pro-
cess an excess of H,0O, has to be added. Then its
excess has to be removed, and for this purpose
filtration processes can be applied, like filtration
over granular activated carbon or dune infiltra-
tion. It has been shown that such filtration pro-
cesses can effectively remove also the mutagenic
byproducts formed [16, 17, 40, 41].

20.4 Conclusion

UVC based processes have been shown to be
very effective for disinfection purposes, and, e.g.
in combination with H,O,, for the removal of
organic  micropollutants. However, recent
research has shown that such processes may
result in the formation of byproducts which cause
a positive response in the Ames test, indicating
that they may be mutagenic/genotoxic. It has
been proven that these byproducts, N-BPs, are
formed during photolysis of nitrate, and consist
of aromatic nitrogen compounds. Their forma-
tion can be prevented by preventing the photoly-
sis of nitrate and the reaction with NOM, e.g. by
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using LP instead of MP UV lamps, by removing
nitrate or humic acids by means of IEX, or by
applying natural quartz sleeves that cut off wave-
lengths below 240 nm. In case the formation of
N-BPs cannot be prevented, they can be effec-
tively removed by a subsequent filtration process.
However, this information will have to be taken
into account whenever application of a UV pro-
cess is considered in drinking water treatment.
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Abstract

The role of the environment in surgical site infections is surprisingly
understudied. UV disinfection holds promise for reducing the level of con-
tamination in operating rooms and thereby lowering the risk of infection
for patients. Issues such as the frequency, amount and locations for UV
disinfection to have an impact on the risk of surgical site infection are
recently emerging in the literature. As technologies and knowledge
improve, UV disinfection will have a role to play in operating rooms in the
future.
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21.1 Introduction

tamination serving as a fomite in the surgical
theater, will be discussed. We will also address

In this chapter, the role of ultraviolet light disin-
fection in preventing surgical site infections is
presented. The root cause of surgical site infec-
tions, specifically the role of environmental con-
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the safety considerations for implementing UV
disinfection, and review the differences in the
currently available technologies. Finally, we will
review the emerging evidence correlating
enhanced disinfection in the surgical theater with
decreases in infection rates and make recommen-
dations for additional research on the topic.

21.1.1 Burden of Surgical Site
Infections

Approximately 51.4 million inpatient surgical
procedures are performed annually in the
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United States alone [1]. Of these patients under-
going inpatient procedures, approximately
1.9% (976,000 patients) develop an infection
afterward [2]. Depending on the surgical proce-
dure being performed, this infection risk can be
higher or lower [3]. Including procedures per-
formed at outpatient and ambulatory surgery
centers would further increase the annual num-
ber of infections in the U.S. The mortality rate
associated with contracting a surgical site
infection (SSI) is 3%, with 75% of associated
deaths being directly attributed with the infec-
tion at the surgical site [4]. Table 21.1 shows
the annual case load for select surgical proce-
dures, along with projected infections and
deaths based on reported data. It should be
noted that disability, morbidity and other forms
of suffering are not presented in this table.

A prevalence study conducted in 2011 found
that SSIs are the most common hospital associ-
ated infection (HAI), representing 22% of all
reported cases [5]. Patients who develop a surgi-
cal site infection will spend, on average, 12.1
additional days in the hospital [6].

These additional days in the hospital lead to
increased costs for both the patient and the hospi-
tal providing the care. The average cost attributed
to an SSI is estimated to range from $11,874 to
$34,670 [7]. This estimate is an aggregate of
costs for all surgical procedures; more invasive
procedures such at spinal fusions and vascular
surgeries can have substantially higher costs and
can exceed $100,000 per case [8].

21.1.2 Causes of Surgical Site
Infections

The proximal source of the contamination that
results in a SSI is often impossible to identify.
During the preparation for and performance of a
surgery, there are multiple opportunities for
pathogenic organisms to enter the surgical wound
and cause infection. The most commonly attrib-
uted sources of pathogenic organisms are out-
lined below:

21.1.2.1 Non-sterile Instruments

The instruments used during surgical procedures
are reprocessed between each patient to remove
blood, tissue, and microbiologic contamination
to assure sterility before use on the next patient.
Failures in these processes can lead to the intro-
duction of pathogens into the surgical wound.
The first step in the decontamination process is to
remove blood and tissue from the instruments.
Any residual material left behind can impede the
sterilization process and provide a haven for
pathogens. After complete removal of residual
materials, the instruments are sterilized, typically
with a steam sterilizer. Steam sterilizers use
steam and pressure to sterilize instruments. If
appropriate levels of steam and pressure are not
achieved throughout the sterilization cycle,
pathogens (especially spores) can remain on the
instruments. The final step in preventing instru-
ment contamination is to assure that they are
stored in a manner and place that prevents recon-

Table 21.1 Number of surgical procedures annually by procedure type

Procedure Surgical volume Projected infections Projected deaths
Coronary artery bypass graft 395,000 8578 257
Total knee replacement 719,000 7200 216
Total hip replacement 332,000 4669 140
Reduction of fracture 671,000 11,044 331
Hysterectomy 498,000 8847 265
Cesarean section 1,300,000 24,349 730
Excision of large intestine 247,000 14,356 430
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tamination. This is accomplished by assuring that
the integrity of the instrument packaging is main-
tained. The above process can be challenging as
more and more surgical instrumentation, such as
endoscopes, are becoming more complex devices
with imbedded technology, which requires spe-
cialized training and processes for sterilization.

21.1.2.2 Patient Factors

The patient themselves can be the source of the
organisms that cause infection. Common skin
commensals such as Staphylococcus spp. can
cause infections if skin integrity is compromised
at the incision site. Patients with comorbid condi-
tions such as diabetes, obesity, and heart disease
are at higher risk of developing an infection.
Additionally, the patient’s compliance with post-
operative wound care measures will impact the
risk of developing infection.

21.1.2.3 Environmental

Contamination
A contaminated hospital environment can con-
tribute to the transmission of pathogens to
patients [9]. Environmental transmission can
occur from direct contact with the environment
(air or surface) or indirectly from hands that were
contaminated by the environment [10]. This
interaction of environment and transmission risk
could be further complicated in the operating the-
ater, where constant movement of staff members
causes air turbulence that disturbs pathogens
present on surfaces, causing them to aerosolize.

Once the pathogens are in the air, they can reset-
tle onto sterile surgical instruments, previously
cleaned surfaces, or even the open surgical
wound. See Fig. 21.1.

21.1.2.4 Responsible Pathogens

Magill and colleagues reported on the pathogens
associated with 110 surgical site infections iden-
tified as part of a multi-state prevalence study.
Table 21.2 shows the results of this survey [5].
Additionally, Kramer and colleagues conducted a
systematic review which assessed how long
pathogenic organisms could persist on inanimate
surfaces. This data is presented in Table 21.3
[11].

21.1.3 Effectiveness of Installed
UVGI Devices

Ultraviolet germicidal irradiation (UVGI) is a
technology that has been used to reduce the
microbial contamination in operation rooms
(ORs). When installed in ORs, UVGI has proven
to be effective in air disinfection. Several studies
have shown that the use of a UV device can pro-
duce ultraclean (<10 CFU/m?®), or nearly ultra-
clean, air [12-14]. This is the same level of air
quality produced by HEPA air filters [15].
Kowalski suggests that the combination of
MERYV 13-15 filters and UVGI are equivalent to
the effectiveness of HEPA filtration systems with
less cost [16]. The same suggestion seems to hold
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Table 21.2 Frequency of pathogens attributed to surgi-
cal site infections

Number

Pathogen (percent)
Staphylococcus aureus 17 (15.5)
Enterococcus species 16 (14.5)
Klebsiella pneumoniae or K. oxytoca 15 (13.6)
Escherichia coli 14 (12.7)
Streptococcus species 8(7.3)
Pseudomonas aeruginosa 7(6.4)
Coagulase-negative Staphylococcus 7(6.4
species

Enterobacter species 5(4.5)
Proteus mirabilis 5(4.5)
Bacteroides species 5(4.5)
Candida species 3.7
Acinetobacter baumannii 2(1.8)
Haemophilus species 2(1.8)
Peptostreptococcus species 2 (1.8)
Clostridium species other than C. 2(1.8)
difficile

Citrobacter species 1(0.9)
Prevotella species 1(0.9)
Morganella morganii 1(0.9)
Other organisms 6(5.5)
Total 110 (100)

Modified from Magill 2014 [5]

Table 21.3 Persistence of pathogenic organism on inani-
mate surfaces commonly associated with surgical site
infections

Pathogen Persistence

Staphylococcus aureus 7 days — 7 months

Enterococcus species 5 days — 4 months

2 h —>30 months

Klebsiella pneumoniae or K.
oxytoca

1.5 h — 16 months
1 day — 6.5 months
6 h — 16 months

3 days — 5 months
12 days

Escherichia coli

Streptococcus species

Pseudomonas aeruginosa

Acinetobacter baumannii

Haemophilus species
Modified from Kramer 2006 [11]

true for laminar air systems as well. In a compari-
son study done in 1989, the UV lighting system
being tested not only worked just as well, if not
better, than the laminar air system, but also cost
34 times less [17]. This result has been replicated
in multiple studies that have shown that UVGI

can reduce airborne bacteria values to a greater
degree than laminar air systems [14, 16—18].

In considering installed UVGI as an overall
disinfection measure, the system’s effect on
infection risk must also be taken into account.
This subject is closely related to the reduction of
airborne microbes. Going as far back as Joseph
Lister it has been believed that airborne bacteria
represent a significant source of infection, espe-
cially in the ORs. [19]. Infection occurs when
microbes in the air settle in the operating room,
contaminating the wound, the patient, the hospi-
tal personnel, and vital medical equipment [16].
It then stands to reason that the fewer bacteria in
the room, including in the air, the less risk of
infection there is for a patient. One study con-
cluded that the UVGI device was able to disinfect
the patients’ wounds and possibly operating
instruments [14]. The authors stated that this dis-
infection “negate[d] the argument about the rela-
tive effect on air counts. Laminar flow would
have to provide considerably cleaner air to pro-
duce equally clean wounds.” These clean wounds
combined with the clean air are the basis of what
allows UVGI devices to decrease the risk of
infection.

There are many reports of UVGI reducing
infection risk in the ORs. An orthopedic study
following 5980 joint replacements reported that
the odds of infection were 3.1 times greater for
patients who had not been operated on under any
UV light [17]. The same study reported an infec-
tion rate decreased from 1.77% to 0.57%. Others
have reported similar findings of reduced infec-
tion rate. A study focusing on infection after car-
diac operations revealed how using UVC light
during operations led to the hospital’s overall
infection rates being significantly lower than the
national averages in the most important risk cat-
egories [CDC National Nosocomial Infection
Surveillance system, 18]. In 1936 at Duke
University Hospital, Hart tried UVGI light after
an outbreak of infections in the OR. The infec-
tion rate dropped from 11.62% to 0.24%, causing
Hart’s colleagues to also adopt the practice [20].
UVGI has been recommended as an important
tool for operating room personnel to use in order
to reduce infection [17, 21]. However, much of
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the data on the effectiveness of UVGI in ORs are
dated and it is not clear the impact that installed
UVGI would have for procedures being con-

ducted under current infection control
procedures.
21.1.3.1 Installed UVGI Safety

Kraissl et al. took it a step further and not only
researched the effectiveness of UVGI on infec-
tious bacteria, but also investigated the safety of
UVGI in regards to the patient [22]. The research-
ers concluded that there is a danger to the exposed
visceral tissue of the patient, if a threshold inten-
sity of light is exceeded. However, they also
found that there was significant bacterial killing
even when using light intensities well below the
damaging threshold. This theme of radiation in
moderation persists in all safety matters pertain-
ing to UVGL

UVGTI has been proven to be safe provided the
proper measures are taken. It is recommended
that light intensity be limited in order to protect
the patient and hospital personnel in the room
[22, 23]. Lidwell stated that the intensity of
light should be kept between 25 and 30 pW/cm?,
but intensities up to 300 pW/cm? did not produce
hazardous results [23]. The light must also be
placed so that there is no dangerous exposure to
the staff, while still allowing for proper irradia-
tion of the room. Some systems are placed above
and parallel to the patient, forming a type of bar-
rier that will deactivate bacteria in the air that
would fall on the patient. The height of the sys-
tem keeps the operation room’s personnel safe by
preventing direct exposure of the UV light. Even
with low intensities of light placed in safe posi-
tions, operating room staff should follow the
safety precautions and wear protective clothing.
Items such as disposable caps, drapes, plastic
goggles, face masks, and surgical gloves, can
greatly reduce the transmission of UVC light to
personnel in the room [12]. Studies on staff who
took protective measures showed no harmful
effects [18, 24]. However, increases in light
intensity and noncompliance with safety precau-
tions can lead to injuries such as erythema, pho-
tosensitivity, immune system damage, and even
cancer [25]. Eye injury in particular is a hazard

when the proper face wear is not used [26]. Eye
damage includes damage to the cornea and con-
junctiva that can lead to temporary blindness,
photosensitivity, benign growth, and corneal
degeneration [25].

Hospital personnel have continually cited the
uncomfortable nature of personal protective
equipment as the main reason they do not utilize
it [13, 14, 26, 27]. Wearing heavy protective
clothing has proven to be too hot for personnel to
work in regularly [14]. Other reasons for non-
compliance included the lack of necessary sup-
plies, training, and time, as well as increased
work difficulty. Due to this noncompliance, there
have been cases of basal cell carcinoma, mela-
noma, and actinic keratosis in operating room
personnel [27]. It could be possible for greater
compliance to be achieved if safety precautions
were less inhibitive for staff. The future of fixed
system UVGI may rest on this, as a lack of com-
pliance and an increase in injuries may lead to the
abandonment of the system [26].

Beginning in the late 2000s, portable UV sys-
tems have been used routinely in ORs for nightly
and, in some situations, between cases [28-30].
These mobile devices allow the operator to place
them in the room and exit before any human
exposure can occur. This removes the need for
heavy or difficult protective equipment as well as
the cost of installation. These mobile devices
may be an effective alternative to the fixed UVGI
system.

21.1.4 Portable Room Disinfection
UV Technologies

Portable UV technologies available for disin-
fecting operating rooms must meet the basic
requirements of being safe to use, easy to oper-
ate, and effective at reducing the number of
pathogens on every possible surface. Personal
safety is not typically an issue, as (1) germicidal
UV light cannot pass through windows or walls
[25], and (2) all devices have a mechanism for
automatic shutoff if a person enters the room,
and are thus considered safe to operate under
normal conditions.
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Currently, two types of technologies that meet
the aforementioned requirements are commonly
used in ORs: those using low pressure mer-
cury lamps and others which employ pulsed
xenon lamps. Both have been shown to be effec-
tive at reducing a large number of pathogens on
the surfaces [30-33], and the incidence of infec-
tions in the in-patient environment [34—40].
However, only a pulsed xenon device has been
demonstrated to reduce SSIs [28, 29].

The main differences between low pressure
mercury and pulsed xenon technologies lie in
their spectral output, intensity, and operational
modes. In the UV range, low pressure mercury

lamps produce a narrow spectrum output that is
centered at 253.7 nm (Fig. 21.2), while pulsed
xenon lamps emit wavelengths covering the
entire germicidal range of 200-320 nm
(Fig. 21.3). Pulsed xenon produces intense pulses
that last for microseconds while low pressure
mercury produces lower intensity light but oper-
ates in a constant-on mode that allows for effec-
tive doses to be delivered over time (Fig. 21.4).
The operational differences between these device
types may account for the contrasting ways in
which they are utilized. For example, pulsed
xenon devices have shorter cycle times when
used in the OR setting (8—16 min) compared to

Mercury Spectrum
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Fig.21.2 Spectral output of mercury lamp in germicidal UV range
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Fig.21.3 Spectral output of xenon lamp in germicidal UV range



21 Role of Ultraviolet Disinfection in the Prevention of Surgical Site Infections 261
Fig.21.4 Difference in Intensity, a.u.
operational intensity and
lamp on-time between
mercury and xenon 1.00_. |
lamps ﬂ F

0.75 | pulsed xenon

0.50 |

mercury UV
0.25_| |
. AN JA
0.50 1.00

low pressure mercury (OR times are not speci-
fied, but a typical patient room cycle time is
45 min).

21.1.5 Materials Damage

In addition to deactivating microbes present on
surfaces in the ORs, UV light also interacts with
the objects on which these microorganisms
reside. When UV is incident upon a surface, one
of three things happens: the light is transmitted,
absorbed, or reflected [25]. Because UV is not
transmitted through most solid objects and there
is relatively little reflection, most is absorbed.
This absorption can cause photodegradation (the
molecular changes due to light) that result in an
alteration to the color, texture or mechanical
properties of the object. In the OR’s setting, this
change is primarily evident in the yellowing of
white plastics and fading of lighter colored fab-
rics and most metal objects remain unaffected.

While exposure to any UV device will change
the material properties of a susceptible object to
some extent, variables such as distance, exposure
time, and spectral output make it difficult to pre-
dict the effect. More research is needed to fully
understand the material’s compatibility of porta-
ble UV devices commonly used in the ORs.

Time (sec.)

21.1.6 Use of Portable UV, Cycle
Times and Positioning

The aforementioned portable UV disinfection
devices are currently deployed in over one hun-
dred OR settings. Two clinical studies demon-
strate great success when used following nightly,
standard terminal cleaning practices [28, 29].
These devices can be wheeled into a room,
plugged into standard electrical outlets, and then
set in a fixed position that is proximal to high-
touch equipment within. Following completion
of the final disinfection cycle, these devices can
be moved around the facility to the next area
requiring disinfection. Disinfection is made pos-
sible by onboard germicidal lamps that contain
either mercury vapor or xenon gas. Although dif-
ferent, both technologies have been found to be
effective at decreasing environmental bioburden
in patient care areas [41, 42].

Regardless of what technology is used, UV
disinfection efficacy is highly dependent on the
distance between the lamp and the surface being
targeted. The propagation of light intensity
decreases exponentially with increasing distance
from the lamp, so proximity to areas being disin-
fected will require significantly shorter cycle
times. Put simply, doubling the distance between
the lamp and the target will quadruple the origi-
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nal time required for disinfection (See Fig. 21.5).
Therefore, if it takes 5 min to disinfect a target
2 meters away, it should take approximately
20 min to produce the same amount of germicidal
energy at 4 meters. A publication by Nerandzic
and colleagues explores the impact of distance on
UV efficacy against both methicillin resistant S.
aureus (MRSA) and C. difficile spores in the lab-
oratory setting [41].

In addition to distance, the reliance on UV
reflection to reach targeted areas should also be
considered. Common hospital materials are poor
at reflecting germicidal UV, with wall paint and
linen curtain material reflecting less than 25% of
incoming light [25]. Multiple studies have con-
firmed that reflected light is significantly less
effective than direct light at eliminating patho-
gens when considering the same disinfection
time [32, 43]. For these reasons, disinfection will
always be best when surfaces are in close prox-
imity and within direct line of site of the lamp.

When considering physical limitations alone,
the fastest UV room disinfection would consist of

multiple positions and minimal distances from all
target areas. However, because user intervention
is required for every additional position imple-
mented, this can add burden for the person per-
forming the terminal cleaning. Considering this,
two strategies are available for the OR; those
using one position, and those using multiple
(2-3) positions. Table 21.4 summarizes the pros
and cons of each strategy.

One-position devices require minimal user
assistance, but require longer periods to disinfect.
One manufacturer implementing this strategy
uses UV sensors on their devices to detect a set
UV germicidal dose [44]. During the disinfection
cycle, UV light reflects around the room, and
some returns to the sensors. Once the sensors are
saturated, the device will consider the room
disinfected, and shut itself off. Depending on
where the device is placed, and thus the amount
of UV sensor activity, cycle times can vary con-
siderably. While not OR-specific, publications
report an average median cycle time of 45 min in
acute care patient rooms [44, 45]. Despite longer
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Table 21.4 Assessing the pros and cons of one versus
multiple position UV disinfection

Multiple position devices | One position devices

Pros Pros
Fast disinfection time No repositioning
required
Known cycle time Cons

Clinical outcome
studies in the OR

Cons

Longer disinfection
time

Unknown cycle time

No known clinical
outcomes in the OR

User repositioning
required

cycles, housekeepers are free to perform other
activities such as manual cleaning of other OR
suites while UV disinfection is taking place. A
handheld tablet tracks the progress of the disin-
fection taking place.

Multiple position devices are more time effi-
cient, but require some user repositioning. Rather
than measuring reflected light, multiple positions
allow these systems to rely on direct line of site to
disinfect. For this reason, cycle times are known
for objects that are within specific distances of
the devices. Several publications reporting reduc-
tions in SSIs following UV disinfection interven-
tions required only two 5-min cycle times on
either side of the OR table to fully disinfect high-
touch surfaces within the room [28, 29]. When
considering the time to reposition this system,
disinfection can be completed in 15 min or less
using the multiple position strategy. In addition
to the success as an adjunct to terminal cleaning
practices, UV disinfection might be a consider-
ation for between case cleaning practices, in par-
ticular for quick disinfections when moving from
dirty to clean procedures in the same suite.

21.1.7 Evidence for Benefit
of Terminal UV Disinfection

Current literature shows that both cleaning and
disinfection of the OR environment may be inad-
equate. An observational study examining OR
cleaning found that only 25% (237/946) of fluo-
rescent UV markers were removed from equip-
ment surfaces following terminal cleaning [46].
In another study, only 47% of UV markers

(284/600) were removed during the terminal
cleaning process [47]. When air and surface
microbial cultures were obtained from UV
marker sites prior to surgical cases the following
morning, 16.6% of surfaces remained contami-
nated with potentially infectious organisms such
as Pseudomonas spp., Acinetobacter spp.,
Klebsiella spp., and Enterococcus spp. [47].
Failure of disinfection practices leaves a
potential risk of infection transmission from con-
taminated surfaces [48, 49]. As described earlier,
this transmission risk is exceptionally high in the
perioperative setting. Given the high volume of
worker traffic, there are many opportunities for
transmission between the susceptible patients,
hands of healthcare workers, and environmental
contamination in air and on surfaces. Multiple
publications have reported substantial transfer of
bacterial species from the anesthesia work area to
intravenous stopcock sets [50, 51]. Furthermore,
a recent study confirms that high touch areas of
the operating room harbor significant bacterial
contamination [52], suggesting greater attention
should be paid to disinfecting these areas.
Mobile UV disinfection has demonstrated effi-
cacy beyond what is possible by manual chemical
disinfection alone, and can serve as an additional
measure to reduce residual contamination. Data
on one UV device have been collected from sev-
eral ORs. For one facility, mean heterotrophic
plate count for high-touch surfaces after manual
cleaning was 2.73 colony forming units (CFUs)
per 25 cm? [53]. Following a manual clean plus
mobile UV disinfection, mean plate counts
decreased 62% to an average of 1.05 CFUs per
sample (p < 0.001). When comparing contamina-
tion levels for select surfaces, researchers deter-
mined a 64%, 87% and 94% improvement for the
anesthesia cart, OR light and OR table, respec-
tively. In a second study, quick cleaning plus UV
disinfection resulted in a 55% and 81% reduction
in positive surface cultures and overall bioburden,
respectively [54]. UV disinfection also decreased
air contamination by 46% during surgical cases
when used for between case cleaning, and 100%
following terminal cleaning practices [54].
Beyond the OR environment, the efficacy of UV
disinfection has been studied in the acute care set-
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ting [30, 32, 33, 41-44, 55-60]. Several studies
report exceptional decreases in both MRSA and
vancomycin resistant Enterococci (VRE) contam-
ination following terminal UV disinfection prac-
tices [59, 60]. Although the recovery of specific
pathogens on OR surfaces is difficult, the labora-
tory efficacy of UV disinfection against common
pathogens has been evaluated, with exceptional
efficacy at 1 meter in as short as 5 min for select
species [61].

Improvements in SSI rates following terminal
UV disinfection interventions have now been
published, providing additional evidence that
enhanced cleaning with UV is thorough enough
to remove exogenous sources of infection from
the inadequately cleaned environment. In these
studies, a baseline period that involves only man-
ual disinfection for nightly terminal cleans is
compared to interventions in which nightly UV
disinfection is added in addition to the baseline
procedure. Following this disinfection procedure,
and as part of a bundled approach including other
interventions, one facility reduced the incidence
of total-hip and total-knee infections from 7 out
of 544 procedures down to 0 out of 585 proce-
dures [29]. In a second study evaluating terminal
UV disinfection, SSIs following Class I (clean)
procedures were reduced by 46%, contributing to
23 fewer infections over the 21 month interven-
tion period [28]. Infections associated with clean-
contaminated Class II procedures did not
decrease during the intervention. Class I proce-
dures involve clean incisions, so the wound site
has minimal contamination prior to operation.
These infections are more likely to be due to
environmental transmission routes than infec-
tions associated with clean-contaminated Class 11
procedures, since contamination of the surgical
site is already present at the time of the incision
in these cases.

Evidence suggests that the risk of surgical site
infections caused from the OR environment can
be minimized by using terminal UV disinfection.
Substantial evidence exists showing the role of
environment in SSIs, and the ability of UV disin-
fection to provide an improvement beyond the
capabilities of standard manual cleaning/disin-
fection. While quasi-experimental studies attri-

bute reductions in SSIs following this application,
future research into molecular epidemiology that
maps the clonal spread of pathogens from sur-
faces to patients could provide additional insight
into specific transmission dynamics [62].

21.2 Conclusion

UV disinfection holds great promise for improv-
ing the safety of the operating room environment.
Additional research and improvements in avail-
able UV technologies should provide practical,
operational solutions for ORs. As reimbursement
changes further incentivize reductions in surgical
site infection rates, investments in UV technolo-
gies should not only make financial sense, but
also provide improved outcomes to patients.
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