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ABSTRACT 

In everyday life, ultraviolet (UV) radiation from the sun is a significant carcinogen. 
It induces deoxyribonucleic acid (DNA) mutations and, at the same time, is 
immunosuppressive. From the whole solar UV radiation spectrum, the wavelengths 
of UVB are the most biologically active part.  

There are indications that the timing of UVB exposure may affect sensitivity to 
sunburn, but these findings have not been confirmed in human studies. However, 
almost all functions of the human skin are rhythmic in a circadian (approximately a 
day of 24 hours) manner, and most skin cell types have their own intrinsic circadian 
clock. Similar to the central circadian clock in the brain, the human skin expresses 
clock proteins, e.g., cryptochromes which are essential to circadian function, and 
melatonin, which is well known for its ability to influence human chronobiology. So 
far, little is known about the link between skin clock proteins, melatonin, and 
erythema. 

In the skin, UVB induced erythema is a consequence of vasodilatation after DNA 
damage. In this thesis, we aimed to investigate, if there were connections between 
skin erythema and the circadian clock.   

In order to investigate the impact of the hour of the day on UVB induced 
erythema, we performed photosensitivity testing of the skin of 19 healthy volunteers 
twice, first in the morning and second in the evening. Using immunohistochemistry 
we also analysed skin biopsies taken at a different hour of the day, the expression of 
the core clock proteins. Erythema was found to be more pronounced after evening 
irradiations than after morning irradiations. Cryptochrome-2 (CRY2) was identified 
as a possible protecting factor. 

The effect of UVB irradiation on circadian time in the skin was studied by 
performing mRNA expression analyses on skin samples obtained from 12 healthy 
volunteers. We compared expression of clock proteins in non-irradiated and UVB 
irradiated skin samples and in corresponding samples of subcutaneous adipose 
tissue. UVB exposures seemed to modify the expression of CRY2 in epidermal and 
dermal skin, and that of Cryptochrome-1 (CRY1) and Circadian-associated 
transcriptional repressor (CIART) in subcutaneous adipose tissue. Irradiation also 
altered the CRY1/CRY2 ratio. 



ix 

In a further study, 39 healthy volunteers were analyzed using 
immunohistochemistry for the presence of melatonin in the non-UVB exposed 
buttocks skin at different times of the day. The photosensitivity testing was 
performed on the skin of all our volunteers. We discovered melatonin content of the 
non-irradiated skin to vary diurnally. However melatonin expression in the skin 
detected by immunohistochemistry did not correlate with the circadian change in 
erythema sensitivity. 

In conclusion, the hour of the day of UVB irradiation seems to influence the 
erythema formation in healthy human skin. The connection is also reverse, because 
UVB irradiation changes the mRNA expression of clock driving proteins. It is 
possible that UVB serves as a cue for circadian time entrainment through the skin. 
Even though the melatonin content of the skin varies diurnally this does not appear 
to be the reason why UVB induces more erythema in the evening than in the 
morning. Understanding factors influencing erythema sensitivity of the skin and its 
interactions with the circadian clock could promote the development of skin cancer 
prevention strategies as well as dermatological treatments. An extensive 
understanding of circadian clock entrainment is an important part of overall human 
health. 
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TIIVISTELMÄ 

Auringon ultraviolettisäteily on merkittävä karsinogeeni jokapäiväisessä 
elämässämme. Sen vaikutuksesta ihon solujen perimään kertyy mutaatioita ja 
samanaikaisesti se lamaa immuunipuolustusta. Biologisesti aktiivisin osa auringon 
ultraviolettisäteilyn spektriä on ultravioletti B (UVB) aallonpituusalue.  

Eläinkokeissa on saatu viitteitä siitä, että herkkyys UVB-säteilyn aiheuttamalle 
punoitukselle riippuisi vuorokaudenajasta, kun taas ihmisten suhteen, on tästä 
esitetty vasta arvailuja. Kuitenkin monet ihmisihon toiminnot ovat tutkimuksissa 
osoittautuneet vuorokaudenajan suhteen rytmisiksi, ja useilla ihon solutyypeilläkin 
on oma sisäinen kellonsa. Kuten aivoissa sijaitsevassa vuorokausirytmin keskuksessa, 
myös ihmisihossa syntetisoidaan kelloproteiineja, joista keskeisimpiä ovat 
kryptokromit, sekä melatoniinia, joka on tärkeä vuorokausirytmiä säätelevä hormoni. 
Ihon kelloproteiinien ja melatoniinin yhteydestä ihon palamiseen ei toistaiseksi ole 
juuri lainkaan tietoa.  

UVB-säteily aiheuttaa ihon palamista eli punoituksen, joka on seurausta 
verisuonten laajenemisesta deoksiribonukleiinihapon (DNA) vaurioitumisen 
yhteydessä. Tutkimuksella haluttiin selvittää tämän punoituksen ja ihon 
vuorokausirytmin välisiä yhteyksiä. 

Vuorokaudenajan vaikutusta UVB-säteilyn aiheuttamaan punoitukseen tutkittiin 
mittaamalla 19 terveen vapaaehtoisen henkilön ihon punoitusta valotestissä sekä 
aamulla että illalla. Ihosta eri vuorokaudenaikoina otetuista koepaloista analysoitiin 
lisäksi kelloproteiinien määrää immunohistokemiallisilla värjäyksillä. Punoitus oli 
intensiivisempää illalla verrattuna aamuun, ja Cryptochrome-2 (CRY2) kelloproteiini 
tunnistettiin mahdolliseksi punoitukselta suojaavaksi tekijäksi. 

UVB-säteilyn vaikutusta ihon vuorokausirytmiin tutkittiin 
lähettiribonukleiinihapon (mRNA) analyysien avulla 12 terveen vapaaehtoisen 
koehenkilön ihonäytteistä. Valottamattoman ja UVB-valotetun ihon ja 
ihonalaisrasvan kelloproteiinien mRNAn ilmenemistä verrattiin toisiinsa. UVB-
säteily vaikutti muokkaavan vuorokausirytmiä säätelevien CRY2 kellogeenin 
ilmenemistä epidermaalisessa ja dermaalisessa ihossa sekä CRY1 ja Circadian-
associated transcriptional repressor (CIART) kellogeenien ilmenemistä 
ihonalaisrasvassa. Säteily myös muutti kellogeenien CRY1/CRY2 suhdetta.  
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Yhteensä 39 terveen vapaaehtoisen koepaloista analysoitiin 
immunohistokemiallisilla värjäyksillä melatoniinin ilmenemistä ihossa eri 
vuorokaudenaikoina. Kaikkien tutkittavien ihoille tehtiin valotesti. Tutkimuksessa 
selvitettiin, oliko melatoniinin määrä ihossa kytköksissä UVB-säteilyn aiheuttaman 
punoituksen voimakkuuteen ja sen vuorokausivaihteluun. Melatoniinin määrä ihossa 
oli erilainen aamulla ja illalla. Ihossa havaitun melatoniinin määrä ei kuitenkaan 
selittänyt punoitusherkkyyden vaihtelua UVB-säteilytyksen seurauksena eri 
vuorokaudenaikoina. 

Vuorokaudenaika näyttäisi vaikuttavan UVB-säteilyn aiheuttaman punoituksen 
intensiteettiin terveiden henkilöiden iholla. Vuorovaikutus toimii toiseenkin 
suuntaan, sillä UVB-säteily muuttaa vuorokausirytmiä säätelevien kellogeenien 
ilmenemistä ihossa. On mahdollista, että UVB-säteily toimii sisäistä kelloa 
tahdistavana tekijänä. Vaikka melatoniinin määrä ihossa on erilainen eri 
vuorokaudenaikoina, ei ilmiö selittäne UVB-säteilyn aiheuttaman ihon punoituksen 
intensiteetin vaihtelua. Se, että ymmärrys ihon punoitusherkkyyteen vaikuttavista 
tekijöistä ja niiden yhteydestä sisäiseen kelloon lisääntyy, voi avata uusia 
kehityssuuntia ihosyöpien ehkäisyssä ja ihosairauksien hoidossa. Laaja ymmärrys 
sisäistä kelloa tahdittavista tekijöistä on myös tärkeää ihmisen kokonaisvaltaisen 
hyvinvoinnin kannalta.  
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1 INTRODUCTION 

In the human body there is an internal circadian clock setting the pace of its 
functions. The first irrefutable evidence of an independent self-sustained clock was 
shown on volunteers who spent several weeks in isolation from external time cues 
such as light: their physiology still followed daily variation in an approximately 24h 
cycle (Aschoff 1965). In addition to internal autonomy, the timekeeping circadian 
clock was also found to have another important feature, flexibility. It is able to re-
adjust, for example, after long flights between different time zones. In that case, 
symptoms of temporary desynchronization between intrinsic and environmental 
time cause jetlag (Rajaratnam and Arendt 2001). Based on a similar chaotic 
relationship between intrinsic clock and external requirements, shift work is 
comparable to permanent jetlag. As various epidemiological studies from the 1990s 
to 21th century connected shift work to health problems (Rafnsson and 
Gunnarsdottir 1990; Bøggild and Knutsson 1999; Schernhammer et al. 2003, 2011; 
Megdal et al. 2005) the assumption that circadian clock desynchronization is not a 
healthy condition in general, began to take shape. 

Fortunately, the circadian clock in the human body can be controlled. The first 
clock controlling external factor, bright light, was found in 1980 to influence the 
circadian clock by suppressing melatonin expression (Lewy et al. 1980). Decades later 
other types of stimuli capable of clock entrainment have been identified (Tahara et 
al. 2017). However, controlling the circadian clock using bright light has become 
popular especially in northern latitudes, paying less attention to other types of clock 
synchronization possibilities. 

Dermatologists regularly meet patients, who report, in addition to skin 
improvement, gaining energized and improved mood from solar UV radiation. In 
fact, artificial narrow-band UVB (NB-UVB) radiation has been reported to have 
mood improving related effects in human volunteers (Toledo et al. 2019). However, 
to this end, connections detected between UV radiation and the circadian clock have, 
for the most part, been based on animal experiments and cell culture studies 
(Slominski et al. 2018b). 
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As bright visible light entrains the circadian clock through the eyes, we believe 
that UV radiation affects the clock via the skin. Because the strength of clock 
entrainment by visible light depends on external and internal time (Roenneberg and 
Foster 1997), the impact of UV radiation could also be dependent on time of the 
day. The main purpose of the circadian clock is scheduling the functions of the body 
in optimal time windows. Skin functions are no exception (Geyfman and Andersen 
2009). This leads us to the hypothesis that e.g. erythema response would differ during 
the day. The main aims of the present study were to examine how time of the day 
affects UVB-induced erythema, and the effects of UVB on circadian clock gene 
expression in the skin. A further aim was to examine the proposed link between 
circadian hormone melatonin and skin sensitivity to UVB-induced erythema. 
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2 REVIEW OF THE LITERATURE 

2.1 UV radiation and the skin 

Solar UV radiation falls between the wavelengths of X-rays and visible light in the 
spectrum of electromagnetic radiation. According to its electrophysical features, 
solar UVR is subdivided into the following three sections: UVA (315-400 nm) with 
lowest energy and longest wavelength, UVB (280-315 nm), and UVC (100-280 nm) 
by the Commission Internationale de l´Eclairage (CIE 2011). Another widely used 
definition for UVB is 280-320 nm, which is mostly used in photobiology. Solar UV 
radiation below 290 nm, including UVC, is totally absorbed by the atmosphere.  

The rays reaching the earth’s surface penetrate the exposed skin in a wavelength-
dependent manner. As long-wave UVA radiation with lowest energy may reach the 
dermis, the shorter UVB wave lengths involving higher energy are mostly absorbed 
into the epidermal tissue (Bruls et al. 1984; Meinhardt et al. 2009; D’Orazio et al. 
2013) (Figure 2). UVB has a greater biological effect on the skin than does UVA and 
the acute effects of solar UV radiation are mediated principally through UVB 
(Freeman et al. 1989). In recent years artificial narrow-band ultraviolet B (NB-UVB) 
consisting mainly from 309 to 313nm wave lengths and peaking at 311nm wave 
length has become the most used form of radiation in phototherapy. Irradiance 
spectra from both sun and NB-UVB phototherapy devices are shown in Figure 1. 

Solar UV radiation has both adverse and beneficial effects on human health. 
Many of these occur as acute or subacute reactions, but some may appear years or 
even decades later. As the acute effect, UV radiation causes vitamin D synthesis, 
immunosuppression, induction of antimicrobial peptides, erythema, and tanning, 
and as a chronic effect solar elastosis, skin thickening and cancers (Reichrath 2006; 
Bernard et al. 2019). These effects are wavelength dependent because of different 
penetration of different UV subtypes in the skin as seen in Figure 2, so that UVA, 
for example causes solar elastosis and other dermal changes whereas UVB is mainly 
responsible for epidermal carcinomas of the skin (D’Orazio et al. 2013). From NB-
UVB, depending on the thickness of the epidermis at different skin sites, less than 
10% reaches the dermis (Bruls et al. 1984; Meinhardt et al. 2009).  
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The skin’s location between external and internal environment requires it to 
maintain protective mechanisms against UV radiation and other external stimuli. To 
understand the mechanisms and their circadian function it is necessary to further 
review some actions between UV radiation, skin, and internal homeostasis. 

 
 

Figure 1.  Irradiance of summer sun and narrow-band ultraviolet B (NB-UVB) phototherapy device 
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Figure 2.  Solar UV radiation penetration depth in the skin 
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2.1.1 Acute effects 

Acute effects of UVB on the skin are vitamin D synthesis, immunosuppression, 
induction of antimicrobial peptides, inflammation detected as erythema and tanning 
(Young 2006; Bernard et al. 2019). Previtamin D3 (cholecalciferol) formation in the 
skin due to UVB irradiation, accounting for about 90% of the requisite total 25-
Hydroxyvitamin D serum concentration, is an important action for overall human 
health (Reichrath 2006). UVB causes immunosuppression as an acute effect after a 
single radiation dose. Response starts from the skin and can spread throughout the 
whole body (Hart and Norval 2018). The most visible of the acute effects, skin 
erythema, is an indicator of DNA damage that can be easily quantified. It also varies 
due to the properties of both the exposed skin and the source of radiation.  

2.1.1.1 Erythema and pigmentation 

The intensity of UV-induced erythema depends on several factors such as 
wavelength, UVR dose, genetic skin sensitivity to UV radiation, site of exposure, and 
previous light exposure. The erythema sensitivity of the skin of an individual can be 
presented as a Minimal erythema dose (MED), a value that indicates the smallest 
radiation dose required to induce barely perceptible erythema. Erythemally weighted 
UV radiation doses can also be presented as Standard Erythemal Doses (SED) or 
CIE erythema weighted doses as J m-2 or mJ cm-2 (CIE 2019) that are not related to 
individual.  

The time course of UV-induced erythema is biphasic; it first peaks, mainly by 
UVA, immediately after irradiation and the second peak, mainly by UVB, follows 
from several hours to 24h after irradiation (Logan and Wilhelm 1963; Farr and Diffey 
1986; Hönigsmann 2002). Erythema indicates several adverse effects of UV 
irradiation: skin inflammation, damaged DNA and oxidative stress (D’Orazio et al. 
2013). At the molecular level DNA damage caused by UV radiation results mainly 
from the formation of highly mutagenic cyclobutane pyrimidine dimers (CPDs) and 
6-4 photoproducts (6-4 PPs) (Shah and Yu-Ying 2015). These photoproducts cause 
the so-called “UV signature mutations” characteristic of UV-induced DNA damage. 
Another important part of skin carcinogenesis occurring after UV exposure as 
independent action at the same time as erythema and p53 formation is the 
accumulation of reactive oxygen species (ROS) (Kulms et al. 2002). 

UVB is highly erythematogenic, but does not, to a significant extent, penetrate to 
the level of the vascular dermis, where erythema takes place. Therefore some 
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mediators must be present. These have emerged over the time one by one. At the 
very beginning of research on erythema, it was observed that skin erythema reaction 
closely resembles other inflammatory skin reactions, with increased vascular 
permeability by leukocyte actions. The reaction was reduced by antihistamines 
(Logan and Wilhelm 1963). As early as 1970 it was observed that, histamine and 
serotonin had only a minor role, and an unidentified smooth muscle contracting 
agent had a major role in mediating the erythema reaction (Greaves and Sondergaard 
1970). The agent turned out to consist of prostaglandins and arachidonic acid that 
were present immediately and 24 hours after UVB irradiation (Black et al. 1978a). 
Topical and peroral prostaglandin inhibitor indomethacin suppressed UVB-induced 
erythema, but only partially, which suggested that not even prostaglandins alone were 
in responsible for erythema formation (Black et al. 1978b). It was later established, 
that UVB releases nitric oxide in human skin, which is assumed to be part of the 
erythema reaction (Deliconstantinos et al. 1995). The UVR absorbing part of the 
skin i.e., chromophore was clearly DNA, hence its absorption spectrum to format 
pyrimidine dimers and 4-6 photoproducts was found to match the absorption 
spectrum of erythema (Freeman et al. 1989). This fact was later confirmed in vivo and 
revealed that DNA damage likely triggers UV-induced erythema (Young et al. 1998). 
The action spectra for erythema formation and DNA photodamage are similar 
(Young et al. 1998) and they also have similar protective factors (Sheehan et al. 2002). 

Fortunately, skin has ways to protect itself. By damaging DNA, UV radiation 
activates tumor suppressors such as p53, which leads to the recruitment of 
Nucleotide excision repair (NER) (Ziegler et al. 1994; Decraene et al. 2001), a major 
mechanism to delete large UVR damaged DNA lesions (Sancar 2004; D’Orazio et 
al. 2013). Even with doses of radiation when no erythema visible to the naked eye is 
present, acute effects of UVB radiation can be detected as an increased amount of 
p53 tumor suppressor protein (Healy et al. 1994). To inactivate ROS and to repair 
DNA damage due to its actions, the skin maintains a robust antioxidative system 
consisting of various enzymes such as catalase, superoxide dismutase, glutathione 
peroxidase, peroxiredoxin, and heme oxygenase (Hernandez et al. 2019). The final 
mechanism to protect the skin against cancer formation is apoptosis, a controlled 
cell death, that can be detected in immunohistochemistry as apoptotic keratinocytes 
i.e., sun burn cells (Sheehan and Young 2002) 
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Figure 3.  Fitzpatrick phototype, erythema, melanin and skin cancer risk 

 
 
 
 
 
 
 
 
 
 

Skin phototypes related to photosensitivity were first presented in 1988 by Thomas 
B. Fitzpatrick (Fitzpatrick 1988). This classification, however, is subjective and not 
very reliable (Snellman et al. 1995). As an objective measurement, the MED test, the 
erythema response to UVB of unexposed skin, has been used to depict 
photosensitivity and consequently indirectly the relative risk of non-melanoma skin 
cancer (NMSC) development (Preston and Stern 1992). Main genetic factors 
determining the UV sensitivity of the skin of an individual are the type and amount 
of melanin in the epidermis. There are two main chemical forms of melanin, dark 
UV-blocking eumelanin and light UV-permeable pheomelanin (Simon et al. 2009). 
At a molecular level eumelanin serves as a free radical scavenger while via UV-
dependent pathways pheomelanin can generate ROS (Bustamante et al. 1993; 
Napolitano et al. 2014). Low MED correlates with sun-sensitive Fitzpatrick 
phototype and low eumelanin content of the skin whereas high MEDs indicate great 
amounts of eumelanin and a phototolerant phototype that rarely or never burns 
(Fitzpatrick 1988; Lu et al. 1996). Taken together, high eumelanin content of the 
epidermis is one factor protecting the skin against UV radiation-induced erythema 
and cancer development (Lu et al. 1996; Urbach 1997).  

Acute tanning results from UVA exposure without previous erythema whereas 
delayed tanning results from UVB after erythema formation (Hönigsmann, 2002). 
Tanning due to UVB radiation is in fact skin darkening by increased melanin 
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synthesis and peaks from days to a week after irradiation (Park et al. 2002).  Like 
erythema, the tanning response is triggered by the DNA damage (D’Orazio et al. 
2013). In tanning response, stabilization of p53 leads to the transcription of Pro-
opiomelanocortin (POMC) peptides. Of these, upregulation of a-Melanocyte-
stimulating-hormone (a-MSH) leads to an increase in the melanin content of 
epidermis via Melanocortin 1 receptor (MC1R), and Beta-endorphin (b-END) may 
lead to tanning dependency (Nguyen and Fisher 2018). Among the other protective 
mechanisms mentioned, this melanogenesis, is another pathway in the human skin 
to react to the DNA damaging properties of UVB.  

2.1.2 Chronic effects 

The chronic effects of UVB include skin thickening, carcinogenesis, and 
immunosuppression as a broader phenomenon. Of these, local effects occurring in 
the irradiated skin, are thickening of the epidermis (Lee et al. 2002) and skin cancer 
development (Feehan and Shantz 2016).  

Repeated UVB exposure accumulates DNA mutations. At some point the risk 
that not all mutations are efficiently repaired by NER begins to increase. Skin cancers 
can be classified as malignant melanomas (MMs) and NMSCs. MMs are associated 
with frequent sunburns during the life course (Dennis et al. 2008) whereas NMSCs 
are associated with high cumulative life-time doses of UVB radiation (Urbach 1997). 
Despite a small increase in the incidence of NMSCs detected in patients treated with 
NB-UVB in a few studies (Man et al. 2005; Raone et al. 2018) to date, NB-UVB 
phototherapy has not been defined as carcinogenic when treating skin diseases such 
as psoriasis or atopic eczema (Lee et al. 2005; Nast et al. 2015; Wollenberg et al. 
2018). 

In addition to acute immunosuppressive effect, UVB is capable of causing 
immunosuppression as a chronic effect after various even suberythemal irradiation 
doses (Hart and Norval 2018). This was first discovered in the early 1980s when Drs. 
Michael S. Fisher and Margaret L. Kripke demonstrated that UV irradiation 
promoted the growth of skin cancers via activation of regulatory T lymphocytes 
(Fisher and Kripke 1982). Decades later a mediator of skin cancer promoting actions 
of UVB-induced immunosuppression was proven to be IL-10 (Loser et al. 2007). 
DNA and trans-urocanic acid represent the chromophores of local 
immunosuppressive actions (Hart and Norval 2018). UV radiation has an impact on 
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the human immune system at both the local and systemic levels (Bernard et al. 2019). 
The chronic systemic effects of UVR are reviewed below. 

2.1.3 Systemic effects 

Although UVB radiation penetration depth in the human skin is only millimeters, its 
implications extend to homeostasis of the entire body. According to animal studies, 
it has an impact on regulatory pathways related to immune balance (Skobowiat and 
Slominski 2015) and via b-endorphin (b-END) production to mood and even UV 
addiction (Fell et al. 2014). 

The fact that UV radiation influences the human immune system was remarkable 
at the time of its discovery (Fisher and Kripke 1982) and by the 1990s the effect was 
already well established (Kripke 1994). At cellular level, it was found that in the skin 
exposed to UVB, trans-urocanic acid transforms into cis-urocanic acid that can act as 
a potent immunomodulator (Slominski and Wortsman 2000). It was also shown that 
in human skin UVB stimulates the production of corticotropin-releasing hormone 
(CRH) (Slominski et al. 1996) and POMC peptides such as adrenocorticotropic 
hormone (ACTH) (Zbytek et al. 2006), a-MSH, b-END, b-Lipotropin (b-LPH), and 
corresponding receptors possibly triggered by oxidative stress (Chakraborty et al. 
1999). UVB also stimulates the production of IL-1, IL- 6 and TNFa, the cytokines 
that can stimulate the CRH-POMC pathway even more (Slominski and Wortsman 
2000). The stress response pathway behind many systemic effects of UVB was fully 
described less than ten years ago; irradiated skin activates both local and central 
hypothalamic-pituitary-adrenal (HPA) axes to protect the human body from the 
adverse effects of UV radiation (Slominski et al. 2013). Nowadays it is known that 
UV-radiation has an impact on the human immune system both locally and 
systemically so that the net effect is immunosuppressive (Slominski and Wortsman 
2000; Nishisgori 2015). 

Mediators of systemic effects of UVB seem to be produced simultaneously with 
erythema. The production of POMC peptides both in skin and in serum peaks 
significantly about 24 hours after UV exposure (Skobowiat et al. 2011). The 
cytokines mentioned can also be found in the circulatory system from 12 to 72 hours 
after UVB irradiation simultaneously with the erythema reaction (Urbanski et al. 
1990). It has also been found out that UVB can induce the respective 
immunosuppressive cytokines systemically even faster possibly by neural 
stimulation. This may occur less than one hour from irradiation but has not been 
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confirmed in humans in vivo (Skobowiat et al. 2017). Parallel occurrences of erythema 
and systemic changes could also be due to vasodilation as it is known that CRH acts 
as a vasodilator in the skin (Slominski et al. 2000; Bernard et al. 2019). 

2.1.4 Population-level effects 

Solar UVR is the main factor inducing NMSCs and MMs as well as premalignant 
skin lesions such as Actinic keratosis (AKs) and Morbus Bowens (D’Orazio et al. 
2013; Reinehr and Bakos 2019). Prevalence rates of all skin cancers have increased 
by 43% in women and by 64% in men in Finland from 2008 to 2018 (Finnish Cancer 
Registry). This is a global phenomenon, and in the USA, for example, the number 
of skin cancers is also rising and the annual costs were over 8 billion dollars already 
ten years ago (Guy et al. 2015). Also the number of AKs, premalignant lesions which 
need to be treated in order to reduce the risk for skin cancer development, is rising, 
which has a significant financial impact (Siegel et al. 2017). In the future costs are 
expected to rise even more (Gordon and Rowell 2015). 

Artificial UVR also has some population-level effects. Although solarium 
exposure is associated with increased risks for NMSCs and MM, tanning beds are 
still used for cosmetic purposes (Boniol et al. 2012; Wehner et al. 2012, 2014). The 
prevalence of indoor tanning ever exposure in the USA, Europe and Australia ranges 
from 19.3% to 55.0% with the highest prevalence in Northern and Western Europe 
(Wehner et al. 2014). 

UV Phototherapy is a common treatment of eczema and psoriasis patients 
attending dermatology clinics. Consensus-based European guidelines recommend 
phototherapy, especially NB-UVB, as a treatment for moderate to severe psoriasis 
and atopic eczema (AE) (Pathirana et al. 2009; Wollenberg et al. 2018). Both are 
common skin diseases, and in a Finnish birth cohort study the prevalence of eczema 
in total was as high as 27.4% and that of psoriasis was 2.1% among adults (Sinikumpu 
et al. 2014). AE is the type of eczema that affects approximately 2 to 8% of adult 
population in most countries (Wollenberg et al. 2018). The prevalence of AE in 
Finland was found to be 4.8% (Sinikumpu et al. 2014). Also other types of eczemas 
and skin diseases can be and are successfully treated with phototherapy (Muekusch 
et al. 2007). 
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2.2 The circadian clock 

2.2.1 The core circadian clock and Zeitgebers 

The inbuilt circadian clock helps multicellular organisms to adjust their actions in 
physiology to 24 hours a day. The circadian clock’s independence of the light-dark 
cycle was discovered almost 300 years ago, when the French astronomist Jean-
Jacques d’Ortous de Mairan reported that the Mimosa pudica plant opened and closed 
its leaves in the constant darkness (De Mairan 1729). The actions of the human 
circadian pacemaker were described by Jürgen Aschoff in 1965 (Aschoff 1965). He 
proposed that without external time cues, also known as Zeitgebers, the human 
circadian clock adheres to a period close to but usually a little longer than 24 hours 
(Aschoff 1965). This observation was later proved and measured in more controlled 
lighting conditions under clock desynchronization protocols by Charles A. Czeisler 
and colleagues, who determined the average core circadian clock period to be 24.18 
hours (Czeisler et al. 1999). Anatomically the central clock is located within the 
hypothalamus in the suprachiasmatic nucleus (SCN) in mammalian species. It was 
first located using lesion and transplant studies (Moore and Eichler 1972; Ralph et 
al. 1990). In cell culture, the finding that the SCN can initiate and maintain circadian 
rhythm confirmed its importance for clock machinery (Welsh et al. 1995). Later the 
SCN has been a rational place to discover the molecular basis of circadian pacemaker 
genes and proteins (King et al. 1997). 

When cycle of the central clock is shorter than 24h in the absence of Zeitgebers, 
a phase advance occurs, in contrast to a phase delay occurring when the inbuilt clock 
period is longer than 24h. Individual relationships between core circadian clock 
periods and the external 24h environment create different chronotypes: extreme 
morning larks begin their days when extreme night owls goes to sleep (Roenneberg 
et al. 2003b). In other words, chronotype reflects the individual’s timing preference 
in daily activities and has been recognized since 1970s (Horne and Östberg 1976). 
Chronotype is affected by genetic factors (Maukonen et al. 2020). In fact, the 
heritability of chronotype among adults in Finnish population is approximately 50% 
(Koskenvuo et al. 2007). Chronotype also depends on age and sex so that prevalence 
of morning type increases by age and, in twin cohorts, is more common in women 
than in men (Vink et al. 2001; Koskenvuo et al. 2007). However, in general 
population, morning types are overall more frequent among men (51%) than women 
(44%), whereas evening types are more frequent among women (13%) than men 
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(11%), and in both men and women the proportion of evening types decreases by 
age (Merikanto et al. 2012). 

Chronotype is moreover affected by environmental factors such as lighting 
condition (photoperiod) and social jet lag, which refers to the discrepancy between 
sleeping schedules on working days and days off (Allebrandt et al. 2014). In a process 
called entrainment, Zeitgebers such as visible light, temperature, eating, and exercise 
(Tahara et al. 2017) are synchronized with the inbuilt circadian time (Roenneberg et 
al. 2003a). One example of this is bright light therapy, which can reset the clock in 
persons suffering from seasonal affective disorder (SAD) (Golden et al. 2005). The 
effect of light as well as that of other Zeitgebers, however, varies depending on the 
current hour of the day and among SAD patients seems to be most effective when 
provided in the morning hours (Colwell 2011).  

The core circadian clock influences the whole body homeostasis including 
temperature, nutrition state, sleep-wake cycle, and production of melatonin and 
other hormones (Bass and Takahashi 2010). It also synchronizes clocks in the 
peripheral tissues (Buhr et al. 2010). Of the Zeitgebers, light has been traditionally 
the one believed to have its effect on the circadian clock via the SCN, while eating 
(Schibler et al. 2003), exercise, stress, (Tahara et al. 2017) and temperature (Buhr et 
al. 2010) have direct effects on peripheral clocks. 

2.2.2 Clock genes and proteins 

The investigation of the genetics behind inborn circadian rhythms has led scientists 
to discover large numbers of new genes, proteins, and feedback loops. The first clock 
gene per was discovered in the 1970s by Ronald J. Konopka and Seymour Benzer 
when they investigated rhythm-mutant Drosophila melanogaster flies (Konopka and 
Benzer 1971). Their studies of the genetics behind the circadian clock and other 
individual differences marked the beginning of a new field of science: behavioral 
genetics. Almost two decades later Paul E. Hardin and colleagues were the first to 
describe the circadian feedback loop that is still the principal mechanism behind 
clock protein action. In a simple clock feedback loop, a protein, for example Per in 
Drosophila melanogaster inhibits per gene expression that leads to a decrease in the 
amount of Per protein and eventually decreases the inhibition of gene expression 
that starts the feedback loop from the beginning (Hardin et al. 1990). 

The ultimate control behind clock proteins lies in the clock genes and their cyclic 
expression. They form feedback loops lasting approximately 24h, which is why even 
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in constant darkness plants and animals, as well as humans, function in a circadian 
manner. The first mammalian clock gene Clock was found in mouse (Antoch et al. 
1997; King et al. 1997) and the second clock gene, Per (Drosophila melanogaster 
homolog) in mouse, and as PER in human (Sun et al. 1997; Tei et al. 1997). 
Thereafter, in the early 2000s the frames of the molecular circadian clock in 
mammals began to emerge. The partner clock protein of CLOCK, ARNTL (Gekakis 
et al. 1998; Bunger et al. 2000), and both PER1 and PER2 were also identified as 
part of the mammalian clock protein feedback loop (Bae et al. 2001). In addition, 
clock proteins RAR-related orphan receptor alpha (RORa) and REV-ERBa were 
found to represent a part of an accessory feedback loop which, similar to PER 
expression, inhibits ARNTL activity (Lowrey and Takahashi 2011) (Figure 4).  

Cryptochrome 1 and 2 (CRY1, CRY2) clock proteins were first discovered when 
Drosophila (6-4) photolyase homolog was cloned in humans and showed great 
similarity to plant blue light photoreceptors (Hsu et al. 1996; Todo et al. 1996; Van 
Der Spek et al. 1996). Light can suppress pineal melatonin release even in some blind 
humans. In fact, the circadian rhythm may be entirely normal despite of blindness 
(Czeisler et al. 1995; Partonen et al. 1995). This fact led scientists to posit the 
existence of yet unidentified circadian photoreceptors in the eyes. In the late 1990s 
Yasuhide Miyamoto and Aziz Sancar discovered CRY1 and CRY2 in mouse retina 
and proposed these to be responsible for photoreception (Miyamoto and Sancar 
1998). In addition, cryptochromes were identified as essential clock proteins, as mice 
lacking both of them lost their autonomic circadian rhythms. The lack of either 
CRY1 or CRY2 led to clock function faster or slower than normal. In other words, 
CRY1 makes the clock tick slower whereas CRY2 makes it tick faster. (Van Der 
Horst et al. 1999). Cryptochromes have also been shown to regulate genotoxic stress 
responses to DNA damage, possibly protecting genomic integrity (Papp et al. 2015). 
All these different functions of mammalian cryptochromes make them an interesting 
part of clock machinery. 

The last core clock protein so far identified has been the Circadian Associated 
Repressor of Transcription (CIART) that negatively regulates the transcription of 
ARNTL (Anafi et al. 2014; Goriki et al. 2014). Taken together, as seen in Figure 4, 
the basic mechanism of the clock protein feedback loop is CLOCK/ARNTL 
heterodimer complex activating CRY and PER gene expression via E-boxes and 
then respectively PER/CRY and CIART proteins inhibiting CLOCK and ARNTL 
formation. The accessory feedback consists of RORa/REV-ERBa and CIART that 
inhibits CLOCK/ARNTL. These loops affect the whole homeostasis by activating 
various clock controlled genes (CCGs) in a tissue specific manner (Takahashi 2017). 
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Figure 4.  Core circadian clock proteins and feedback loops 

2.2.3 Melatonin 

Melatonin is a tryptophan derivative (N-acetyl-5-methoxytryptamine) first isolated 
by Aaron B. Lerner and colleagues from the bovine pineal gland in 1958. The 
discovery was made on the basis of observations that pineal gland extraction lightens 
the skin of animals by decreasing the melanocyte stimulating hormone (aMSH) 
(Lerner et al. 1958). However, as oral melatonin intake does not promote human 
skin pigmentation, the role of melatonin in skin color changes remains unclear 
(McElhinney et al. 1994).  

Classical chronobiology associates melatonin with a circadian rhythm by focusing 
its secretion from the pineal gland (Reiter 1991). Pineal secretion of melatonin is 
controlled by the circadian clock. In daytime levels of circulating melatonin remain 
low because of inhibitory signals from the SCN. Respectively, in the absence of these 
signals, levels of circulating melatonin rise during the night (Moore 1996). In addition 
to these properties melatonin is involved in numerous endogenous and 
immunological processes in the human body (Reiter 1991). For over two decades 
has been clear that melatonin can serve as an antioxidant by directly scavenging 
reactive oxygen and nitrogen species or indirectly by stimulating other antioxidants 
(Reiter 1996).  
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Most melatonin is synthesized in the pineal gland where L-tryptophan from the 
blood stream is converted into melatonin in a four-step process induced by the 
darkness-triggered pathway from the SCN through the paraventricular nucleus 
(PVN) via the retinohypothalmic tract (Reiter 1991). L-tryptophan is hydroxylated 
to 5-hydroxytryptophan that is decarboxylated to serotonin that is acetylated to N-
acetylserotonin (NAS) that is converted to melatonin. The rate limiting steps of this 
synthesis are mediated by tryptophan hydroxylase (TPH), arylalkylamine N-
acetyltransferase (AANAT), and hydroxylindole-O-methyltransferase (HIOMT).  

In general, the metabolism of melatonin in humans can occur via indolic or 
kynuric pathways (Hardeland et al. 2006; Kim et al. 2013). The indolic (main) 
pathway involves the formation of 5-methoxytryptamine (5-MT) (Grace et al. 1991) 
and predominantly in the liver the formation of 6- hydroxymelatonin (6-OHM) that 
is a main circulating form of melatonin (Reiter 1991; Hardeland et al. 2006). The 
kynuric pathway leads to the formation of the primary cleavage product of 
melatonin, N1-acetyl-N2-formyl-5-methoxykynuramine (AFMK) that is 
deformulated to  N1-acetyl-5-methoxykynuramine (AMK) (Semak et al. 2005; 
Hardeland et al. 2006). In humans the actions of melatonin can be mediated through 
G-protein-coupled receptors MTNR1A (also known as MT1) (Reppert et al. 1994) 
and MTNR1B (also known as MT2) (Reppert et al. 1995) and NQO2 (formerly 
known as MT3) that is an enzyme (Duncan et al. 1988; Nosjean et al. 2000; Boutin 
and Ferry 2019). In humans, contrary to previous assumptions, RORa is not a 
nuclear melatonin receptor (Slominski et al. 2016). 

Melatonin secretion from the pineal gland is a classic way to reset the main 
circadian clock. Light signals from the retina pass through the retinohypothalmic 
tract to the SCN and keep the circadian clock in the 24h-day rhythm by means of 
melatonin secretion. Without light stimulus melatonin secretion runs free in a 
rhythm typically a little over 24h generated by the main circadian clock in the SCN 
by the feedback loops of clock proteins (Reiter et al. 1971). 
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Figure 5.  Synthesis of melatonin 

 

Figure 6.  The basic metabolism of melatonin 
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2.2.4 The clock in the peripheral organs 

While the core circadian clock is clearly affected by light, clocks in the peripheral 
tissues are entrained by various external stimuli (Sherratt et al. 2019). When these 
Zeitgebers were investigated in the early 2000s, the nature of the partial autonomy 
of circadian clocks in different organs was just emerging. The liver, for example, 
seemed to receive signals from both the SCN and external Zeitgebers (Brown et al. 
2002). However, peripheral clocks continue, in normal circumstances, to be under 
the control of SCN. This synchronizes multiple peripheral clocks to follow the time 
together, as was first demonstrated using temperature as entrainment (Buhr et al. 
2010). Taken together, the SCN senses the time of the day via external signals and 
synchronizes peripheral clocks by its influence in releasing e.g. melatonin (Pevet and 
Challet 2011), glucocorticoids (Tahara et al. 2017) or temperature changes of the 
body (Brown et al. 2002). 

 

Figure 7.  Clock entrainment 
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2.3 The circadian clock in the skin 

2.3.1 Circadian function and clock genes in the skin 

The skin is a very accessible and interesting link between the core circadian clock 
and the Zeitgebers. From the surface inwards it consists of three layers: the 
epidermis, the dermis, and subcutaneous fat and includes various cell types such as 
keratinocytes, fibroblasts, and fat cells as major components of the three layers 
mentioned. 

The first indications of a circadian clock in the skin were obtained as early as in 
1948, when William S. Bullough discovered that the mitotic activity of the epidermal 
cells of mouse skin were under the control of an approximately 24h-clock (Bullough 
1948). Human skin circadian features were well documented by Isabelle Le Fur and 
colleagues in 2001 on eight healthy volunteers and circadian variation of 
transepidermal water loss, sebaceous gland function and surface temperature were 
obtained (Le Fur et al. 2001). Circadian functions of the skin have been explored 
even in recent years: as keratinocytes and fibroblast contains their own circadian 
machinery (Sandu et al. 2012), it is no surprise that circadian time significantly affects 
wound healing. Burns incurred in daytime heal faster than those incurred at night 
(Hoyle et al. 2017). One reason for this could be enhanced epidermal proliferation; 
Florian Spörl and colleagues showed in human skin suction blisters and punch 
biopsies a transcription factor that promotes epidermal proliferation to peak at noon 
(Spörl et al. 2012). Human skin pigmentation has also been proven to be mediated 
by the circadian clock (Hardman et al. 2015). 

In the same year that the clinical features of the human skin circadian clock were 
explored (Le Fur et al. 2001) the first study that proved the circadian variation of 
clock genes in the human skin was published (Bjarnason et al. 2001). The first 
comprehensive gene expression analysis of the human skin was presented in 2012 
using epidermal skin samples; 294 genes showed daytime dependent variation. The 
core circadian genes of the skin seemed to be ARNTL, NPAS2, PER1-3, CRY2, 
REV-ERBa, and REV-ERBb. That particular study also demonstrated the circadian 
variation in the proliferation of keratinocytes (Spörl et al. 2012). NPAS2 is a protein 
very similar to CLOCK and acts as a core circadian protein, for example in brain 
tissue (Reick et al. 2001). The functions of other genes mentioned above were 
presented in detail in section 2.2.2. A study on 298 epidermis samples recently 
reported 110 genes fluctuating in a rhythmic manner at population level and 
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according to the genomics the skin seemed to be a better indicator for circadian time 
than blood (Wu et al. 2018). 

Clocks in the skin can be affected by many external stimuli. Marc Cuesta and 
colleagues proved that bright light and timing of sleep can entrain the skin circadian 
clock (Cuesta et al. 2017). Hong Wang and colleagues demonstrated that feeding 
time modulates circadian clock in the skin. Clock entrainment by food intake seems 
to be independent of the core circadian clock (Wang et al. 2017). There is no 
consensus on whether entrainment by light can be mediated through tracts other 
than those which start from the eyes. More than twenty years ago Scott S. Campbell 
and Patricia J.Murphy showed that light administration to the skin of the lower limbs 
could delay the clock of the whole body (Campbell and Murphy 1998), and 
consequently entrainment directly through the skin surface seemed plausible. 
However, this finding could not be replicated, and the mechanism behind 
extraocular phototransduction in humans is so far not completely understood. 

Both CRY2 and opsins have been suggested to detect light and UV radiation. 
Opsins are chromophore containing proteins that can detect light (Terakita 2005). 
In animals and humans they act as g-protein coupled receptors (Poletini et al. 2015). 
In humans opsins have been detected in the eyes, brain and skin (Tarttelin et al. 2003; 
Terakita 2005; Haltaufderhyde et al. 2015). OPN1SW, OPN2, OPN3 and OPN5 
have been found in human epidermal skin (Haltaufderhyde et al. 2015). Recently it 
has been reported that opsin 3 (OPN3) receptor in melanocytes can react to blue 
light (Regazzetti et al. 2018), although another very similar study immediately 
thereafter failed to show any UV radiation or blue light absorption of OPN3 
(Ozdeslik et al. 2019). Another possible receptor, opsin 5 (OPN5), recently studied 
in the rodent skin ex vivo, could synchronize the skin clock with UV or visible light 
(Kojima et al. 2011; Buhr et al. 2019; Calligaro et al. 2019). Moreover, cryptochromes 
in the skin, particularly CRY2, may act as photoreceptors for UV radiation, especially 
when binding with flavine adenine nucleotide (FAD) (Liu et al. 2010; Vanderstraeten 
et al. 2020). 
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Figure 8.  Opsins and CRY2 as photoreceptors 

 

Figure 9.  Absorption spectrum of CRY2 when bound with FAD in its oxidized state, opsin 3 and 
opsin 5 based on cell culture and tissue studies (Liu et al. 2010; Kojima et al. 2011; 
Regazzetti et al. 2018) 
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2.3.2 Melatonin in the skin 

The first clue of extrapineal melatonin was that after pinealectomy melatonin 
continued to circulate in rats (Ozaki and Lynch 1976). Thereafter, in addition to the 
skin, melatonin has been found at other extrapineal sites such as retina, bone 
marrow, and placenta, first in animals and then in human tissues (Conti et al. 2000; 
Lanoix et al. 2008; Kim et al. 2013; Acuña-Castroviejo et al. 2014). The fact that 
pinealectomy often led to undetectable low circulating melatonin levels in rats 
strongly suggested that the effects of peripheral melatonin were limited to where the 
synthesis took place (Lewy et al. 1979). On the other hand, the impact of 
pinealectomy on the amount of circulating melatonin varied in different species 
(Huether et al. 1992; Yaga et al. 1993). 

A melatonergic composition was first detected as part of the total neuroendocrine 
system of the skin by Slominski and colleagues in 2000. As reviewed earlier, there is 
a complex local neuroendocrine system in the human skin that reacts on external 
stressors such as UVB through the CRH–POMC mediated system resulting in 
pigmentation and other protective mechanisms (Slominski and Wortsman 2000; 
Slominski et al. 2000). As in the systemic level the CRH-POMC stress response 
system is complemented with activity of other neurotransmitters such as serotonin 
(Pacák and Palkovits 2001), Slominski and colleagues started to study the production 
of melatonin and serotonin in the skin in the early 2000s. They found the enzymes 
needed in the process (TPH, AANAT and HIOMT) to be active in the production 
of serotonin and melatonin in the skin and concluded that the human skin was 
capable of producing melatonin (Slominski et al. 2002). Later evidence from cell 
culture studies suggested that UVB induces local synthesis of melatonin and its 
derivatives through indolic and kynuric pathways in the human skin (Fischer et al. 
2006a). Production of melatonin precursors NAS and serotonin was confirmed to 
be possible in several parts of the skin including epidermal keratinocytes (Slominski 
et al. 2020). 

In addition to presumptive melatonin production, the human skin is able to 
metabolize melatonin further to its derivatives. This was first demonstrated by Tae-
Kang Kim and colleagues by quantifying the production of 6-OHM, AFMK, and 
5MT by liquid mass spectrometry and chromatography of healthy volunteers (Kim 
et al. 2015b). They also confirmed the findings of earlier in vitro studies that the 
production on 6-OHM is significantly higher than that of other derivatives, making 
it the major metabolite of skin melatonin (Kim et al. 2013, 2015b). Of the melatonin 
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receptors, MT1 and NQO2 are expressed in epidermal keratinocytes (Fischer et al. 
2008b) and MT2 in adnexal structures (Fischer et al. 2008a). 

The overall impact of melatonin on the human skin biology and functions seems 
to be extensive. It can affect hair growth (Fischer et al. 2004), take part in 
thermoregulation of skin blood flow (Aoki et al. 2006), promote wound healing 
(Romić et al. 2016) and even suppress the growth of MM cells (Fischer et al. 2006c). 
In other mammals even more features have been described (Fischer et al. 2008b).  

Melatonin increases cell survival from UVB damage (Fischer et al. 2006b). These 
protective properties of melatonin may be mediated not only by melatonin itself but 
also by its derivatives and its properties to induce other antioxidants (Reiter et al. 
2007; Rusanova et al. 2019). In addition to melatonin, its derivatives AFMK (Onuki 
et al. 2005) and 4OHM (Pérez-González et al. 2017) are strong antioxidants. In the 
human skin antioxidative actions are mainly mediated in at least four different ways: 
through direct free radical scavenging, through activating other antioxidants, through 
the NQO2 receptor, and through reducing mitochondrial damage (Reiter et al. 
2016).  

2.4 The circadian clock and UV- induced erythema 

Circadian time is known to affect UV radiation-induced erythema in mice 
(Gaddameedhi et al. 2015). As predicted, Gang Wu and colleagues recently showed 
that the core circadian machinery is very similar in mice and humans (Wu et al. 2018). 
Mice repeatedly irradiated with UVB in the morning developed five times more 
squamous cell carcinomas than did those irradiated in the evening (Gaddameedhi et 
al. 2011). Whether human skin UVB induced carcinogenesis depends on time of the 
day has not previously been studied. 

2.4.1 Clock proteins and erythema 

In addition to their role as core clock proteins and photoreceptors, cryptochromes 
have been shown to have functions important in protecting cells by influencing 
inflammation, apoptosis, and DNA damage. However, the relationship between 
clock proteins and cancer formation is controversial.  

In mouse studies, loss of cryptochromes led to increased inflammation 
(Narasimamurthy et al. 2012), but did not increase the risk of cancer formation 
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(Gauger and Sancar 2005). Loss of cryptochromes could in fact protect against 
cancer in case of p53 mutation by inducing increased sensitivity to apoptosis, 
suggesting that cryptochrome inhibition could even act as chemotherapy (Ozturk et 
al. 2009). Cryptochromes were also found to modulate response to DNA damage 
(Papp et al. 2015). This and some other data from animal studies suggest that 
cryptochromes were involved in clock controlled apoptosis, cell cycle regulation, and 
NER activity (Sancar et al. 2015). Of the other clock proteins neither loss of PER1 
or PER2 (Antoch et al. 2013) nor CLOCK (Antoch et al. 2008) increased the risk of 
cancer development. 

Binding of human CRY2 to DNA was shown to be stimulated in the presence of 
6-4-photoproducts that led scientists suspect interactions between UVB induced 
damage and CRY2 (Özgur and Sancar 2003). In line with this is the fact that oxidative 
stress in human skin due to UV radiation is under the control of clock protein 
functions (Geyfman et al. 2012). Although it is known that UV erythema in the 
human skin occurs in the same context as oxidative stress and the recruitment of 
protective mechanisms (D’Orazio et al. 2013), knowledge of the circadian actions of 
erythema is lacking.  

2.4.2 Melatonin and erythema 

Melatonin has been assumed to be a major human skin protectant against external 
stressors, due to its free radical scavenging and DNA protecting properties (Fischer 
et al. 2008b; Slominski et al. 2018a). Used topically on the skin, it has reduced 
erythema reactions caused by UVR, specifically from the UVB wavelengths (Dreher 
et al. 1998; Scheuer et al. 2016b). 

UVB-induced erythema in the skin results from inflammation. Melatonin has 
various anti-inflammatory effects (Reiter et al. 2016; Jahanban-Esfahlan et al. 2018). 
Although melatonin receptors MT1 and NQO2 can be detected in normal epidermal 
keratinocytes, the main actions of melatonin towards UVR in the skin seem to be 
mediated via receptor independent pathways (Fischer et al. 2013). The effects of 
melatonin against UVB-induced damage are mediated through melatonergic 
antioxidative system (MAS) (Fischer et al. 2006a). Tobias W. Fischer and colleagues 
showed melatonin to act as an antioxidant against UVB radiation in the human skin. 
In their study immunohistochemical staining and real-time PCR showed higher 
content of antioxidative enzymes and lower content of 8-OHdG, a marker of DNA 
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photodamage by reactive oxygen species, in melatonin-incubated skin compared to 
normal skin 24h after irradiation (Fischer et al. 2013).  

Zorica Janjetovic and colleagues later proved in immunofluorescent staining that 
treating keratinocytes with melatonin and its derivatives (5-MT, 6-OHM, AFMK and 
NAS) significantly decreased amounts of UVB irradiation induced CPD and 4-6 
photoproducts. The finding strongly suggested that melatonin enhances DNA repair 
capacity (Janjetovic et al. 2014). This was confirmed using a comet assay that showed 
less DNA damage even in non-irradiated but specifically in the UVB irradiated 
keratinocytes compared to cells without melatonin treatment (Janjetovic et al. 2014). 
Their study using cultured human melanocytes demonstrated the involvement of 
Nuclear factor erythroid 2-related factor 2 (NRF2) in a pathway where melatonin 
protects cells against UVB-induced damage (Janjetovic et al. 2017). Silent 
information regulator 1 (SIRT1) pathway, triggered by melatonin, has also been 
shown to prevent oxidative stress mediated damage in cultured human keratinocytes 
(Lee et al. 2016). Although melatonin as a small ambiphilic molecule reaches all parts 
of the cell, its notable antioxidative actions take place in mitochondria (Martin et al. 
2000). It has even been suggested that in the skin DNA repair, stimulation of NRF2 
and reduction of oxidative damage by melatonin would be secondary to its 
mitochondrial actions (Slominski et al. 2017b).  

Endogenous production of melatonin in the human skin differs depending on 
age, gender, and race or melanin pigmentation of the skin (Kim et al. 2015a, 2015b), 
suggesting that there is special regulation of melatonin synthesis based on the 
demand for its actions. Therefore endogenous rather than exogenous melatonin 
might afford better for protection against UVB-induced erythema. When looking at 
erythema protection, the circulating melatonin seems to be irrelevant compared to 
melatonin produced in the human skin (Slominski et al. 2018a). 
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3 AIMS OF THE STUDY 

The principal aim of the studies was to evaluate the associations between the effects 
of narrow-band UVB and the circadian clock in human skin in vivo. The detailed aims 
were: 

1. To investigate the impact of time of the day on narrow-band UVB-
induced erythema. 

2. To assess if narrow-band UVB exposure influences the expression of 
circadian clock genes in the skin. 

3. To investigate the relationship between melatonin and skin sensitivity to 
narrow-band UVB-induced erythema. 
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4 MATERIALS AND METHODS 

4.1 Study protocols and volunteers 

4.1.1 Protocols 

Studies I and II were carried out from January to April in 2016 at the Päijät-Häme 
Joint Authority for Health and Wellbeing, Department of Dermatology and 
Allergology, Lahti, Finland. The protocol consisted of two visits on consequent days 
(day 1 and day 2) for each volunteer. Some of the volunteers also attended the clinic 
one day earlier (day 0) to ensure that they fulfilled the inclusion and exclusion criteria. 
We collected demographic data on the participants and they completed 
questionnaires during their first research visits. The first NB-UVB radiation 
exposure was carried out in the morning of day one, between 7 and 9 a.m. and the 
second irradiation on the same day approximately 12 hours later. The results of 
irradiations in the skin were assessed next day (day 2). All the skin biopsies were 
taken 24 hours after each irradiation on day 2. 

 

Figure 10.  Study protocol in Studies I and II 
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Study III comprised two groups of volunteers (Groups A+B). As regards the 
volunteers in Group A, the protocol and target group were equal as in Studies I and 
II, implemented in 2016. The other Group B was recruited later in winter 2018-2019 
with the intention of increasing the size of the total cohort, and in order to enable 
comparison of the non-irradiated biopsies at different times of the day namelys 
morning vs. evening. The photosensitivity was assessed equally in both Groups A 
and B, separately in the morning and in the evening, by performing a photo-test 
series. As regards the skin biopsy samplings, the groups were handled differentially, 
in Group A one biopsy from each volunteer was obtained in the morning from the 
non-irradiated skin site, whereas in Group B a total of two non-irradiated site 
biopsies were obtained, one in the morning and one in the evening. 

4.1.2 Volunteers 

In total of 20 healthy adult volunteers representing the most common skin 
phototypes in Finland (Fitzpatrick II and III) participated in 2016 (Studies I and II). 
They responded to our appeal for volunteers placed in the hospital weekly 
newsletter. The sample size (Studies I and II) was estimated using our best guess 
referring to earlier published in vitro and animal studies in the literature. Of the 
volunteers one was excluded at an early stage as the research protocol was reviewed 
and finally 19 volunteers completed the study. The exclusion criteria were use of 
photosensitizing, immunomodulatory or psychiatric medication. Individuals with 
pregnancy, lactation, photosensitivity, skin cancer or hypertrophic scars in their 
medical histories, or with marked UVR exposure in the past three months were also 
excluded. The anamnestic skin phototype was assessed according to a clinical 
interview. During the study and for at least 24 hours before no medication, was 
allowed. 

As regards Study III Groups A+B, a total of 39 volunteers participated. Of these 
19 belonged to Group A recruited in 2016, and 20 to Group B, who participated in 
winter 2018-2019. The same appeal and inclusion criteria were used, the only 
exception being that in Group B the anamnestic skin phototype could range from II 
to IV (Fitzpatrick 1988). In Group B the exclusion criteria were the same as in year 
2016. During the study, birth control pills, thyroxin, hypercholesterolemia and 
hypertension medications were allowed but no other medication. 
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4.2 Methods 

4.2.1 UVB irradiation (I-III) 

UVB irradiation was performed in the form of MED testing on the skin of the 
buttocks. On day 1 the test area was exposed to NB-UVB in 1 cm2 test square series, 
one series in the morning and the other in the evening. The NB-UVB MED testing 
series consisted of 1, 1.4, 2, 2.8, and 4 SED doses. The first irradiation series was 
carried out between 7 and 9 a.m. and the second 12 hours later on the skin of the 
other buttock. The rest of the skin was protected with impermeable plastic and 
fabric. 

Waldman UV 801KL phototherapy device equipped with 4 TL20W/01 NB-UVB 
tubes, measured using an Ocean Optics S2000 spectroradiometer by the Nuclear 
Safety Authority of Finland, were used for the irradiations. Uncertainty (2s) of the 
measurement of such spectroradiometer was estimated to be approximately 14% 
(95% confidence interval) (Ylianttila et al. 2005). The measurements can be traced 
to the National Institute of Standards and Technology (Gaithersburg, Maryland, 
USA). The time to irradiate each radiation dose was calculated based on irradiance 
measurements using SED units. One SED is equal to an erythemally weighted 
effective irradiation of 10 mJ/cm2 (CIE, Comission Internationale de l’Eclairage, 
Vienna Austria), and is equivalent to a non-weighted physical irradiation dose of 172 
mJ/cm2 emitted from the NB-UVB lamps according to the measurements. 
According to the measurements, time for 1 SED irradiation was 97 seconds. The 
irradiation times of the MED series were calculated based on that time. To stabilize 
the irradiance the radiation tubes were preheated for seven minutes before the 
irradiations. 
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Figure 11.  Spectrum of Waldmann UV 801KL Phototherapy device 

4.2.2 Assessment of erythema (I-III) 

Erythema was evaluated 24 hours after each UVB exposure. We initially determined 
the smallest UVR dose to induce barely perceptible erythema in the skin (MED) 
(Faurschou and Wulf 2009). If MED appeared to be higher than the maximum dose 
of 4 SED in our series, for subsequent analyses we defined the MED to be 5.6 SED 
i.e., the next dose of geometric UVR dose series where the incremental factor is Ö2. 
After defining the MED, we read out all the test squares (1, 1.4, 2, 2.8, and 4 SED) 
in both series using a DermaSpectrometer® (Cortex Technology, Handsund, 
Denmark). The DermaSpectrometer® is a reflectance spectrometer that illuminates 
an area of approximately 10 mm2. The arithmetical mean values of the three read-
outs were used in the analyses. Before the measurements, the device was repeatedly 
calibrated against controls as suggested in the manual. The DermaSpectrometer® 
reports the result in an erythema index (EI) that represents the intensity of the 
reflected red and green lights (Ly et al. 2020). It even detects erythema at UV 
irradiation doses below MED and has been widely used to evaluate erythema 
induced by UVR as well as other skin reactions (Diffey et al. 1984; Farr and Diffey 
1984; Jemec and Johansen 1995; Wengström et al. 2004; Tejasvi et al. 2007; Qian et 
al. 2015). Each area was also scored according to the appearance of redness to the 
eye as “no erythema” to “barely perceptible erythema” and “intense erythema”. Both 
test series were read equally 12 hours apart, i.e., 24 from the NB-UVB exposures. 
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4.2.3 Assessment of chronotype (III) 

The chronotype of the volunteer was assessed on the first days of the study, when 
participants completed a shortened version of Horne and Östberg’s Morningness-
Eveningness Questionnaire (MEQ) (Horne and Östberg 1976). The questionnaire 
includes six items (4,7,9,15,17, and 19 from the original MEQ, thus MEQ-6) 
(Hätönen et al. 2008). The sum of the scores on this questionnaire yields a 
Morningness-Eveningness Score (MES), ranging from 5 to 27 (Horne and Östberg 
1976; Hätönen et al. 2008). The score corresponds to the original questionnaire, 
where higher sum scores indicate a trend towards morningness while lower scores 
indicate a trend towards eveningness. 

4.2.4 Skin samples (I-III) 

To take the 6 mm punch biopsies Lidocaine 1% was used for analgesia. All the 
biopsy samplings were performed 24 hours after irradiations equally in the morning 
and in the evening after having first read the MED. In Studies I and II, altogether 
two biopsies were obtained from the 4 SED irradiated skin sites: one from each 
volunteer in the morning (between 7 and 9 a.m.) and one in the evening (between 7 
and 9 p.m.). We also took one non-irradiated control biopsy in the morning from 
each volunteer (between 7 and 9 a.m.) at a minimum distance of 10 cm from the 
irradiated photo-test sites (Figure 10). During irradiations the non-irradiated biopsy 
sampling site was protected against UV exposure with black impermeable plastic and 
fabric. The biopsy samples obtained were cut into two pieces with a scalpel each 3 
mm in diameter to perform separate analyses as described later.  

In Study I, all three samples (two irradiated and one control sample) of the 19 
volunteers were used in analyses. 

In Study II only the morning skin biopsy samples of 12 volunteers were used, 
these were the non-irradiated morning control samples and the NB-UVB irradiated 
(4 SED) morning biopsy samples.  

In Study III,  the aim was to study expression of melatonin and its receptors in 
non-UV-exposed healthy skin. As regards Group A (19 volunteers) the punch biopsy 
was taken from the non-irradiated skin a minimum of 10 cm away from the MED 
test skin area in the morning (between 7 and 9 a.m.). The samples were pooled with 
respective the non-irradiated skin control biopsies of Group B (20  volunteers) to 
form a larger study cohort Group A+B (n = 39) to increase power in analyses. In 
Study III Group B, we took an additional evening control non-irradiated punch 
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biopsy (between 7 and 9 p.m.) from volunteers (n=20) with the aim to assess the 
impact of different times of day on the outcome. These were obtained respectively 
a minimum of 10 cm away from the MED testing area. Biopsy protocols were 
identical for all biopsies. 

4.2.4.1 Immunohistochemistry (I, III) 

Immunohistochemical (IHC) staining was performed on all three biopsies of 19 
participants in 2016 (I,III Group A) and on the morning and evening non-irradiated 
control biopsies of 20 participants in winter 2018-2019 (III Group B). The first 
halves of the 6 mm skin punch biopsy samples were fixed in 4% formalin, embedded 
in paraffin, and for further processing sectioned at 4 µm thickness. IHC staining was 
carried out according to the manufacturer’s protocol with cryptochromes 1 and 2, 
p53, melatonin, and melatonin receptor MTNR1A and NQO2 antibody dilutions 
(Table 1.) 

Table 1.  Antibody dilutions in immunohistochemistry 
Protein / receptor Antibody dilution Manufacturer 
Melatonin 1:50 Abbexa, Cambridge, UK 
MTNR1A 1:100 Abcam, Cambridge, UK 
NQO2 1:200 Abbexa, Cambridge, UK 
CRY1 1:100 Genetex, Irvine, USA 
CRY2 1:50 Genetex, Irvine, USA 
P53 1:1000 Leica Biosystems, Newcastle, 

UK 

The specimens were evaluated by both the board-certified dermatopathologist Riitta 
Huotari-Orava M.D. and by the author (V.N.) of this thesis. There was a consensus 
among the evaluators. Each slide was assessed under microscopy (Olympus BX51, 
Tokyo, Japan) at 100 and 200 magnifications. The expression of proteins and 
receptors described above was evaluated using three grades: negligible (+), positive 
(++) and strongly positive (+++) to the naked eye. Positive findings (++ and +++) 
were combined and the level of expression was finally presented as two grades: low, 
consisting of negligible findings, and high, consisting of positive and strongly 
positive findings. The settings of the microscope and camera were held constant and 
the color balance of the pictures taken from the ICH findings was not modified. 
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4.2.4.2 RNA analyses (II) 

We also studied gene expressions of the clock proteins, cytokines, pro-
opiomelanocortin and melanocortin receptors via mRNA analysis from the non-
irradiated morning control samples and 4 SED irradiated morning samples of a total 
of 12 healthy volunteers. The epidermis/dermis and the subcutaneous fat were cut 
apart from each other with a scalpel from the remaining half left over from the 6mm 
skin punch biopsies obtained 24 hours after the UVB irradiation on day 2. The 
specimens were placed in a separate Eppendorf test tubes in an RNAlater 
(ThermoFischer Scientific, Massachusetts, USA) for one day at +4°C, and were 
thereafter frozen and stored at temperatures from -80°C to -20°C for further mRNA 
extraction. All tissue samples were mechanically homogenized using Ultra-turrax 
homogenizer (IKA-Analysentechnik) in RLT buffer (Qiagen, Hilden, Germany). 
The centrifuging of the homogenates was performed twice at 12 000 x g for 10 
minutes at +4°C temperature. 

Gene expressions were analyzed using real time quantitative polymerase chain 
reaction (qPCR). AllPrep kit (Qiagen, Venlo, The Netherlands) was used for the 
isolation of total RNA from epidermis and dermis. High Capacity cDNA Reverse 
Transcription kit (Applied Biosystems, Foster City, CA, USA) was used to reverse 
transcribe 400 µg of RNA to cDNA as described earlier (Wang et al. 2007). For the 
subcutaneous adipose tissue, VILO kit (Thermo Fisher Scientific/Invitrogen, 
Carlsbad, USA) was used to reverse transcribe 80 µg of RNA as instructed by the 
manufacturer. The expression of mRNA of the cytokines and circadian clock genes 
was studied by TagMan 7500 Fast System (Applied Biosystems) with PerfeCTa 
qPCR FastMIx (Quanta Biosciences, Gaithersburg, MD, USA). Ribosomal 18S gene 
was used as a housekeeping gene. polymerase chain reaction (PCR) primers and 
probes were received as predeveloped assay reagents from Applied Biosystems. 
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Table 2.  Primers used for qPCR in Study II.  

Primers used for qPCR 

Gene Assay ID Chromosome location 

CRY1 Hs00172734_m1 Chr.12: 106991364 - 107093872 

CRY2 Hs00323654_m1 Chr.11: 45847118 - 45883248 

CIART Hs00328968_m1 Chr.1: 150282533 - 150287093 

IL-1b Hs01555410_m1 Chr.2: 112829758 - 112836842 

IL-6 Hs00985639_m1 Chr.7: 22725889 - 22732002 

TNF Hs99999043_m1 Chr.6: 31575567 - 31578336 

POMC Hs01596743_m1 Chr.2: 25160853 - 25168851 

MC1R Hs00267167_s1 Chr.16: 89917879 - 8992097 

MC2R Hs00300820_s1 Chr.18: 13882042 - 13915707 
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4.2.5 Statistical analysis 

In Study I, the AUC used was computed with the trapezoidal method in terms of all 
UVB radiation doses. To model the effect of NB-UVB doses on the EI, we used 
Generalized Estimating Equations (GEE) analyses. The bootstrap method was used 
to estimate the standard errors. Differences within groups were analyzed by applying 
a permutation test or the McNemar test. Differences between groups were analyzed 
using a permutation test. 

In Study II, for comparing of gene expressions in the biopsies with and without 
NB-UVB irradiation the regular one-way analysis of variance was used. The 
association between the expression of two different cryptochrome genes in UV-
irradiated and the control the skin was examined using the Pearson’s correlation 
method. In addition we used the Mann-Whitney test for the statistical analysis of 
target gene expression.  

In Study III, statistical comparison between the groups was performed using 
permutation test and the Fisher-Freeman-Halton test. Repeated measures were 
analyzed using a permutation approach for analyzing repeated measures analysis of 
variance for continuous variables and exact symmetry test for categorical variables. 

The descriptive statistics are presented as means with SDs or as counts with 
percentages. Statistical testing was performed using the statistical package of Stata 
14.1 or 16.0, StataCorp LP (College Station, Texas, USA) (I), GraphPad Prism 7 
Software (GraphPad Software Inc., San Diego, USA) (II). 

4.2.6 Ethical aspects 

The study protocol of this thesis was approved by the Regional Ethics Committee 
of Tampere University Hospital District (R16001) and the participating volunteers 
gave their written informed consent to participation. 
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5 RESULTS 

5.1 Time of the day effects on UVB- induced erythema (I) 

In Study I we compared skin erythema response and cryptochrome and p53 protein 
expressions by immunohistochemical (IHC) staining between morning and evening 
irradiation. The study population consisted of 19 volunteers and their skin samples 
as well as background demographics, which are presented in Table 3. We found skin 
erythema response but not clock protein expressions to differ in a circadian manner. 

Using a reflectance spectrometer erythema was quantified to be more intense in 
the irradiation series conducted in the evening than in the morning (p=0.015) (Figure 
13a). The difference was pronounced in small UVB doses and was not seen in the 
highest dose because the study population consisted of fair-skinned volunteers who 
showed strong erythema in 4 SED (Fitzpatrick 1988). MED was evaluated based on 
the physical appearance of redness as “no erythema” to “barely perceptible 
erythema” and “intense erythema”. The difference in erythema was undetectable as 
assessed by the naked eye. 

In the ICH of the skin, staining of both cryptochromes was cytoplasmic but 
CRY2 was seen more superficially in the epidermis than CRY1. In the ICH of the 
skin, we detected nuclear staining of p53. 

We classified subjects according to their cryptochrome expression levels in the 
ICH of the non-irradiated control biopsy as seen in Table 5. We found that the 
erythema reactions measured using a reflectance spectrometer of subjects with high 
expression of CRY2 differed from those of subjects with low expression of CRY2 
(Figure 13b). In subjects with low CRY2, according to reflectance spectrometer 
measurements of erythema, the skin reacted to UVB radiation so that in the evening 
it was more susceptible to radiation than in the morning. The amount of CRY1 in 
the control biopsy did not seem to have a similar effect.  

No difference in protein expression was observed when comparing the levels of 
expression of cryptochromes after morning versus evening irradiations. However 
the amount of p53 in irradiated skin differed so that there was more p53 in the 
morning samples than in the evening samples (p=0.039). 
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Figure 12.  Mean Erythema Index of all doses of the MED test series. Morning data is shown in light 
and evening data in dark color.

 

Figure 13.  Impact of hour of the day and NB-UVB dose on erythema (a) and the effect of CRY2 (b). 
AUC = area under curve of all irradiation doses. (Nikkola et al. 2018) 
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Table 3.  Demographic characteristics of the population in Studies I and III (Group A). Data are 
mean (range) or the number of subjects. BMI = body mass index; SD = standard 
deviation. 

Population in Studies I and III (Group A) 

 n=19 
Male/Female 3/16 

Age (mean, range) 42 (22-64) 
BMI ± SD 23,8 ± 3,7 

Smokers  

 Present 1 
 Earlier 3 

Alcohol consumption  

 < Once a week 15 
 ³ Once a week 4 

Exercise  

 £ Once a week 4 
 > Once a week 15 

Fitzpatrick’s skin type II/III 8/11 

Chronotype  
 morning type 10 
 intermediate type 6 

evening type 3 
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5.2 Effects of UVB radiation on clock genes (II) 

In Study II, we investigated the possible effect of UVB on clock genes CRY1, CRY2, 
and CIART mRNA in epidermis/dermis and subcutaneous adipose tissue. We also 
investigated the effect of UVB on mRNA of cytokines Interleukin-1b (IL-1b ), 
Interleukin 6 (IL-6) and TNF and of members of melanocortin system POMC and 
MC1R, MC2R also in both tissue samples. The study population of this report 
consisted of samples from 12 randomly selected volunteers from the population 
investigated in 2016 (n=19). Their demographics are presented in Table 4. We found 
that UVB changes mRNA expression in epidermis/dermis and even in adipose 
tissue. 

As compared to non-irradiated skin, in the UVB irradiated skin the amount of 
CRY2 mRNA expression was significantly diminished in epidermal/dermal skin 
(p=0.0492) while CIART and CRY1 were increased in subcutaneous adipose tissue 
(p=0.0411, p=0.0263)(Table 5). UVB did not show a statistically significant effect 
on CRY1 or CIART in epidermal/dermal skin or on CRY2 in the subcutis. We found 
no variation in clock entrainment at mRNA level among chronotypes. A positive 
linear correlation between CRY1 and CRY2 mRNA was detected in 
epidermal/dermal skin (r=0.8436) and the ratio between CRY1 and CRY2 decreased 
after irradiation (p=0.0011). In other words, UVB clearly changed the CRY1/CRY2 
ratio. In subcutaneous adipose tissue, no such changes were seen.  

As we assessed the amount of mRNA expression of proinflammatory cytokines 
the amount of Interleukin-1b (IL-1b ) and TNF, but not of Interleukin 6 (IL-6) 
showed an increase after UVB irradiation at the level of epidermis/dermis. In 
subcutaneous adipose tissue no clear changes were seen. However, after UVB 
irradiation small changes were detected in POMC and MC1R mRNA expressions in 
all skin layers. The amount of MC2R mRNA did not differ. 
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Table 4.  Demographic characteristics of the population in Study II. Data are mean (range) or 
the number of subjects. BMI = body mass index; SD = standard deviation. 

 
Population in Study II 

 n=12 

Male/Female 2/10 

Age (mean, range) 41 (26-64) 

BMI ± SD 23.5 ± 3.4 

Smokers  

 Present 1 

 Earlier 3 

Alcohol consumption  

 < Once a week 9 

 ³ Once a week 3 

Exercise  

 £ Once a week 2 

 > Once a week 10 

Fitzpatrick’s skin type II/III 4/8 

Chronotype  

morning type 7 

intermediate type 3 
evening type 2 
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Table 5.  Classification of the population of Study I by immunohistochemical staining of 
cryptochromes in control (non-irradiated) biopsy and the population of Study II by 
changes of mRNA expressions of CRY1, CRY2 and CIART genes after irradiation.  

 
 Non-irradiated 

Skin 
N=19 

Irradiated 
Epidermis/dermis 
N=12 

Irradiated 
Adipose tissue 
N=12 

 Numbers of subjects Change Change 

CRY1/CRY1  No change Increased 

 High 16   

 Low 3   

CRY2/CRY2  Diminished No change 

 High 14   

 Low 5   

CIART/CIART Not measured No change Increased 
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5.3 Effects of skin melatonin on UVB-induced erythema (III) 

In Study III we investigated the association between epidermal melatonin and its 
receptors’ expression and NB-UVB induced skin erythema, and if the level of these 
differed between morning and evening. Altogether 39 healthy volunteers completed 
Study III. In Group A we investigated the same 19 volunteers as in Study I and their 
demographics are presented in Table 3. In Group B we investigated 20 volunteers 
whose demographics are presented in Table 6.  

In the ICH of the skin, the staining of melatonin was nuclear, and there was also 
some cytoplasmic positivity. Staining of NQO2 receptor was cytoplasmic with some 
nuclear positivity. Staining of MTNRIA receptor was membranous and slightly 
cytoplasmic. We classified the total population of this study (Groups A+B) 
according to their protein expression in the ICH of non-irradiated control biopsies 
as seen in Table 7.  

There was more melatonin in the evening samples (Group B) than in the morning 
samples (Group A+B), when the amount in the IHC staining was graded in three, 
negligible (+), positive (++) or strongly positive (+++) (p<0.001). The erythema 
measured using a reflectance spectrometer was more pronounced in the evening 
than in the morning. The mean difference between the evening and morning 
erythema utilizing the whole test series was 1.4 EI units (n=39, 95% CI: 0.9 to 1.9; 
p<0.001). 

Using a reflectance spectrometer the erythema measured for all the participants 
(n=39) classified by their melatonin expression, did not differ significantly (p=0.08). 
The graded amount (low vs. high) of melatonin in the samples did not explain the 
difference in erythema between morning and evening.  

The expression of MTNR1A and NQO2 was rather similar in the morning and 
in the evening (n=39, p=1.0 and p=0.50 respectively). There was no correlation 
between the number of NQO2 or MTNR1A receptors vs. the NB-UVB induced 
erythema. Neither did the amount of MTNR1A nor NQO2 explain the difference 
in erythema in the morning vs. evening samples. 

We also studied if the chronotype was associated with epidermal melatonin 
expression. Of the 39 participants, 21 displayed morning, eight evening and 10 
intermediate chronotype (Horne and Östberg 1976). Their total Morningness-
Eveningness score (MES) ranged from 9 to 25 points. There was no association of 
the IHC staining readouts (melatonin, MTNR1A or NQO2) or erythema with the 
MES or with the chronotype. 
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Table 6.  Demographic characteristics of Group B in Study III. Data are mean (range) or the 
number of subjects. BMI = body mass index; SD = standard deviation. 

 
Group B in Study III 

 n=20 
Male/Female 0/20 
Age (mean, range) 43 (22-65) 
BMI ± SD 25.1 ± 5.1 

Fitzpatrick’s skin type II/III/IV 5/12/3 
Chronotype  
 morning type 11 
 intermediate type 4 

evening type 5 

Table 7.  Immunoreactivity of melatonin, MTNR1A and NQO2 

Antibody Immunoreactivity Morning (n=38-39) Evening (n=20) 

Melatonin Negligible 8 0  
Positive 26 5 

 Strongly positive 4 15 

MTNR1A Negligible 4 0  
Positive 30 20 

 Strongly positive 5 0 

NQO2 Negligible 9 1 

 Positive 19 12 

 Strongly positive 11 7 
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6 DISCUSSION 

The skin is a major organ protecting the human body against potentially hazardous 
electromagnetic exposures from the sun and other sources. In general, the optimal 
operation of the circadian clock seems important for human health. The present 
dissertation study is among the first studies to evaluate the interactions between 
biologically active electromagnetic irradiation and the circadian clock in the human 
skin in vivo. 

NB-UVB was chosen for the irradiations because its electromagnetic spectrum 
contains negligible amounts of visible light or UVA, as it is known that various 
wavelengths differ in their mode of action and responses. The focus was thus also 
on the impacts of NB-UVB because it is currently the most used UV source in 
phototherapy in dermatology clinics. We also wanted to alleviate the impact of visible 
light on the results.  

We created a study protocol proposing that UVB irradiation applied to the skin 
is a potential pacemaker of the circadian clock of the epidermal cells, and that UVB 
may interact through the skin with the internal circadian clock too. In other words, 
we proposed that UVB could produce an interaction with the circadian clock rather 
similar to that of visible light which produces its main effect through the eyes 
(Roenneberg et al. 2003a; Golden et al. 2005). We also anticipated that the 
physiological response of the skin to UVR would vary according to the time of day, 
and that an individual’s circadian profile may influence this. The knowledge from 
this study could be used, for example in optimizing the timing of phototherapy, in 
other treatments for skin diseases, treatments of skin cancers, and even more in the 
assessment of the dangers of sunbathing. 
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6.1 Circadian time and erythema (I) 

In Study I we demonstrated that UVB irradiation induces less erythema in the 
morning than in the evening. According to our findings, UV radiation may be better 
tolerated in the morning hours. The circadian clock exists so that each function of 
the human body has its own optimal schedule. For example, because ancient humans 
lacking artificial light had an optimal time for physical activities in daylight, our ability 
for physical and mental performance is still at its best in daytime jobs (Rajaratnam 
and Arendt 2001). By the same token, it is not a surprise that the optimal timing for 
UVB exposure and the best protection against DNA damage according our Study I 
seems to be morning hours. This is the time, when the body has just rested during 
the night and the blood cortisol levels are at their highest to supply energy for daily 
activities in the sun. 

We detected in human volunteers UVB-induced erythema to be dependent on 
circadian time. Studies on mice have clearly shown the same: UVB-induced erythema 
and susceptibility to DNA damage signals varied during the day and peaked in the 
morning (Geyfman et al. 2012; Gaddameedhi et al. 2015). Although we found 
erythema to peak in the evening, our finding is in line with previous findings, because 
mice and humans express opposite circadian phases (Spörl et al. 2012). Despite 
opposite phases, human epidermal clock genomics correlate well with that from 
mouse tissue (Wu et al. 2018). No other in vivo studies comparing circadian clock 
related NB-UVB induced erythema in humans have so far been presented. For 
comparison, in cultured human keratinocytes UVB-induced damage has also been 
shown to be circadian clock related. Loss of normal circadian function due to 
depletion of clock proteins caused suppression of DNA protective mechanisms (Sun 
et al. 2018). As erythema reaction after NB-UVB likely indicates DNA damage, the 
results of the former cellular study support our main findings (Freeman et al. 1989; 
Young et al. 1998; D’Orazio et al. 2013). The mechanisms behind this intermittent 
erythema and DNA damage response are not clear, but likely have something to do 
with photoprotection.  

We proposed that cryptochromes may act as photoprotectors in human skin. In 
our study we found that the amount of CRY2 in the control biopsies taken in the 
morning, at the same time as the morning irradiation correlated with the circadian 
erythema response: less CRY2 was related to more erythema (Study I). Interestingly, 
one in vitro study has also shown a correlation between lack of CRY2 and damage 
response in cultured fibroblasts; the cells without CRY2 accumulated DNA damage 
(Papp et al. 2015). Cryptochrome homologs in lower organisms serve as protective 
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agents when UVB radiation causes DNA damage (Todo et al. 1996). However, it has 
been proven in the early stages of human circadian clock research, that CRY1 and 2 
cannot directly serve as enzymes of DNA repair when UVR related damage occurs 
in humans (Hsu et al. 1996). One possible explanation for our finding is that a certain 
phase of the circadian clock protects against erythema because the amount of CRY2 
reflects the phase of the skin clock (Sandu et al. 2012). In fact several damage 
responses, including the actions of NER, to UV radiation are controlled by the 
circadian clock and they likely are more efficient at certain times of the day (Dakup 
and Gaddameedhi 2017). This theory of a particular phase of the clock protecting 
against the adverse effects of UVB could be further investigated by monitoring the 
circadian phases of individuals while exposing them to NB-UVB in controlled 
conditions. As the core circadian machinery varies between individuals, such 
research would entail planning of personalized optimal timing of UVB exposure. 

In Study I we detected more p53 protein in irradiated morning samples than in 
evening samples and Study II showed CRY2 mRNA to decrease in the top layers of 
the skin due to irradiation. In mouse cell cultures it has been shown that UVB-
induced p53 is circadian time-dependent (Kawamura et al. 2018) and both 
cryptochromes affect sensitivity of p53 to stress (Papp et al. 2015). Our finding could 
be connected to circadian clock time shift activation by UVB and simultaneous 
erythema protecting activation of the DNA damage response pathway. Could a 
different circadian time shift in the morning versus evening affect erythema 
response? We unfortunately do not know if UVB would initiate less CRY2 mRNA 
production in the evening when p53 cumulated epidermis in smaller amounts, 
because we did not detect CRY2 mRNA changes due UVB in the evening. However, 
suboptimal function of the circadian clock generally leads to susceptibility to UVR-
induced stress (Kawamura et al. 2018), and the entrainment of the skin clock by UVB 
is possible according our findings in Study II.  

We detected less erythema but more tumor suppressor p53 protein in the 
morning in Study I. Others have shown that UVB can be immunosuppressive even 
in suberythemal doses (Hart and Norval 2018). There is mounting evidence to show 
that the timing of medication and non-pharmacological treatment influences the 
outcome. Some of these effects have even been connected to certain core circadian 
gene activities (Dallmann et al. 2016; Montaigne et al. 2018). In light of these facts, 
NB-UVB phototherapy could be more effective with less adverse effects when 
administered in the morning hours. In the future, as best advantage and minimal 
adverse effects are warranted in the field of dermatological treatments, 
chronopharmacology should not be discounted.  
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6.2 UVB- radiation and clock proteins (II) 

Our study suggests that UVB radiation can act as an entrainment for circadian clock 
in both epidermal/dermal skin and in the subcutis. To fully understand the entity of 
human circadian machinery it is important to investigate circadian clock entrainment. 
Visible light is the most powerful Zeitgeber, but some others, such as UVR, are 
involved. While the mechanism behind this kind of circadian clock regulation is not 
yet fully understood, some earlier research on skin cell cultures and the fact that 
stress in general entrains peripheral circadian clocks predicted that clock proteins 
would be effected by NB-UVB (Kawara et al. 2002; Tahara et al. 2017; Sun et al. 
2018). However, the results from cell culture studies cannot be generalized to the 
level of living skin, because the local environment may affect clock proteins 
(Noguchi et al. 2012; Williams et al. 2018). This stresses the importance of our in vivo 
study and there is a demand for even more studies with human volunteers. 

In Study II we detected changes in CRY1, CRY2 and CIART mRNAs both in 
epidermal/dermal skin, and also in subcutaneous fat due to UVB irradiation. In 
Study I less CRY2 protein was related to more erythema. No other studies measuring 
clock proteins or their mRNA in skin samples after UV irradiation have been 
presented. In cultured human keratinocytes, the principal cells of the epidermis, 
UVB downregulated ARNTL, CLOCK, and PER1 mRNA expression (Kawara et 
al. 2002), but when it comes to fat cells not even cell culture studies on clock gene 
expression have been presented. However, in general, clock in adipocytes can be 
regulated by some external factors such as food intake, disrupted sleep patterns and 
sleep deprivation (Shostak et al. 2013).  

One important question concerns how the change detected in clock proteins 
actually occurs. The changes in clock proteins may be mediated directly through 
supposed circadian photoreceptors, such as opsins and/or CRY2. A link has been 
detected between some opsins and clock proteins in mouse melanocytes (de Assis et 
al. 2016, 2019). Moreover, research over ten years ago already suggested an opsin 
mediated system is present in human skin to detect UVR and visible light (Tsutsumi 
et al. 2009). In recent years, however, there have been contradictory results on 
whether OPN3, formerly a potential photoreceptor candidate, can sense UV 
radiation in different cells of the skin (Regazzetti et al. 2018; Ozdeslik et al. 2019; 
Lan et al. 2020). A comprehensive review still summarized that irradiation by UV 
wavelengths can mediate skin functions, especially melanogenesis via OPN3 (Olinski 
et al. 2020). New studies connecting UVB-induced core circadian clock mRNA 
changes and OPN3 in human skin are needed to resolve this issue. 
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In Study II, we detected CRY1 and CRY2 gene expression to be in approximately 
same the proportion to that detected earlier in human retina (Thompson et al. 2003). 
Based on the cryptochrome signaling mechanisms (Vieira et al. 2012), it is possible 
that even they themselves serve as UVB sensing agents in the skin. This hypothesis 
is also supported by the absorption spectrum of CRY2 binding with FAD (Figure 9) 
that matches the UVB radiation wavelength (Liu et al. 2010; Vanderstraeten et al. 
2020). In the light of current evidence, UVB mediated change in the cryptochromes 
of the skin could be mediated by CRY2 in epidermal keratinocytes or even by opsins 
in melanocytes (Olinski et al. 2020; Vanderstraeten et al. 2020). 

We detected different changes in clock genes CRY1, CRY2 and CIART in two 
separate skin layers; epidermal/dermal skin samples versus subcutaneous adipose 
tissue (Study II). According to our measurements of cytokine IL-1, IL-6, and TNF 
mRNA levels in the same study there occurred an inflammation in the top layers of 
the skin but not in the adipose tissue. The fact that UVB can induce production of 
these cytokines in the outer layers of the skin is not a new finding (Slominski and 
Wortsman 2000). In addition, Eun Ju Kim and colleagues demonstrated earlier that 
cytokines can transmit the influence of UV irradiation into the subcutis (Kim et al. 
2011). NB-UVB only penetrates the epidermal and dermal skin and none of it 
directly reaches the subcutis (Bruls et al. 1984; Meinhardt et al. 2009). We therefore 
think that the inflammation was mediated by cytokines on the circadian clock in the 
subcutaneous fat. 

We found the amounts of CIART and CRY1 mRNA to increase in subcutaneous 
adipose tissue due to NB-UVB irradiation. Although others have shown core 
circadian clock gene activity in adipose tissue, our study was the first to show change 
in clock gene expression in human adipose tissue due to UV radiation exposure. In 
fact, when CIART was first identified as an important part of clock protein 
machinery, Akihiro Goriki and colleagues supposed that it played an important role 
in regulating the metabolic pathways triggered by stress response (Goriki et al. 2014) 
and indeed we found the amount of CIART gene expression to change after 
significant stress response, UV irradiation. Our study supports the theory that 
CIART mediates the stress response to core circadian homeostasis through the skin. 
When studying adipose tissue, the relationship of the circadian clock to obesity is an 
interesting aspect. Differences in the amount of CRY1 but not in CIART mRNA in 
muscle tissue have been detected in obese vs. non-obese individuals (Puig et al. 
2020). Our study together with the research by Laura Sardon Puig and colleagues 
suggests that CRY1 may be involved in the metabolism of subcutaneous fat even via 
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UVB irradiation, but more studies confirming our findings and linking CRY1 with 
adipose tissue problems are needed. 

We found no variation in clock entrainment at mRNA level among chronotypes. 
Aspects influencing the entrainment of the clock include among others individual 
differences in the efficacy of different Zeitgebers, free-running circadian period 
length and synchronization (entrainment) of Zeitgebers with intrinsic time 
(Roenneberg et al. 2003a). Because individual relationships of clock period length 
and dynamics with the environment create different phases of entrainment or 
chronotypes (Roenneberg et al. 2003b), we would expect to detect some variation in 
clock entrainment among the chronotypes. Our result may be due to the relatively 
small number of volunteers and variation in chronotype or the simple way to classify 
individual differences in the circadian clock. The various aspects mentioned, among 
individual chronotypes, should be taken into account in future studies on UVR-
induced clock entrainment by measuring volunteers’ individual circadian features, 
for example by using body temperature or dim light melatonin onset (DLMO). 

According to our findings in Study II, altered gene expressions in the skin after 
UVB irradiation suggest that UVB can act as an external time cue to the circadian 
clock in the skin and adipose tissue. Earlier studies have shown that local circadian 
rhythm influences the susceptibility to damage by oxidative stress and radiation of 
various skin cell types (Sherratt et al. 2019). Suboptimal function of the circadian 
machinery can lead to increased cell proliferation and tumor formation in epidermal 
and dermal skin as mice exposed to UVB at an unfavorable time of the day expressed 
more tumors (Gaddameedhi et al. 2011). Human adipose tissue seems to contain a 
circadian clock that controls its metabolism (Christou et al. 2019). Changes in the 
subcutaneous adipose tissue clock can even predispose an individual to metabolic 
syndrome (Hernandez-Morante et al. 2012). Hence we believe that some of the 
unwanted effects on human health mediated by UVB radiation may occur at least in 
part via the circadian machinery. Considering that UVB also has other systemic 
effects (immune balance, mood and addiction (Fell et al. 2014; Skobowiat and 
Slominski 2015)) it seems possible that UVB irradiation has role in maintaining 
circadian homeostasis through skin clock proteins.  
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6.3 Skin melatonin and erythema (III) 

The results from Studies I and III showed that Erythema index (EI), i.e. redness of 
the skin, was significantly lower in skin irradiated in the morning than in skin 
irradiated in the evening. Our results from Study III suggest that endogenous skin 
melatonin seems not to be the reason behind this variation because melatonin 
expression in the skin (IHC) did not correlate with the variation in erythema 
sensitivity. A new interesting finding in our Study III was that expression of 
epidermal melatonin in the non-UV-irradiated skin on the buttocks is different in 
the morning from that in the evening. The outcome adds information to explain the 
physiology of epidermal melatonin in human skin in vivo. 

We found that melatonin expression in the skin (IHC) did not correlate with the 
change in erythema sensitivity (Study III). In our IHC staining, melatonin was 
located mostly in the epidermis. Contradicting our finding, erythema preventing 
actions of melatonin were earlier detected when studying the properties of topical 
melatonin treatment. Application of melatonin gel before UVB irradiation was first 
shown to reduce erythema in 1996 (Bangha et al. 1996). Two decades later, when a 
better dosage form for radical scavenging was investigated, melatonin strongly 
protected cultured human keratinocytes against UVB radiation (Marto et al. 2016). 
In fact several studies have shown that topical melatonin significantly prevents both 
UVB and natural sunlight induced erythema when applied before UV exposure 
(Scheuer et al. 2014, 2016a). Topically applied melatonin seems to work specifically 
in the stratum corneum, the topmost layer of the skin, rather than in deeper in the 
epidermis (Marto et al. 2016). In Study III we did not detect melatonin in the stratum 
corneum. Accordingly, the contradictory findings with Study III and previously 
published topical melatonin administration studies may be due to different location 
of melatonin in the skin. Melatonin absorbs radiation in wavelengths of UVB (280–
320 nm) (Nickel and Wohlrab 2000). Melatonin thus involves UVB absorption 
capacity, which can protect the skin from sunburn when applied thickly enough on 
the skin. However, according to our new results, the naturally expressed melatonin 
detected in the deeper layers of the epidermis, may be located too deep in the skin 
as regards the penetration capacity of the UVB waves in the skin. Furthermore, the 
natural melatonin may be present in too low concentrations to act as a definite sun 
screen, but this could be examined in greater detail in our future studies with 
different UV wavelengths including UVA and broad-band UVB.   

We found that melatonin content of the non-irradiated skin of the buttocks 
varied between morning and evening. There was more melatonin in the evening than 
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in the morning. This fluctuation resembles the pattern of pineal expression of 
melatonin that begins in the evening and peaks at night (Reiter 1991). According to 
earlier studies extra-pineal melatonin expression may be steady, oscillating or 
fluctuate in a circadian manner (Acuña-Castroviejo et al. 2014). As regards the extra-
pineal localizations, rhythmic melatonin expression has been detected in retina and 
thymus, both in melatonin content peaking at night (Naranjo et al. 2007; Tosini et 
al. 2007). However, extra-pineal sites can express melatonin oscillation that does not 
vary in a circadian manner (Venegas et al. 2012) and pineal melatonin has only limited 
access from blood to the skin due to its degradation in the liver (Slominski et al. 
2017a). According to our findings, the melatonin content of the skin may follow the 
fluctuation pattern of circulating melatonin. To learn more, in future studies we 
could study the melatonin content of the skin at several time points on consecutive 
days using a quantitative method like mass spectrometry to confirm whether 
epidermal daily fluctuation of melatonin is circadian or not. Blood melatonin levels 
should be measured in parallel. 

Using ICH staining, we demonstrated that melatonin was mainly nuclear and to 
a small extent cytoplasmic. In an earlier human study, melatonin was found in 
keratinocytes and to be cytoplasmic in the skin of the scalp (Slominski 2005). 
Serotonin, a precursor of melatonin was likewise cytoplasmic and membranous in 
the same anatomical location (Slominski et al. 2020). Melatonin has a lipophilic 
structure, which enables it to cross the biological barriers and exert its influence on 
the mitochondria, cytosol and nucleus in the cell. Distribution of melatonin in 
different parts of the cell has been shown to differ depending on the tissue 
investigated. For example in the cerebral cortex the concentration of melatonin is 
highest in mitochondria, whereas in the liver it is highest in the cell membranes. In 
both tissues there was a marked amount of melatonin in the nuclei (Venegas et al. 
2012). In the skin of the scalp melatonin may have actions related to hair growth via 
mitochondria (Rusanova et al. 2019). This may explain the dominating cytoplasmic 
location. Different immunolocalizations of melatonin as found in our study versus 
the earlier findings of Slominski and colleagues (Slominski 2005) may thus be due 
e.g. to the different anatomical locations of the skin biopsies taken. We posit that the 
melatonin responsible for cellular functions in human buttocks skin seems to be 
located mainly in the nucleus.  

We detected no association between melatonin receptors (MTNR1A, NQO2) 
and erythema formation in Study III. We found melatonin in different parts of 
keratinocytes compared to its receptors. According to cell culture studies in the 
literature, ROS scavenging may be the mechanism behind the UVB protecting 
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actions of melatonin (Marto et al. 2016; Reiter et al. 2016). In human skin cell cultures 
(Janjetovic et al. 2014, 2017) as well as in animal studies (Slominski et al. 2014), the 
anti-inflammatory mechanism behind diminished erythema has been reported to be 
mediated independently of melatonin receptors, by reduction in ROS. In line with 
earlier research, we assume that, as melatonin and its receptors are detected in 
different parts of the cell, it seems that the actions of epidermal melatonin are not 
mediated, at least to a large extent, by MTNR1A and NQO2 receptors. Our finding 
that melatonin expression of epidermal skin was not significantly connected to 
erythema sensitivity does not rule out other types of UV protective, but receptor-
free actions of melatonin. Finally, there are diverse mechanisms of action to prevent 
erythema, some of which may work more effectively in the morning hours. These 
phenomena need further detailed studies, including e.g. mRNA transcriptome 
sequencing in the morning compared to corresponding analysis in the evening and 
by measuring the number of reactive oxygen and nitrogen species. 

In Study I higher level of p53 was detected after UVB irradiation in the morning 
than in the evening. Interestingly we did not detect melatonin amounts to be elevated 
at the same time of day as p53. Earlier studies have shown tumour suppressor 
protein 53 triggered by melatonin to be involved in UVB-induced radical scavenging 
action in human melanocytes (Denat et al. 2014; Janjetovic et al. 2017) and 
keratinocytes (Janjetovic et al. 2014). However, in vivo many simultaneous processes 
protect the skin from UVB induced damage.  
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6.4 Chronotype and erythema (III) 

In Study III, we detected no connection between sensitivity to UVB-induced 
erythema and chronotype. Previous studies have found that skin temperature, as well 
as b-END and IL-6 detected in epidermis using IHC as a response to NB-UVB 
exposures were associated with individual chronotypes (Toledo et al. 2019; 
Weidenauer et al. 2019). Overall skin temperature is higher among morning 
chronotype individuals than among the evening types (Weidenauer, Vollmer, 
Scheiter, & Randler, 2019). The mood state related properties of NB-UVB and IL-6 
responses to NB-UVB exposure also seem to depend on chronotype (Toledo et al. 
2019). According to earlier studies, we expected to find a connection between 
chronotype and erythema. The reason why we did not find that connection may be 
due to our simple way of classifying chronotype.  

In Study III, we found no correlation between epidermal melatonin fluctuation 
and chronotype. Xianchen Liu and his colleagues have earlier shown that a late-timed 
peak of melatonin in the circulation was associated with eveningness (Liu et al. 2000). 
Taking into account that melatonin is endogenously produced in keratinocytes and 
has limited access from the circulation to the skin (Slominski et al. 2017a), the 
melatonin we detected in keratinocytes may be a mixture of both origins, the blood 
and the skin. Unfortunately, in our present study, we did not take blood samples, but 
this could be done in future. Based on our finding that chronotype did not correlate 
with the melatonin level detected in the epidermal skin biopsies, expression of 
melatonin in the skin seems different from pineal melatonin expression. Further 
studies on the relationship between the circulating and epidermal levels of melatonin 
are needed to ascertain if they are connected with each other.  

Evening chronotype individuals rather schedule their daily activities for the 
evening than for the midday hours (Adan et al. 2012). They may spend time in the 
sun later than morning type individuals. As in Studies I and III we detected more 
intense erythema in the evening than in the morning, such habits may make UVB 
erythema protection more important to evening type individuals than it is for others.  
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6.5 Limitations and strengths 

 
Due to the invasive nature of the in vivo study on healthy volunteers, where biopsies 
were taken, the number of volunteers was limited. The focus of studies was on earlier 
unstudied aspects, which made it difficult to predict the outcomes.   

The chronotype was characterized by a short MEQ-6 questionnaire (Hätönen et 
al. 2008). In future studies further quantitative and more objective assessment 
methods, such as dim light melatonin onset (DLMO) or body temperature recording, 
could be implemented to confirm the chronotype (Lewy et al. 1999; Bonmati-
Carrion et al. 2014). 

One limitation of Studies I and II was the lack of control biopsy in the evening. 
This was due to the need to reduce the invasiveness of the study. Therefore, only 
the morning results had a non-irradiated control sample. This inhibited conclusions 
on the impacts of NB-UVB exposures in different time windows in Study II. 
Therefore, in Study III, we recruited a further cohort of 20 volunteers, in addition 
to the former 19 volunteers, and from these 20 volunteers (Group B) both morning 
and evening non-irradiated samples were taken. In future studies determining 
mRNAs using an increasing erythema intensity series might also increase validity, 
but since the number of samples from one volunteer is limited, one way to improve 
the replicability of the outcome is to increase the number of volunteers.  

One limitation of present study is also that there may be unknown factors 
influencing circadian clock in the skin that could not be controlled for during the 
study. Diet, exercise, stress and temperature seem to have direct effects on peripheral 
clocks in general, but their influence on clock proteins and circadian time in the skin 
is unknown (Schibler et al. 2003; Buhr et al. 2010; Tahara et al. 2017). 

Quantifying the clock protein, p53, and melatonin levels of the skin using ICH is 
not the most accurate method. To improve validity all samples were evaluated by the 
same scientists including a board-certified dermatopathologist and we studied clock 
protein activity with two different methods, protein expression with IHC and 
mRNA expression, which complement each other. 

Some of the strengths of this thesis can also be highlighted. Firstly, as a topic 
circadian clock in the skin is new and not enough is known about its actions. Another 
strength is the use of healthy human volunteers. Earlier studies have mostly been 
conducted using cell cultures and animal samples. Moreover, measuring erythema 
not only with the naked eye but also quantifying it by reflectance spectrometer 
proved to be a strength of the study design. As regards the dermatology field, putting 
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more emphasis in future on various chronobiology aspects seems urgent. The 
present studies increase our understanding that timing of therapy according to time 
of day may be of significance for the outcome. The study also shows that the skin is 
truly an interactive discussing organ with an incredible capacity to produce biological 
responses linked to the whole body. There remain numerous ideas for further study 
in the future. 
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7 CONCLUSIONS AND FUTURE PROSPECTS 

The aim of this thesis was to investigate a possible association between the effects 
of UVB exposure and the human circadian clock. The connections were addressed 
by studying erythemal responses to UVB exposures at different times of the day, by 
measuring NB-UVB induced mRNA expression changes of main circadian genes, 
and by detecting epidermal melatonin content in the light of erythema reactions.  

The results showed that, due to the functions of circadian clock in the skin, the 
degree of erythema induced by NB-UVB exposures depends on the time of the day. 
We investigated melatonin as a possible erythema protecting factor, but it turned out 
not to be the reason behind different erythema reactions between morning and 
evening. For the first time we showed difference in the expression of epidermal 
melatonin to vary depending on the time of the day. Like the circadian clock in 
general, the clock in the skin and in the subcutis also were adjustable. We showed 
that NB-UVB has the capacity to influence the clock machinery.  

The information from the present study is relevant from two perspectives. First, 
the understanding of the internal clock machinery as a part of the erythema control 
of the skin can be of advantage when optimizing the benefits and diminishing the 
side-effects of dermatological NB-UVB phototherapy or even sun exposure. 
However, this needs further study with patients in need of phototherapy.  

The result that NB-UVB exposure may pace the circadian clock should be taken 
into account when studying circadian functions of the skin and even the whole body. 
To refine the effect of UV radiation of circadian parameters, all other pacemakers 
should be controlled, which remains a huge challenge for future studies. One 
interesting confounding factor is the interindividual variation between chronotype 
and natural circadian period length among individuals. According to earlier findings, 
these differences should be taken into account when evaluating the effect of a 
defined pacemaker such as UV radiation on internal circadian clock. 

The tree studies of this doctoral thesis support earlier observations from animal 
and cell culture studies suggesting that the skin maintains its own circadian 
machinery to regulate e.g. the acute effects of UVB radiation. The underlying 
mechanisms are complex but may also involve entrainment of the clock by UVB 
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among other clock protein functions and the anti-inflammatory properties of 
melatonin.  

The information provided by this thesis could be used to initiate future 
dermatological studies targeting to prevention of skin cancer. The risk of erythema 
and skin cancer development may be increased when the skin is repeatedly exposed 
in the evening to erythematous amounts of UVB. Conversely, NB-UVB 
phototherapy may cause fewer side effects when used in the morning. Keeping the 
circadian homeostasis optimal seems to be beneficial in the prevention of various 
diseases. As we showed that NB-UVB radiation can have an impact on the molecular 
circadian clock of the skin and adipose tissue, the preventive functions may be more 
extensive than merely the prevention of erythema mediated actions. 
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Background 

Recent findings suggest that circadian time regulates cellular functions in the skin and may 

affect protection against ultraviolet radiation (UVR). It is not known, however, whether UVR 

through skin directly affects the expression of circadian genes. We investigated the effect of 

ultraviolet B (UVB) exposure on cryptochrome circadian clock 1 (CRY1), cryptochrome 

circadian clock 2 (CRY2), and circadian associated repressor of transcription (CIART) genes. 

Methods 

Healthy volunteers (n=12) were exposed to narrow-band UVB radiation of 4 standard 

erythemal dose (SED). Epidermal/dermal and subcutaneous adipose tissue samples were 

obtained by punch biopsies from irradiated and non-irradiated skin 10 cm away from the 

irradiated site 24 hours after UVB exposure. Gene expression of CRY1, CRY2, and CIART was 

measured using RT-PCR (TaqMan). 

Results 

Ultraviolet B radiation affected mRNA expression in the epidermal/dermal skin and in the 

subcutaneous adipose tissue. It down-regulated expression of CRY2 gene in the 

epidermal/dermal skin, whereas it up-regulated expression of CRY1 and CIART genes in the 

subcutaneous adipose tissue. 

Conclusion 

We showed for the first time that UVB radiation affects expression of circadian genes in the 

subcutaneous adipose tissue. Further studies are warranted to understand the mechanisms in 

detail. 
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INTRODUCTION 

Ultraviolet radiation (UVR) reaching the skin is a carcinogen, inducing immunosuppression 

and DNA mutations (1) and the wavelengths of ultraviolet light B (UVB) represent a 

biologically very active part of it (2). The chromophores transduct the electromagnetic energy 

of UVB into neural, chemical and hormonal signals to produce rapid (neural) or slow (humoral 

or immune) responses at the local and systemic levels (3,4). Skin irradiated by UVB can activate 

both the central and local hypothalamic-pituitary-adrenal (HPA) axis to turn on homeostatic 

responses and deactivate local and systemic damage (4,5). Locally UVB irradiation of the skin 

leads to activation of pro-opiomelanocortin (POMC) and corticotropin releasing hormone 

(CRH) in epidermal and dermal skin, produces cutaneous POMC peptides and activates the 

corresponding receptors that are important regulators on the pigmentary and the inflammatory 

reactions. (6-8) In addition keratinocytes stimulated by UVB can, as a rapid effect, secrete e.g., 

interleukin-1β (IL-1β), IL-6 and tumor necrosis factor (TNF) (9). The transmission of UV 

radiation to the skin depends decisively on the individual skin type and UV adaptation status.  

UV wavelegths below 305 nm are almost totally absorbed into the stratum corneum and 

epidermis. For  UV wavelengths above 305 nm about 10% reach the dermis. No UV radiation 

penetrates through the dermis to the subcutaneous adipose tissue. (1,10,11).  

The skin epithelium is one of the most actively proliferating tissues in the human body and 

characterized by an approximately 24-hour rhythm in almost all its functions (12,13) These 

circadian rhythms are regulated by an endogenous time-keeping system, the circadian clock. 

The central pacemaker of human circadian rhythms is located in the suprachiasmatic nucleus 

(SCN) of the anterior hypothalamus in the brain, while peripheral tissues follow the pace at 

transcriptional levels using a transcriptional-translational feedback loop (14). The genes 

involved in the regulation and maintenance of the circadian rhythms are called clock genes. 
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Canonical clock genes, such as cryptochrome circadian clocks (CRY1, CRY2), encode proteins 

which interact with each other to build up an autoregulatory feedback loop (14). The 

CRY1/CRY2 ratio alters the circadian period, an increasing ratio being associated with a longer 

circadian period (16). CRY1 or CRY2 as well as the period circadian clock (PER1 or PER2) as 

dimers are transcriptional repressors in the core transcription-translation feedback loop (15,16). 

Aryl hydrocarbon receptor nuclear translocator-like (ARNTL) protein is the key circadian clock 

protein and a transcription factor of CRY1 and CRY2 genes (19). 

There is a daily rhythm in the expression of circadian associated repressor of transcription 

(CIART) gene, and it is also regulated by stress responses (20). CIART protein has been shown 

to have a role in the transcriptional regulation of clock-controlled genes, as it can repress 

circadian locomotor output cycles kaput (CLOCK) and ARNTL protein activity in  different 

time-windows from CRY proteins and PER proteins (16,21). In a diurnal primate, the baboon, 

the most frequent cycling gene was Ciart, as it was cycling in 52 of the 64 tissues sampled 

every two hours over a period of 24 hours, and the expressions of the seven main clock genes 

in the diurnal baboon and in the nocturnal mouse were in antiphase to each other (22). Circadian 

clock proteins and genes have been shown to regulate cellular responses after UVB exposure: 

in mice, sensitivity to UVB-induced DNA damage in the epidermal skin is a process that is 

dependent on ARNTL as a function of the time of day (23,24). Earlier we showed the effect on 

circadian timing in UVB-induced erythema response in human epidermal/dermal skin (25). 

However, the effect of UVB radiation on clock genes is not fully understood. 

Human skin cells are known to express circadian clock proteins (26), but very little is so far 

known about the regulation of their expression and activity. In adipose tissue CIART gene 

oscillates with a circadian frequency (27). In addition, human adipocytes express other clock 

genes (28,29), but as far as we know there is no earlier data on whether the clock genes are 
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expressed in the subcutaneous adipose tissue after UVB exposure. The effects of UVR on 

subcutaneous adipose tissue are transmitted through cytokines such as IL-6, IL-8, monocyte 

chemoattractant protein–3 (MCP-3) and placenta growth factor (PlGF) (30) and signal 

transduction can occur through melanocortin receptors (MC1R and MC2R) (9). 

Our aim was to explore the effects of UVB on mRNA levels of CRY1, CRY2, and CIART genes 

in the skin of healthy volunteers. We also investigated for the first time whether the effects of 

UVB on circadian gene expression extend from epidermal/dermal skin to the subcutaneous 

adipose tissue and measured amounts of mRNA of the IL-1β, IL-6, TNF, POMC, and 

melanocortin receptors (MCR1/MCR2) in the both tissues to confirm earlier findings and find 

possible link between UVB and clock proteins below the skin surface. 

MATERIALS AND METHODS 

Healthy adult volunteers (n=12) presenting with anamnestic skin phototypes II or III (31) were 

eligible to participate. The skin phototype was confirmed in a clinical interview. Subjects with 

photosensitizing, immune modulating or psychiatric medication, photosensitivity, pregnancy, 

lactation, history of skin cancer or extensive scarring, or marked UVR exposure in the three 

preceding months were not eligible to participate. During the study no medication was allowed. 

Three subjects had recently taken some medication and to meet the inclusion criteria this had 

to be discontinued for a minimum of 48 hours before the beginning of the study.  

Ethics 

This study was carried out in the Department of Dermatology, Päijät-Häme Central Hospital, 

Lahti, Finland, from January to April 2016. Written informed consent was obtained from the 

participants and the ethics committee of Hospital District of Pirkanmaa approved the study 

protocol (#R16001) 
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Ultraviolet B radiation 

One square cm area of the buttock skin was exposed to 4 standard erythemal dose (SED), 

while the rest of the skin was protected. A Waldmann UV 801KL phototherapy device 

equipped with 4 TL20W/01 narrowband UVB (NB-UVB) tubes was used for UVB irradiations. 

The bulbs were preheated for seven minutes before the exposure. The irradiance of the device 

was measured before the study using an Ocean Optics S2000 spectroradiometer by the Nuclear 

Safety Authority of Finland. The time to irradiate the test area was calculated on the basis of 

these measurements so that the 4 SED area was irradiated for 6 min 28 sec. One SED is defined 

as an erythemal effective radiant exposure of 10 mJ/cm2, and is equivalent to a non-weighted 

physical UV dose of 172 mJ/cm2 emitted from our narrowband UVB lamps. The 4 SED thus 

equals a non-weighted physical dose of 688 mJ/cm2. Most of the radiation of the narrowband 

UVB lamp’s radiation is in the 311 nm emission peak. The spectrum of the narrowband UVB 

lamps is presented in Figure 1. Uncertainty (2σ) of the measurement of the OceanOptics S2000 

was estimated to be approximately 14% (32). The measurements are traceable to the National 

Institute of Standards and Technology (Gaithersburg, Maryland, USA).  

Sample collection 

While the narrowband UVB irradiation was administered in the morning between 7 a.m. and 

9 a.m. on day one, the 3 mm skin punch biopsies, consisting of epidermis/dermis and 

subcutaneous adipose tissue, were sampled 24 hours after the exposure on day two. A non-

irradiated skin control biopsy was obtained at least 10 cm away from the irradiated skin square, 

and had been protected against UVB with impermeable fabric. Lidocaine 1% without 

epinephrine was used for local anesthesia, and the punch biopsies were obtained thereafter. The 

subcutaneous adipose tissue and epidermis/dermis were cut separately from each other with a 

scalpel and incubated separately. All samples were incubated in RNAlater (Thermo Fisher 
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Scientific, Massachusetts, USA) for 24 hours at +4°C, and thereafter deep-frozen and stored 

at from −80°C to −20°C until mRNA extraction. 

Total-RNA extraction, cDNA synthesis and RT-PCR 

Both epidermis/dermis and subcutaneous adipose tissue samples were mechanically 

homogenized by Ultra-turrax homogenizer (IKA-Analysentechnik) in RLT buffer (Qiagen, 

Hilden, Germany). To sediment the small tissue pieces and to layer possible fat, the 

homogenates were centrifuged twice at 12 000 × g for 10 min at +4°C. Total RNA from 

epidermal/dermal skin biopsies was isolated using AllPrep kit (Qiagen, Venlo, The 

Netherlands). Four hundred micrograms of RNA was reverse transcribed with High Capacity 

cDNA Reverse Transcription kit (Applied Biosystems, Foster City, CA, U.S.A.) to cDNA as 

previously described (33). And from subcutaneous adipose tissue, 80 µg of RNA was reverse 

transcribed with VILO kit (Thermo Fisher Scientific/Invitrogen, Carlsbad, CA, U.S.A.) 

according to manufacturer’s instructions. The expression of the cytokines and genes involved 

in the circadian rhythm were studied by TaqMan 7500 Fast System (Applied Biosystems) with 

PerfeCTa qPCR FastMix (Quanta Biosciences, Gaithersburg, MD, U.S.A.). PCR primers and 

probes for cytokines and chemokines were obtained as predeveloped assay reagents from 

Applied Biosystems. Ribosomal 18S gene was used as housekeeping gene in the TaqMan 

analyses. 

Statistics 

Gene expressions of selected circadian genes and cytokines were first compared using 

ordinary one-way ANOVA at different time points. Statistical analysis of target gene 

expression was performed with the nonparametric Mann–Whitney test before and after UVB 

treatment. A single apparent outlier from the null samples was excluded from the analysis. The 
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association between the expression of CRY1 and CRY2 in the skin at different time points was 

examined using the Pearson’s correlation test. All statistical analyses were performed with 

GraphPad Prism 7 Software (GraphPad Software Inc., San Diego, California). 

RESULTS 

Altogether 12 healthy subjects participated in the study, 2 men and 10 women, aged 41 (26 to 

64) years on average and with BMI 23.5 (SD ±3.4) on average. Four presented with anamnestic 

skin phototype II and eight with phototype III (31). We found the epidermal/dermal skin mRNA 

of CRY2 gene to be at a lower level of expression after UVB irradiation than skin without 

irradiation. We also found that in the null epidermal/dermal skin sample there was 6.5 times 

more and in the subcutaneous adipose tissue as much as 20 times more CRY2 than CRY1 

mRNA. 

Clock gene expressions after UVB 

After the UVB exposure expression of CRY2 mRNA in epidermal/dermal skin was 

significantly decreased (p=0.0492), and a similar tendency was seen in CIART mRNA (Figure 

2a). UVB irradiation of the skin had no statistically significant impact on the expression of 

epidermal/dermal skin CRY1 mRNA, but changes in gene expression were seen in the 

subcutaneous adipose tissue; UVR significantly enhanced the expression of CRY1 (p=0.0263) 

(Figure 2b). The expression of CIART also enhanced (p=0.0411) and a small increase was seen 

in CRY2. We found a positive linear correlation between CRY2 and CRY1 mRNA amounts in 

epidermal/dermal skin, especially after irradiation (r=0.84) (Figure 3a) and the CRY1/CRY2 

ratio was significantly different after irradiation (p=0.0011). In subcutaneous adipose tissue 

the correlation was weak (Figure 3b). 

UVB modifies cytokine expressions in skin but not in adipose tissue 
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UVB exposure significantly enhanced the expression of interleukin-1β (IL-1β) mRNA in the 

epidermal/dermal skin (p=0.0011), and a similar tendency was  also observed in the expression 

of TNF (Figure 4a). UVB exposure did not induce clear changes in IL-6 after 24 hours. No 

significant changes in the subcutaneous adipose tissue were seen in the cytokine expressions 

studied (Figure 4b). A small increase was also seen after UVB exposure in POMC and 

melanocortin 1 receptor (MC1R), both in the epidermal/dermal skin and subcutaneous adipose 

tissue. melanocortin 2 receptor (MC2R) level  showed no significant change (Figure 4a-b). 

DISCUSSION 

In addition to epidermal/dermal skin UVB radiation seems also to affect mRNA expression in 

the subcutaneous adipose tissue. We found CRY2 expression to be down-regulated in  

epidermal/dermal skin following UVB radiation, and in subcutaneous adipose tissue CRY1 and 

CIART expression appeared to be up-regulated. The differences in trend in the two tissues with 

CRY2 and CIART genes may be due to the fact that no NB-UVB penetrates into the 

subcutaneous adipose tissue.   

In humans and other mammals visible light is capable of interacting with the master circadian 

clock through retinal rods, cones, and ganglion cells that project information from the eyes to 

the SCN  (34-38). Both CRY1 and CRY2 have been detected in the human retina by 

immunohistochemistry (39) and can function as blue-light photoreceptors, but may even be 

more sensitive to shorter (from 300 nm to 450 nm) UV- wavelengths (40,41). While the SCN 

is a pacemaker and the main link between the circadian clock and light exposure, in plants and 

animals peripheral clocks play a role in perceiving changes in environmental radiation (42), 

which, based on CRY1 and CRY2 signaling mechanisms, may also be possible in humans (43). 

In the human retina CRY2 mRNA is 11 times more abundant than CRY1 and expected to capture 

the photons necessary to initiate a light-sensitive response (39). We found that in untreated 
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control skin there was 6.5 times and in the subcutaneous adipose tissue as much as 20 times 

more CRY2 than CRY1 mRNA, which corroborates the putative role of CRY2 protein 

interactions with UVB. Although UVB induced mRNA expressions of the clock genes have 

not been studied earlier in vivo, in cultured human keratinocytes UVB downregulated ARNTL, 

CLOCK and PER1 gene expressions. (44). 

The observed change in clock genes due to UVB may affect the repair of UVR- induced 

damage. In mice inflammatory cytokine induction, sunburn apoptosis, and erythema are 

controlled by circadian rhythm (23). Huber et al. suggested that CRY2 can limit tumor 

formation by promoting the turnover of c-MYC,  a critical regulator of cell proliferation (45). 

This observation is in line with our earlier finding that human skin with a neglible amount of 

CRY2 showed more erythema (25). While we now found CRY2 expression to be down-

regulated in  epidermal/dermal skin following UVB radiation, is possible that UVB exposure 

undermines the protective mechanisms in epidermal/dermal skin. 

Since after UV exposure proinflammatory cytokines IL-1, IL-6, and TNF are expressed in 

various skin cell types (9), we expected to detect a significant increase in their mRNA levels. 

Based on cytokine mRNA levels a slight inflammation occurred in the epidermal/dermal skin 

but not in the subcutaneous adipose tissue. As UVB induces POMC, we expected to see a 

significant increase in the expression of POMC mRNA when comparing the irradiated and 

non-irradiated skin specimens. The UVB dose used in our study was large enough to induce 

visible erythema at 24h, whereas the increase in pigmentation takes more time (46). It is thus 

possible that later timing of biopsy, e.g. some days later, would have revealed a more 

pronounced increase in POMC mRNA. However, we already detected a small increase in 

POMC mRNA expression both in the epidermal/dermal skin and subcutaneous adipose tissue 

at 24h after exposure, which may indicate that later sampling might have worked better for 
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detecting POMC mRNA. As we found no proof of the involvement of melanocortin receptors 

in signaling between UVB and cryptocromes in adipose tissue at 24h, these could be expressed 

later at 3 to 6 days, when pigmentation reaches its maximum (46). 

As we detected an increase in the CRY1/CRY2 ratio after irradiation, it is possible, in light of 

earlier findings, that UVB extends the circadian period (17). In addition melatonin produced 

in epidermal/dermal skin may play a role in the UVB damage responses and mRNA synthesis 

of clock proteins, but this needs to be clarified in future clinical studies (47). Due to the 

important role that circadian functions play in the human body, it is essential to understand the 

mechanisms behind the circadian clock of the metabolic active tissue, the subcutaneous 

adipose tissue, as part of the skin. As clock genes in adipose tissue have been linked to the 

metabolic syndrome (48) our data opens up a new perspective when considering the 

implications of UVR exposure for human health. Unfortunately a limitation of our study is the 

relatively small number of participants and the fact that we only measured mRNA but not 

proteins, which is due to invasive nature. Larger cohorts are needed to confirm these links from 

UVB to adipose tissue disturbances. 

CONCLUSION 

We investigated the effect of UVB radiation on the expression of key clock genes in 

epidermal/dermal skin and subcutaneous adipose tissue, showing for the first time that UVB 

radiation affects expression of circadian genes in the subcutaneous adipose tissue. Variation in 

the expression of CIART gene suggests that it is a possible oscillator of skin functions. More 

studies are warranted to understand further actions and mechanisms of clock genes in detail. 

Our findings suggest that UVB may influence peripheral clock genes in the skin to modulate, 

for example, cellular responses against to UVR-induced damage. 
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LEGENDS FOR ILLUSTRATION 

Figure 1. The spectrum of the narrowband UVB lamp TL01. The spectrum has an emission 

maximum at 311 nm. 63% of the lamps UV and visible (280 -780 nm) radiation is in the narrow 

305 -315 nm band. The UVB (280 – 315 nm) range contains 64%, UVA (315 – 400 nm) 16% 

and visible light (400 -780 nm) 19% of the lamps UV and visible light radiation. 

Figure 2. Circadian gene expression in a) epidermal/derman skin and in b) subcutaneous 

adipose tissue 24h after four SED UVB exposure. The total number of samples in group is 11-

12. Nonparametric Mann–Whitney test was used to represent the column of group means, and 

standard errors of the means (SEM). Ctrl, untreated control skin; UV, UV-treated skin; RU, 

relative units. *p<0.05 

Figure 3. Correlation between CRY1 (y-axis) and CRY2 (x-axis) in UV-exposed and control 

tissues in a) epidermal/dermal skin and in b) subcutaneous adipose tissue 24h after four 

SED UVR exposure. The total number of samples in a group is 11. Linear regression was used 

to model the data per CRY2, and Pearson’s correlation was used to compute the correlation 

coefficients (r). Ctrl, untreated control skin; UV, UV-treated skin. **p<0.005 

Figure 4. Cytokine, POMC and melanocortin receptor gene expression in a) skin and in b) 

subcutaneous adipose tissue 24h after four SED UVR exposure. The total number of samples 

in group is 11-12. Nonparametric Mann–Whitney test was used to represent the group means 

and standard errors of the means (SEM). Ctrl, untreated control skin; UV, UV-treated skin. 

*p<0.05, **p<0.005 
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