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ABSTRACT
Exposure to ultraviolet radiation (UVR) is associated with all three major forms of skin
cancer; squamous cell carcinoma (SCC), basal cell carcinoma (BCC) and cutaneous
malignant melanoma (CMM). Different exposure patterns are suggested to influence
the development; SCC and BCC have been linked to occupational (continuous) exposure and CMM, and to some extent BCC to intermittent exposure. UVR can be measured by using different types of dosimeters or, alternatively, by estimations of the intensity and the time of exposure. However, such measurements do not consider skin type
or dose-limiting factors like use of clothes or sunscreen. Biomarkers of exposure offer
an alternative that confirms and quantifies the exposure on a biological level. The cyclopyrimidine dimer (T=T) is the dominating photoproduct formed in the DNA of the
skin after exposure to UVR of the sun. This adduct is after excision degraded and finally excreted in the urine. A method for analysis of urinary T=T has been developed
and validated in previous research, but the association between the amount formed in
the target tissue (skin) and urine has not been examined.
The main aim of this thesis was to further validate T=T as a biomarker of UVR
exposure, and to apply it in outdoor studies. The specific aims of paper I was to examine the relationship between the target dose in the skin and the dose estimated from
analysis of the urine including correction by creatinine level. In paper II the aim was to
investigate the effects of single exposure in adults and children. Paper III concerned the
consequence of continuous exposure of UVR as analyzed by T=T levels in the urine of
outdoor workers.
The result of the investigations in paper I showed that urinary T=T was significantly correlated to the amounts of T=T formed in the skin, i.e. that creatinine corrected
urine samples may be used as a surrogate for skin in the analysis of T=T. We also
found a significant dose-response relationship after single exposure outdoors, and furthermore that children and adults form similar amounts of T=T per unit dose (paper II).
In paper III it was found that the continuous exposure led to steady-state levels of T=T
in the urine. This association could be described by utilizing a mixed statistical model,
and it suggested that the T=T levels mainly reflected the UVR exposure of the last three
days. We conclude that urinary T=T is a valid biomarker of exposure to UVR ready to
be applied in human environmental studies of adults as well as of children. In this respect it may assist in primary prevention of human skin cancer.
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1 INTRODUCTION
Radiation from the sun has had a profound influence on the development of life on
Earth. There was initially no oxygen in the reducing atmosphere of the earth (and, consequently, no ozone layer). Life thrived in the early seas, and 3.2 billion years ago, organisms similar to cyanobacteria developed photosynthesis. However, after an additional 1 billion years, the atmosphere had become so rich in oxygen that this new
“toxin” drove oxygen-intolerant species to extinction [1]. Other species began using
oxygen instead and during the Silurian period, which began 438 million years ago,
some of them invaded land [2]. These organisms could tolerate the atmosphere, and the
dramatically lowered exposure to ultraviolet radiation (UVR) caused by the formation
of the ozone layer, which filters the most damaging part of the electromagnetic spectrum; short-wavelength UVC radiation (200-290 nm). The ozone layer also filters the
majority of UVB radiation (290-320 nm) but does not filter UVA radiation (320-400
nm). The UVR that reaches the surface of the earth (ambient UVR) consists of 95-98%
UVA and 2-5% UVB, depending on various factors, such as latitude, altitude and zenith angle [3].
Modern humans originated in central Africa, and their skin color was most likely light
(as is true for other fur-covered primates) until our ancestors lost the fur approximately
1.5 million years ago [4]. The evolution of a darker skin color was not primarily an
adaptation to protect against DNA damage, which we now know links UVR to the development of skin cancer, a condition that generally develops after fertility has waned.
Instead, darker skin likely evolved to prevent the destruction of folic acid, which is
directly connected to fertility; this is more likely to be the ultimate reason why individuals whose distant ancestors evolved at lower latitudes possess more melanin in their
skin [5]. Approximately 200,000 years ago, humans began to spread and migrated to
parts of the earth where the selection pressure to preserve folic acid was lower because
the exposure to UVR was lower. In these areas, the formation of vitamin D (which is
mediated by UVB) became more important, and the skin of people in these higher latitudes began to whiten over the generations. The lighter skin tones that evolved at certain latitudes represented a compromise between enhancing vitamin D formation and
preserving folic acid [5, 6]. However, because defects in DNA repair lead to skin cancer at earlier ages [7], it is likely that protection against DNA damage played some role
in the evolution of skin pigmentation. Dark skin protects not only against folic acid
destruction but also against the most common forms of skin cancer [8, 9].
1

1.1

AMBIENT AND PERSONAL EXPOSURE

Ambient UVR, the fraction of that reaches the earth at ground level, is commonly expressed as J/m2 of “CIE-weighted” UVR. This term indicates that the erythema-inducing properties of ambient UVR have been considered, with CIE (Commission internationale de l’eclairage) being the agency responsible for this standardization [10].
Sun-induced erythema (i.e., redness of the skin) is an acute inflammatory response to
UVR. UVB is more potent in inducing erythema than UVA (as described in [11]);
however, the effects of UVA include swelling of blood vessels at deeper levels, resulting in edema in the top layers due to UVB and edema deeper in the dermis due to UVA
[12].
STRÅNG is a Swedish meteorological model used to estimate the amount of ambient
UVR on the basis of satellite measurements that are applied onto a grid of coordinates
that cover the country. This model can be used to estimate the ambient UVR at any
coordinate within Sweden. The average annual ambient UVR of Stockholm (latitude:
59°N) was 406,800 J/m2 CIE during 2005-20121 [13]. Approximately 50% of this solar
UVR reaches the earth during the Swedish summer holiday season, which begins in
mid-June and ends in August. In comparison, Sydney, Australia (latitude: 34°S)
received an average of 976,200 J/m2 CIE annually between 1996 and 2000 [14].
Assessing personal exposure
There are several methods for measuring UVR exposure. Exposure can be estimated
from stationary dosimeters, the time spent in the sun and/or the UV index, which is an
international standard measurement based on UV intensity that is adjusted for the sensitivity of human skin to different wavelengths [15]. It is common to combine such
measurements with questionnaires regarding the use of clothing and sunscreen to obtain
a more precise estimate of exposure. For a more accurate assessment of the UVR dose
on an individual level, personal dosimeters can be applied. Historically, dosimeters that
contain bacterial spores (e.g. the so-called Viospor dosimeter) have been used; these
devices measure UVR exposure by analyzing spore survival [16, 17]. Polysulfone film
dosimeters (figure 1) that darken following UVR exposure and can be analyzed with a
spectrophotometer have also been used [18-20]. The most accurate means of UVR
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The STRANG data employed were from the Swedish Meteorological and Hydrological Institute and produced with support
from the Swedish Radiation SafetyAuthority and the Swedish Environmental Protection Agency.

exposure assessment is the digital SunSaver, which has been used more recently (figure
1) [21, 22]. The SunSaver can be used to monitor UVR of different wavelengths; it
performs one measurement every eighth of a second, and the data can be stored and
processed digitally.

Figure 1. The digital SunSaver (left) and polysulfone film dosimeter (right). Photos by
Jacob Heydenreich and Martin Fehne.

Personal UVR measurements are commonly expressed in units termed standard erythema doses (SEDs), where 1 SED corresponds to 100 J/m2 CIE, irrespective of skin
type. The lowest dose that induces erythema in an individual, the minimal erythema
dose (MED), must be determined individually for each subject. However, the term “1
MED” generally refers to a dose of 210 J/m2 CIE, the average dose that induces erythema in an individual with skin type II (see figure 2).
Exposure levels in different parts of the world
A comparison of the annual personal ambient UVR doses in different parts of the world
revealed that adult Europeans who work indoors receive 10,000-20,000 J/m2 CIE,
Americans receive 20,000-30,000 J/m2 CIE, and Australians receive 20,000-50,000
J/m2 CIE annually (excluding vacations) [23].
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UVC

200 – 290 nm

UVB

290 – 320 nm

UVA

320 – 400 nm, Commonly divided in UVAII (320-340 nm)
and UVAI (340 – 400 nm)

Ambient UVR

UVR that the earth receives at ground level, often CIEweighted in literature.

CIE-weighted
UVR

Dose adjusted for erythemal response.

Standard
erythema
dose (SED)

Dose CIE- weighted for biological effect,
1 SED = 100 J/m2.

Minimal
erythema
dose (MED)

The lowest dose that will give erythema in an individual. On
average, 1 MED is 210 J/m2 in a person with skin type II.

Skin
protection
factor (SPF)

Amount of UV radiation required to cause sunburn on skin
with the sunscreen on, as a multiple of the amount
required without the sunscreen.

STRÅNG

Meteorological model, estimating the ambient UVR based
on satellite measurements, applied on a grid of coordinates
over Sweden.

Figure 2. Concepts of UVR and UVR assessment

Exposure levels in Sweden
A mathematical model for translating questionnaire data into approximations of doses
was developed by Bränström in 2006 [24]. Using this model to analyze a survey of
2,000 subjects, Bränström revealed that the average annual individual UVR dose in
Sweden was approximately 120 MED (25,200 J/m2 CIE). He concluded that approximately 40% of the annual Swedish UVR was received during leisure time, 25% during
vacations abroad, 30% during outdoor work (occupational exposure) and 2.5% while
tanning in sunbeds (see figure 3) [24]. As a comparison, time-stamped dosimetry data
(SunSaver) were previously used to determine that the annual dose for a Danish indoor
worker was 13,400 J/m2 CIE [22]. In a recent study, Petersen and colleagues found that
Danish indoor workers received an average of 5,700 J/m2 CIE in a single six-day
vacation at a sunny resort [25]. These researchers concluded that vacationing abroad for
just six days greatly increased (by 43%) the accumulated annual UVR dose.
4

The results of these combined studies indicate that the exposure of a Danish indoor
worker with one annual vacation to a sunny resort abroad is similar to the exposure of a
Swedish citizen in Bränström’s model (occupational exposure excluded). In conclusion,
the annual personal UVR exposure in Sweden is in the range of 10,000-20,000 J/m2
CIE for individuals with no occupational exposure, and it is typically 25,000-30,000
J/m2 CIE for outdoor workers [22, 24, 25]. A study comparing UVR exposure in
children and adults in Denmark concluded that the two groups received approximately
the same annual doses of UVR [22].

Figure 3. Contribution from different types of UVR exposure to the total UVR exposure in
Sweden 2006 (based on 24]).

1.2

SKIN CANCER

The International Agency for Research on Cancer (IARC) has classified UVR (including exposure from indoor tanning devices) as a human carcinogen [26, 27]. The major
forms of skin cancer are cutaneous malignant melanoma (CMM), which originates in
melanocytes; squamous cell carcinoma (SCC); and basal cell carcinoma (BCC), which
originates in keratinocytes. Exposure to UVR from the sun is linked to an increased risk
of all three types of skin cancer [28-30]. Cancer incidence is influenced by the intensity
of natural sunlight, which varies with latitude and altitude over the earth. Among individuals with fair skin, the risk of skin cancer approximately doubles for each move 10°
closer to the equator [31]. The incidence of skin cancer is increasing among fair5

skinned populations in all Western countries [29, 32], which has been attributed to enhanced exposure to UVR during outdoor leisure activities, such as sunbathing [28, 29].
Specifically, the incidence of all skin cancers is increasing in Sweden [33]. When all of
the types of nonmelanoma skin cancer are considered together, they represent the second most common type of cancer in both men and women and impose a heavy burden
on the healthcare system. Skin cancer is associated with indirect costs (primarily lost
productivity) and medical costs that were estimated to be 1,250 MSEK in Sweden in
2005 (see table I) [34]. The corresponding cost of breast cancer was estimated to be
3,000 MSEK in 2002 [35].

Table I. Burdens imposed by the three major types of human skin cancer in Sweden:
annual incidence, mortality and related socioeconomic costs.
Incidence1

Mortality2

BCC

35,000

Negligible

SCC

5,000

67

} 48

} 3804

CMM

2,800

470

534

2805

Total
costs,
MSEK

Indirect costs, Cost of mediMSEK3
cal
care,
MSEK3

1,250

1

Age-standardized incidence rate in 2010 [36]

2

Number of deaths in 2010 [36]

3

Costs in 2005 [34]

4

NMSC and actinic keratosis

5

CMM and melanocytic nevi

1.2.1 Nonmelanoma skin cancers (SCC and BCC)
Keratinocytes originate from stem cells in the basal layer of the skin (figure 4). These
cells differentiate during their upward migration and eventually appear as corneocytes
in the upper part of the epidermis, where they constitute 95% of the cells. The primary
function of keratinocytes is to form a barrier that protects the body from assaults from
infectious agents and mechanical damage. These cells also form part of the protection
against UVR-induced damage from the sun (see figure 4).
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Squamous cell carcinoma (SCC): When keratinocytes in the epidermis are exposed to
excess amounts of UVR they may either undergo apoptosis or transform into actinic
keratosis, a pre-stage of SCC [37-39]. Mutated clones develop into tumors, which may
progress to become invasive [38]; however, the risk of metastasis in SCC is low (approximately 3%) [40]. In Sweden, there are approximately 5,000 new cases of SCC
annually [33]. In most cases, SCC develops in older individuals, with a median age at
diagnosis of 60 years [33]. Formerly, SCC was significantly more common in men than
in women. However, the SCC incidence in women increased by 7.3% during the past
decade, and nearly half (44%) of SCC cases in 2011 occurred in women [41]. SCC is
overrepresented in individuals with outdoor occupations [42].
Basal cell carcinoma (BCC): BCC develops from cells in the basal layer of the skin
(see figure 4), predominantly in hair follicles. This type of cancer progresses slowly,
has no distinct stages and almost never metastasizes. Although the mortality rate is low,
BCC may be associated with cosmetic morbidity necessitating surgical treatment; as
many as 85% of cases of BCC manifest on the head/face or neck/throat area, most
commonly around the nose. The estimated cost of treating the skin cancers (of which
BCC constitutes 92%) in Sweden was 380,000,000 SEK in 2005 [34]. BCC primarily
affects individuals over 40 years of age. Although BCC formerly affected primarily
men, the incidence in women increased to slightly over 50% during the past decade
[33]. BCC increased in incidence by 5-7% in 2011, and this type of cancer is the most
common malignancy in Sweden, accounting for 35,000 new cases every year [33]. The
lifetime risk of BCC is reported to be 20-30% among individuals of European descent
residing in Europe and the USA [43, 44].

1.2.2 Cutaneous malignant melanoma of the skin (CMM)
CMM originates in the melanocytes (see figure 4), which are responsible for the skin’s
pigmentation. CMM is the most lethal type of skin cancer and carries a risk of metastasis. The ten-year survival rate in Sweden had improved to 84-90% in 2010, most likely
due to diagnoses at an earlier stage [33]. The frequency of CMM in Sweden has more
than tripled since the 1960s [33, 41]. The incidence is equally distributed among men
and women and is increasing (by 5% annually from 2001-2011 [33]).

7

Figure 4. Depth penetration of the skin at different UVR wavelengths (based on data from [132]).
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Approximately 3,000 individuals are diagnosed with CMM annually, and approximately 500 die from the disease every year [36]. Another, rarer form of melanoma
occurs in the eye (uveal melanoma), but epidemiological studies suggest that its
etiology differs from that of CMM [45]. Very rarely, melanoma can appear as a primary tumor of the intestine [46].The mechanism of melanoma induction appears
more complex than that of the nonmelanoma skin cancers, suggesting that more than
one pathway is involved [47-49].

1.3

SKIN PIGMENTATION

Constitutive pigmentation is one of the most important predictors of skin cancer risk.
Melanocytes reside in the lower part of the epidermis and produce melanosomes,
which contain the pigment melanin. Melanosomes are ingested by keratinocytes as
the former cells migrate upward to interact with keratinocytes to protect against
UVR. The melanosome localizes to a position at the top of the keratinocyte, like an
umbrella, and offers increased protection to the epidermis. Individuals with different
skin types produce the same numbers of melanocytes, but their pigment production
differs with respect to the amount and type of pigment [50], the amount of melanin
and the size of the melanosomes, which are larger in darker phototypes [51]. There
are two major types of melanin, eumelanin (a black-brown pigment) and
pheomelanin (a red-yellow pigment); individuals with darker skin have more of both
pigments [50].
In 1975, Fitzpatrick [52] developed a system for classifying skin phototypes
according to the skin’s response to sun exposure (erythema versus tanning; table II).
The application of spectroscopy to quantify pigmentation has verified that (i) the
color of the skin is correlated to its melanin content [53, 54] and (ii) the amount of
pigment in the skin has a dose-dependent effect on the sensitivity to UVR [55]. It
has been demonstrated that DNA is the chromophore for UVR, that DNA damage
and erythema share the same action spectrum [56] and that there is an inverse
relationship between an individual’s pigmentation and their propensity for UVRinduced DNA damage [57]. The Fitzpatrick classification system can thus be
utilized to estimate the degree of photo damage; however, because it is based on an
individual’s own assessment of skin type, the reliability of this system has been
questioned [58-60].
9

The best predictor of sensitivity to UVR (in terms of both erythema and DNA
damage) is the objective quantification of an individual’s constitutive pigmentation,
i.e., melanin content [51, 55, 57, 60, 61]. Skin type VI offers a 10- to 15-fold level of
protection against erythema compared to type I [62]; however, type VI is associated
with an even greater reduction in the risk of skin cancer (500- to1,000-fold) [63, 64].

Table II. The Fitzpatrick skin photo type classification system.
Complexion

Skin photo type

UVR response

Type I

Light/pale white

Always burns, never tans

Type II

White/fair

Usually burns, tans with difficulty

Type III

Medium /white /to light
brown

Type IV

Olive/moderate brown

Sometimes mild burn, gradually
tans to a light brown
Rarely burns, tans with ease to a
moderate brown

Type V

Brown/dark brown

Very rarely burns, tans very easily

Type VI

Dark brown/ to black

Never burns, tans very easily;
deeply pigmented

1.3.1 Tanning
When skin is exposed to UVR, there are two primary processes that induce the darkening of the skin; melanogenesis and the proliferation of melanocytes in the dermis.
These processes have different action spectra; UVB has a greater involvement in inducing proliferation [65], whereas the longer-wavelength UVA is responsible for
melanogenesis [66]. In another process referred to as immediate tanning, previously
distributed melanin becomes darkened [67]. Individuals with skin phototypes II-IV
may experience a protective effect of tanning against UVR-induced DNA damage.
This effect has been demonstrated to correspond to the use of a sunscreen with a sun
protection factor (SPF) of approximately 2 [68, 69].

1.4

FORMATION OF PHOTOPRODUCTS

The UV wavelengths in naturally occurring sunlight (295-400 nm) interact with
DNA to form lesions via both direct and indirect mechanisms [70-72]. In the UVB
portion of the spectrum, cyclobutane pyrimidine dimers (CPDs) and 6-4 photoproducts (6-4PPs) are the most prominent lesions and are induced solely by UVR [73].
10

CPDs are DNA-distorting lesions formed at pyrimidine-pyrimidine sites when incoming photons induce a double bond between the adjacent pyrimidines via the excitation process [74]. Thymine-thymine dimers (or thymine dimers; T=T), cytosinecytosine dimers (C=C), thymine-cytosine dimers (T=C) and cytosine-thymine dimers (C=T) can form, with T=T being the dominant form caused by exposure to
solar UVR [75] (see figure 5). In a 6-4PP, carbon 4 of one pyrimidine forms a single
covalent bond with carbon 6 of the adjacent pyrimidine. This lesion distorts the
DNA structure more severely and is generally repaired more rapidly compared with
a CPD [76] [77]. Exposure to solar-simulated UVR causes 6-4PPs to form to a lesser
extent than CPDs.

Figure 5. Structure of the dipyrimidine, TpT and the main photoproduct, T=T,
formed after UVR at natural wavelengths from the sun.

The longer-wavelength UVA can also produce oxidative lesions, primarily 8-oxo-2'deoxyguanosine (8-oxo-dG) [78, 79]. This lesion is not unique to UVR exposure; it
may also be formed following other environmental exposures or internal
mechanisms. Following exposure to UVA, the rate of 8-oxo-dG formation is
estimated to be 20% of the rate of CPD formation [73, 80, 81]. There is evidence
that the CPDs that form at these longer wavelengths (primarily T=T) are produced
not only in larger quantities but also partially via a direct excitation reaction. It has
been proposed that the formation of T=T is more important than the role of oxidative
damage in the mutagenic effects of UVA radiation [82].
Other types of UVR-induced lesions have been detected (primarily in vitro), but
they are formed in smaller numbers compared to formation of CPDs, 6-4PPs and
oxidative lesions, and they are generally believed to play more minor roles in UV
carcinogenesis. These lesions include Dewar photoproducts [83], purine dimers [84],
adenine-thymine dimers [85] and cytosine hydrates [86].
11

1.4.1 Thymine dimers
Beukers and Berends discovered in 1960 that the irradiation of thymine in solution
generated T=T [87]. Data by Setlow and Setlow in 1962 indicated that UVRinduced T=T in DNA caused bacterial inactivation [88]. Two years later Setlow and
co-workers demonstrated that the damage that caused the inactivation could be
corrected [89]. Similar to 6-4PPs, T=T and other CPDs are very chemically stable;
however, UVC radiation can split the bonds between the thymines.

1.5

DNA REPAIR OF UV-INDUCED LESIONS

Several pathways have evolved to maintain DNA integrity. Different mechanisms
are initiated in the cell, depending on the magnitude and type of damage that has
occurred. These mechanisms begin with damage recognition, which is followed by
an attempt to either repair the damage, tolerate the damage and bypass it or undergo
apoptosis [90].

Base excision repair
The oxidative lesions formed after UVR exposure, predominantly 8-oxodG, are repaired primarily by short patch base excision repair [91]. Excision of the damaged
base occurr via the DNA glycosylase OGG1 and an AP endonuclease followed by
DNA polymerase β, which inserts a replacement base followed by ligation. In the
“long patch” repair process it is the PCNA-dependant polymerases ε and δ that after
incision by an endonuclease polymerase parallel to the damage sequence which is
cleaved by FEN1 before the final ligation step [92]. 8-oxodG is excreted in urine,
where it has been used as a biomarker of oxidative stress [93].
Nucleotide excision repair
Nucleotide excision repair (NER) is the primary pathway for repairing bulky lesions
that distort DNA, including CPDs and 6-4PPs [94]. There are two forms of NER:
global genomic repair (GG-NER) acts on non-transcribing DNA, and transcriptioncoupled repair (TC-NER) is activated if a lesion is encountered during gene
transcription [95]. CPDs that occur in transcribing DNA cause RNA
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polymerase II to stall [96], which is recognized by the proteins CSB [97] and XPG
[98], which interact in damage recognition during TC-NER. During GG-NER, it is
XPC-RAD23B that recognizes the damage [99]. TC-NER is more rapid than GGNER and is driven by the stalled RNA polymerase [100]. These two repair pathways
follow similar steps after damage recognition: incisions are made on each side of the
damage, followed by the excision of some 20 nucleotides and the synthesis of a new
replica using the undamaged strand as a template. Finally, the newly synthesized
oligomer is ligated into the gap (described in [101]). The excised lesion-containing
oligomer is degraded and, at least in the case of T=T, is eventually excreted in the
urine [102, 103].
There is a high incidence of skin cancer among individuals with disorders involving
NER defects. The incidence of nonmelanoma skin cancers (BCC and SCC) and
CMM prior to the age of 20 is more than 1,000-fold higher in patients with
xeroderma pigmentosum than in the general population [7]. It is believed that GGNER is more critical than TC-NER for maintaining DNA integrity because disorders
in which only TC-NER is deficient (i.e., Cockayne syndrome) do not cause a higher
incidence of skin cancer, although other forms of sensitivity to UVR are increased
[104, 105].
There are differences in the affinity of NER for different types of lesions. Among
the CPDs, there is a higher affinity for C-containing lesions than for T=T, and GGNER has a higher affinity for 6-4PPs than for CPDs [77]. CPDs are not repaired
with equal speed or efficiency throughout the genome; certain sequences (“mutation
hotspots”) are repaired more slowly than others [106]. In a study of the JUN gene in
human fibroblast cells, TC-NER was observed to slow as it progressed from the
more rapidly repaired 5´-end, where transcription is initiated, toward the 3’-end. The
process was even slower upstream of the initiation site, in the promoter region [107].

1.6

URINE ANALYSIS – ADJUSTING FOR DILUTION

Collecting and analyzing urine samples offers a noninvasive alternative to analyzing
samples from blood or other tissues, and the ethical implications are minimal. Urine
collection is simple and can be performed in the volunteer’s home.
With respect to urine analysis, one must consider that the detected analyte levels
reflect the sum of what has been excreted during a certain time frame. Urine samples
are also strongly influenced by fluid intake, which can dramatically alter analyte
13

concentrations. To overcome these limitations, one can simply collect all of the
urine during a certain time period (typically 24 h) to determine the total amount of
the analyte. However, this method is inconvenient for the volunteer and requires a
cooled storage space. One variation on the 24-h urine method involves measuring
the volume every time urine is passed during the period and saving a small aliquot of
each void. The aliquots can then be combined to produce a sample with a
concentration equivalent to what was measured in the 24-h urine sample. However,
this process is also demanding for the volunteer, and there is a risk of receiving an
incomplete set of samples. A different approach involves measuring the
concentration of the analyte in a spot urine sample (generally obtained in the
morning) and adjusting it for dilution using creatinine (see below).
Creatinine correction: The most widely used means of adjusting urine samples for
dilution is the creatinine correction method. Creatinine is a rest product of muscle
metabolism that is excreted in a regular fashion [108], making it useful for adjusting
for dilution. Analytes are added to the urine from the kidneys via different
elimination pathways: filtration, passive transport and secretion. For the optimal
normalization of urine samples, it is crucial to know how the investigated analyte is
eliminated [109]. Creatinine is eliminated by filtration; when the urinary flow rate is
increased, the excretion rate remains the same, and the concentration of the analyte
is decreased as a result. To accurately correct the concentration of an analyte using
creatinine, the analyte must also be eliminated via filtration. If the measured
concentration of an analyte that is analyzed using creatinine correction is found to
correlate with the known level of exposure to the analyte, the analyte can be
assumed to be eliminated by filtration, and the application of creatinine correction is
appropriate [109]. Another important factor to consider in this type of analysis is the
variation in creatinine excretion among individuals; body size, age, gender, muscle
mass and diet all influence creatinine levels [109]. Such differences can be adjusted
for using tables or equations that provide standard 24-h creatinine excretion [110,
111].
Creatinine levels occasionally deviate beyond the degree that was previously considered possible [112]. For the monitoring of environmental and workplace chemicals,
the World Health Organization (WHO) has suggested that a new sample should be
collected and re-analyzed if the creatinine level in an adult’s morning sample is
below 30 mg/dL or above 300 mg/dL (corresponding to 0.0027 and 0.0265
14

µmol/µL, respectively) [113]. Moreover, urine samples with creatinine levels below
5 mg/dL obtained at any time of day are considered to be inaccurate (substituted or
diluted) [112, 114]. When analyzing a sample that exhibits an extreme creatinine
level, the analyte concentration may be highly over- or underestimated [115].
According to Boeniger and colleagues, the risk is greatest when the individual is
dehydrated (urinary flow <1 mL/min), and which causes the analyte to begin being
reabsorbed by the kidneys and the analyte concentration to be underestimated [109].
In studies that are sufficiently large to allow a multivariate analysis (at least 40 cases
are required to analyze 3 variables), the unadjusted analyte can be one variable, and
the creatinine data can be added as a separate variable. This type of analysis enables
an assessment of the contribution of the dilution adjustment method to the results
[115].
Osmolality and specific gravity: Another method of adjusting for urine dilution is to
determine the osmolality or specific gravity of the samples. Osmolality, the
concentration of a dissolved substance, is measured using freezing point depression.
Specific gravity, the ratio of a sample’s density to the density of pure water, is
measured optically with a refractometer. However, also osmolality and specific
gravity measurements are influenced by age, gender and body size [116].

1.7

MECHANISMS OF UV CARCINOGENESIS

When CPD persists until the time of replication, a transition mutation is generated at
the dipyrimidine site. These mutations are caused by DNA polymerase, which
misinterprets the dimer and inserts incorrect bases on the newly formed opposite
strand. The next time that the GG- or TC-NER mechanism encounters the lesion, it
will use the incorrectly incorporated bases as templates, and add their match to the
opposite strand, making the change permanent. The most common of these
mutations is the C-T transition [117]. This mutation frequently occurs as a tandem
mutation, altering two original cytosines to two thymines to generate a CC-TT
transition [118]. Tandem mutations occur exclusively following UVR exposure and
are referred to as “the signature of UV” [117].
When mutations occur in genes that regulate the cell cycle, such as PTCH, P16 and
P53, the gene function is lost and the risk of cell transformation is increased [119].
SCC, BCC and CMM tumors exhibit tandem mutations at dipyrimidine sites in
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tumor suppressor genes [120-122]. In cases of BCC and SCC in NER-deficient
individuals who suffer from XP, as many as 90% of the tumor cells have undergone
C-T and CC-TT transitions in the P53 gene [117]. P53 is the most frequently
mutated tumor suppressor gene in patients with SCC, whereas PTCH mutations are
more common in cases of BCC and P16 mutations are more common in cases of
CMM [123]. B-RAF is another gene that regulates cellular growth signals. In
contrast to the abovementioned genes, a mutation in B-RAF produces an oncogenic
gain of function that increases cellular proliferation [124, 125]. In figure 6, an
outline of UV-induced carcinogenesis is presented.

Figure 6. Summary of mechanisms of UV carcinogenesis.

UVR exposure is responsible not only for inducing DNA damage but also for promoting later stages of skin cancer development. This phenomenon occurs because
UVR is immunosuppressive and affects the immunologic response of the cellular
specific defense [126-129]. Both UVA and UVB have been shown to affect skin
immunity, with action spectra peaking at 310 and 370 nm respectively; the effects
include the expansion of effector T-cells and the retention of dermal effector
memory CD8T cells at sites of antigen challenge [128]. There is epidemiological
evidence that UVR is protective against autoimmunity in internal organs, and the
effect on cellular specific defense has been shown to be similar, but independent of
the suppression of the skin immunity [126].
The incidence of CMM shows a stronger correlation to the UVA- than to the UVB
fraction of sunlight in relation to latitude [130], which indicates that the UVA wave16

lengths might be more important in the etiology of CMM, and there also seems to be
a link between UVA and BCC [131]. The shorter UVB wavelengths have been
demonstrated to be more important in the etiology of SCC [127]. The formation of
photoproducts depends on the quality of the UV light; however, due to the different
depth-penetrating qualities of the different wavelengths [132], the distribution of
photoproducts differs among the different layers of skin [133-135]. It is estimated
that a substantial fraction of UVA rays penetrate at least to a depth of 50-60 µm into
the epidermis, reaching the cells in the basal layer (figure 4). Conversely, the
shallowest penetration occurs in the UVB range; e.g., at a wavelength of 290 nm, the
average penetration is only 20 µm [132] (see figure 4).

1.7.1 Modifiers of risk
There are certain groups of individuals who are considered to be at higher risk of developing skin cancer, including (i) those with a greater sensitivity, such as children
[[136, 137], and (ii) those with greater exposure, such as outdoor workers and sun
worshippers [22, 23, 138, 139].

Internal modifiers: susceptibility
Pigmentation: The etiologies of the nonmelanoma skin cancers and CMM differ, but
low constitutive pigmentation is associated with higher risk of developing all types
of skin cancer, whereas darker skin lowers the risk [8, 9, 63, 64]. The melanocortin
receptor

MC1R

regulates

melanogenesis

and

melanocyte

proliferation.

Polymorphisms in MC1R are responsible for the phenotypic features of light,
freckled skin and red or blond hair, as well as the increased risk of skin cancer that is
associated with these features [140-142]. Melanocytes produce two types of
pigment, the brown/black eumelanin and the red/yellow pheomelanin. The precursor
of both types of melanin is tyrosine; however, the pathways diverge following the
hydroxylation of tyrosine to dopaquinone. Eumelanin is formed via a reaction
catalyzed by tyrosinase-related proteins, and pheomelanin is formed by the
conjugation of thiol-containing cysteine or glutathione, which makes this pigment
more prone to photooxidation [143]. There is no difference between skin types with
regard to the ratio of eumelanin to pheomelanin. However, following a tyrosine
challenge, cultured melanocytes of skin type I produce more pheomelanin compared
with melanocytes of skin type VI, which increases the potential for oxidative
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damage [144]. Furthermore, it has been reported that oxidative mechanisms are
involved in the destruction of pheomelanin caused by UVR, leading to cell damage
[145]. Smit and colleagues investigated the formation of photoproducts (CPDs and
6-4PPs) in response to UVA radiation and reported that eumelanin content was more
strongly correlated with protection against DNA damage than was pheomelanin
content [146].
DNA repair: There is evidence that patients with BCC and SCC have a reduced
capacity to repair UVR-induced DNA lesions relative to healthy controls [147-149].
Studies of DNA repair polymorphisms explain some of this difference [150, 151].
With respect to CMM, there are heterogeneous findings from different studies;
however, it has been reported that a variant polymorphism in the NER protein
complex XPD/ERCC2 is associated with increased melanoma risk [152].
Cell cycle regulators – apoptosis: Individuals with polymorphisms in the PTCH
gene, which regulates the cell cycle during multiples periods such as embryonic
development, have an increased risk of developing nodular BCC [119]. Certain
families have an increased risk of CMM due to mutations in the CDKN2A gene,
which encodes the cell cycle regulator protein P16 [153].
Age at exposure: Historically, children have been considered to be more sensitive to
UVR, and there is epidemiological evidence linking childhood exposure to UVR to
an increased risk of skin cancers, particularly CMM [124, 136, 137, 154, 155].
More recently, it has been reported that children’s skin is morphologically different
from that of adults, and this finding may have implications for the depth of UVR
penetration [156]. CMM originates more often in nevi acquired during childhood in
response to UVR exposure [124, 136]. Immune system effects due to childhood
exposure to UVR could influence the risk for skin cancer later in life [157].
Nevi: The number of nevi that are not acquired as a consequence of UVR exposure
(genetic nevi) are considered to be an important risk factor for CMM [158, 159]

External modifiers: environment
UVR dose: For light-skinned individuals, the rates of all types of skin cancer
increase at lower latitudes [154]. Both SCC and BCC are linked to the total lifetime
exposure to UVR [160, 161]; however, the correlation is strongest for SCC [160],
which is also particularly associated with occupational exposure [42, 162]. The
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increase in risk attributable to occupational exposure has been estimated to be in the
range of 1.4 to 2 [42, 163-165]. CMM, and to a lesser extent BCC, are associated
with intermittent exposure and sunburn [49, 166, 167]. Melanoma may develop
from nevi acquired as a consequence of UVR exposure in childhood [124, 136].
Risk behavior – protection: In a recent study by Petersen and colleagues, Danish
volunteers vacationing in a sunny resort were examined. The UVR dose that they the
subjects received was found to be strongly influenced by behavior; spending time in
open sunlight between 12:00 and 15:00 produced the greatest increase in UVR dose
[25]. Sunscreens protect against erythema by filtering UVR of different
wavelengths. There is a concern that sunscreen use may increase the time spent in
the sun[168] without generating the necessary protection against, for instance, the
immune suppression caused by UVR [169]. In addition, when a subject is free to
choose the amount of sunscreen to apply, the resulting coverage is seldom in
accordance with the manufacturer’s recommendations. For example, one study
demonstrated that the self-applied sunscreen was only 25% of the recommended
amount [170]. However, studies of CPD induction have shown that the amount of
UV damage had a strong inverse correlation with the listed SPF when the product
was applied in the amount recommended by the manufacturer [171, 172].
Sunbeds: The use of tanning devices increases the risk of all types of skin cancer
[27]. For instance, the risk of CMM has been shown to increase by as much as twofold in women 10-39 years of age who frequently used tanning devices [173].
Infectious agents: Human papilloma virus (HPV) infection is involved in the
initiation of certain keratinocytic cancers, such as cervical cancer [174]. There is
also a link between SCC and infection with certain types of HPV [175, 176]. One
study reported that human fibroblast cells became GG-NER-deficient following
HPV infection and did not repair 6-4PPs and CPDs as efficiently as the parental
cells [176].
Chemical exposure: Other risk factors for BCC and SCC are chemical exposure,
primarily to arsenic and tar [177-179].
Immune suppression: Individuals taking immune suppressants (e.g., transplant
patients) have an increased risk of developing any type of skin cancer. The reasons
for this phenomenon are believed to include both an increased risk of infection and
the suppression of the specific defenses responsible for the destruction of cells in the
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later stages of carcinogenesis [180-182]. Recent studies have demonstrated that
calcineurin-inhibiting immune-suppressive drugs, such as cyclosporine, inhibit the
removal of CPDs from keratinocytes [183].
UVR and climate change: There is controversy regarding whether climate change
will influence the degree of UVR that humans will be exposed to in the future.
Ambient UVR has increased as a result of ozone layer depletion [184], elevated
temperatures due to global warming and, most likely, increased human UVR
exposure (due to less of the body being covered by clothing, for example) [185].
Since the implementation of The Montreal Protocol on Substances that Deplete the
Ozone Layer in 1989 [186], the concentrations of ozone-depleting substances in
the atmosphere have begun to decrease; however, the impact of ozone depletion on
ambient UVR is likely to persist until the middle of the current century, which
suggests that there will be an excess number of skin cancer cases through the end
of the 21st century [187]. It is difficult to make general predictions about skin
cancer incidence on the basis of ozone depletion scenarios. This difficulty is due in
part to the association of skin cancer with lifelong exposure to UVR, with cancer
development often requiring several decades [188], and in part to the
nonhomogeneity of the ozone layer over the earth, which will likely result in its
depletion producing different effects at different latitudes [184]. Estimates of UVR
exposure increase due to climate range during the 21st century range from 0.2% to
14% [188, 189]. For every 1% depletion of the ozone layer, a subsequent 2-3%
increase in skin cancer incidence has been predicted [190]. Other researchers make
more cautious predictions, stating that ozone depletion most likely will cause
negligible increases in skin cancer incidence compared to the effects of altered behaviors and attitudes toward sunbathing [191].

1.8

BIOMARKERS IN MOLECULAR EPIDEMIOLOGY

One major objective of cancer epidemiology is to determine the incidence of cancer
in relation to events that occur in a population. The distribution of cancer in a given
population (i.e., who develops cancer when and where) can then be compared with
causative factors such as exposure. [192]. Associations between factors that are
related to the disease can be investigated, but causal mechanisms cannot be proven.
For a variety of reasons, assessing the level of exposure to an environmental
carcinogen is a difficult task. The concept of molecular cancer epidemiology, which
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incorporates biomarkers, was developed by Perera and Weinstein in 1982 [193].
This addition to cancer research has been described as an attempt “to integrate
traditional epidemiological investigation of cancer risk factors with the substantial
expansion of knowledge of the molecular mechanisms or cellular processes” [194].
Biomarkers can be measured at different levels throughout the process of
carcinogenesis (see figure 7). In the first step, e.g., after a chemical has entered the
body, one collects biological samples and measures biomarkers of exposure, i.e.,
chemicals and metabolites or the products of their reactions with macromolecules. In
later steps, one measure what are here referred to as "biomarkers of effect", the first
step of which is often called "biomarkers of early effects" (e.g., chromosomal
damage or micronuclei). In addition to all of these types of biomarkers one has to
consider individual susceptibility (often mediated by gene polymorphisms) which
influences all of the steps of cancer development. The primary goal of identifying
biomarkers of exposure is to verify and quantify current exposure and to obtain data
regarding individual susceptibility. Additionally, such data could be used for
intervention studies or to obtain information regarding the etiology of the disease.

Figure 7. The concept of molecular epidemiology.

Biomarkers can occasionally be analyzed in the tissues in which cancer develops;
however, surrogate samples such as blood or urine must typically be used [193]. In a
small number of cases, it has been possible to establish correlations between
biomarkers of exposure and cancer risk (e.g., PAH and aflatoxin, [195-197]). In
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addition it has been shown that there is an association between frequency of
chromosomal aberrations or micronuclei and cancer risk later in life [198, 199]
UVR exposure can be measured using different types of dosimeters or can be
estimated based on the UV index and the amount of time spent outdoors. However,
none of these methods consider genetic or dose-limiting factors, such as the use of
clothing and sunscreens. The ultimate biomarker of UVR exposure would be
photoproducts in skin biopsies from the target tissue. Studies of photoproducts in
skin have been conducted in experimental settings [200, 201]; however, obtaining
skin biopsies imposes ethical constraints, and the methods employed are often not
sufficiently sensitive to be used in studies with natural sunlight, in which the dose
per unit of skin surface area is lower.

Urinary biomarkers of exposure
It is very common to analyse urinary levels of environmental chemicals, such as
heavy metals, for assessment of human exposure to such compounds. However, it is
rare that such exposures have been measured both in urine and in target tissues (the
tissue where the biological effect is supposed to occur). One example where such
studies have been carried out is for 1-hydroxypyrene (a biomarker of the internal
dose of recent exposure to polycyclic aromatic hydrocarbons), which can be
measured in human urine by HPLC with fluorescence detection [202, 203]. In a
recent study coal tar (used for treatment of psoriasis) was applied on affected skin
areas of psoriasis patients, and on a corresponding area of skin for healthy controls.
DNA lesions from polycyclic aromatic hydrocarbons were analysed in skin biopsies
and 1-hydroxypyrene in urine samples and high levels of adducts and metabolites
detected [204].
One example were DNA damage have been analysed in urine is for the oxidatively
formed DNA lesion 8-oxo-dG, which can be detected in urine using HPLC coupled
with e.g. electrochemical or mass spectrometric detection [93, 205] or with ELISA
[206]. This DNA lesion is formed in more or less all cells and it after repair excreted
in the urine where it has been used as a biomarker of oxidative stress [207].
In the case of UVR T=T is, after been excised from skin cells, excreted in urine
[102]. Measurements of urinary T=T reflect, in contrast to measurements of this
lesion in skin, the effect of the UVR on the entire exposed skin surface. Urinary T=T
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can be detected after lower UVR doses relative to the doses required for detection in
a biopsy, which allows for a wider selection of assessable exposure situations. In
order to be able to compare individuals with different amounts of clothing one has to
combine dosimetry data with the surface area of the exposed skin to provide an
accurate assessment of the individual’s total exposure relative to the amount of T=T
in the urine.

1.9

HUMAN STUDIES OF CPD FORMATION (THYMINE DIMER IN
PARTICULAR)

The formation of CPDs in skin cells following UVR exposure has been investigated
in several studies, and different methods have been applied to quantify the CPD
amount. The following methods have frequently been used: 32P-postlabelling [200],
immunoassays [208] and methods involving mass spectrometry [209].

1.9.1 Skin
Dose-response: When human skin was exposed in situ to solar-simulated radiation
doses of 50-400 J/m2 (a dose range equivalent to 0.2-1.9 MED in individuals with
skin type II), a linear dose-response relationship between UVR dose and dimer
formation was observed [210]. Volunteers who were exposed to 0.5-4 MED in
another study also formed T=T and 6-4PPs in a dose-dependent manner [211]. A
dose-response relationship was also observed in a trial involving narrowband UVB
irradiation followed by UVA irradiation. In that study, the repair levels were
quantified separately in keratinocytes and melanocytes, and the levels were found to
be comparable [212].
Action spectrum: T=T can be detected in the skin following exposure to light of
wavelengths between 275 and 366 nm; the T=T levels peak at 302 nm and decrease
rapidly at lower and higher wavelengths [213]. 6-4PPs have a similar action
spectrum but have not been detected following UVA exposure [56, 209]. The ratio
between T=T and 6-4PPs has been reported to be 1:8 following the exposure of cells
to UVB [209].
Rate of removal: By employing enzymatic methods and autoradiography, the halflife of T=T in cellular systems has been demonstrated to be 12-24 h [214-219]. The
half-life of T=T in human skin in situ has been investigated in several studies, with
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somewhat different conclusions. Half-lives of 1-11 h [220-223] with enzymatic
methods, 17 h with

32

P-postlabelling [224] and 24-33 h in two studies employing

immunohistochemistry have been observed [57, 211]. More recent data have been
more consistent, with half-lives of up to 50 h [147, 201, 225]. The presence of T=T
lesions has been observed for as long as seven days (at ten days, the exposed and
unexposed skin surfaces were indistinguishable) [226] and at three weeks postexposure with
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P-postlabelling [227, 228]. As was suggested by Freeman, the

discrepancies between studies may be due to the samples being analyzed at different
time points [223]. Several studies have indicated that the rate of repair is more rapid
initially, and that there is a second, slower phase of repair [221, 222, 229].
Large interindividual differences (as large as 80-fold) have been observed in studies
of T=T removal [201, 230]. The amount of TT=T trimer formed, following a single
UVR exposure, has been reported to be related to skin phototype [201, 231]. Several
studies have suggested that there may be an effect of age on the repair of UVRinduced DNA damage [224, 232], and evidence from in vitro studies has suggested
that although there is an effect of age, it has minimal impact on the NER pathway
[233]. The rate of repair has not been demonstrated to be related to gender [201].
Recent studies have reported that the rate of T=T repair in skin and peripheral
lymphocytes from patients with BCC and SCC was slower than in control subjects
[147-149]. Cytosine-containing lesions have been found to be repaired more rapidly
than T=T lesions in several studies [201, 224, 228, 234].
Tanning: Tanning (repeated doses of 0.65-1.2 MED of solar-simulating radiation)
has been revealed to have a protective effect against the formation of dimers,
producing up to a 60% reduction in CPD formation following exposure in healthy
volunteers with skin types II-IV [68, 235, 236].
The effects of sunscreen: The application of sunscreen has resulted in lower adduct
levels in several studies [171, 172, 237-240], and the protective effects were demonstrated to be correlated with the product’s SPF when the quantity recommended by
the manufacturer was applied [171, 240]. Most common sunscreens protect against
either a smaller spectrum of UVB or both UVA and UVB irradiation. It has also
been reported that although sunscreens protect against erythema, sunscreens that
lack UVA filter do not protect against the formation of lesions in DNA (T=T and 8hydroxy-2’doxyguanosine formation), as well as p53 induction [239].
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The majority of studies on CPD formation indicated that there are large
interindividual variations that are not due to skin type or the degree of tanning.
When the levels of dimers formed following a single low dose of UVR were
analyzed, interindividual differences of 30-fold were observed [210]. In the studies
of sunscreens, up to ten-fold differences in protection against dimer formation
between individuals was observed [171, 200, 241].

1.9.1 Urine
Following its excision by NER, the T=T-containing oligomer is degraded.
Eventually, a fraction of the T=T lesions formed in the skin are excreted in the urine
[102, 103]. A 32P-postlabelling assay was developed for the analysis of T=T in urine
[103]. This highly sensitive assay (detection limit: 1 fmol of T=T and only 10 µL of
urine is therefore needed for the analysis) has been validated using a commercial
sunbed, and a direct relationship between UVR dose and the amount of urinary T=T
was observed [17]. In the study by Kotova and colleagues, the kinetics of T=T
excretion following a single tanning session in a sunbed were examined in ten
individuals [17]. Urine was collected before exposure and daily (for 5 or 11 days)
thereafter. The T=T levels increased dramatically, peaking three days later and
gradually decreased for the remainder of the study. The total amounts of excreted
T=T differed between subjects by approximately five-fold even though they
received the same dose and were of similar skin types.
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2 AIM
The aim of this project was to further validate the use of urinary T=T as a biomarker
of UVR exposure and applying this biomarker in outdoor studies.

2.1

SPECIFIC AIMS

Paper I: This experimental study investigated the relationship between the T=T
formed in the skin and its urinary elimination. We also investigated the relationship
between the T=T levels in morning spot urine samples and in 24-h urine.

Paper II: One of the objectives of this study was to quantify urinary T=T levels following short-term recreational sun exposure in adults and children, which had never
been performed. We also analyzed the relationship between UVR dose and T=T
levels. In addition, we investigated whether children produced higher levels of T=T
than adults (per unit dose). We also evaluated whether urine samples collected in the
winter (November-December) or following unintentional sun exposure in the
summer contained measurable levels of T=T.

Paper III: The objective of this study was to investigate the relationship between
measured UVR doses and urinary T=T levels in a field study involving outdoor
workers who were continuously exposed to sunlight.
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2.2

QUESTIONS ASKED AND ANSWERED IN THIS THESIS

a) How rapidly is T=T removed from the skin?
b) How well do urinary T=T levels correlate with skin T=T levels?
c) Do the results of morning spot urine samples approximate those of 24-h
urine collections?
d) Can urinary T=T be detected in the winter?
e) Are there measurable urinary T=T levels in the absence of intentional UVR
exposure?
f) What UVR doses do sunbathers and continuously exposed individuals
receive in Swedish summer settings?
g) Do children receive higher UVR doses than adults?
h) What are the ranges of urinary T=T levels among individuals who spend
only a few days in the sun and among those who are continuously exposed?
i) Is there an association between exposure to sunlight and urinary T=T levels?
j) Do children exhibit higher urinary T=T levels than adults?
k) How does the urinary T=T levels over time in continuously exposed subjects
compare to the T=T levels after a single exposure?
l) How large was the individual variability in the above studies?
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3 METHODS
The studies were conducted in accordance with Sweden’s Act Concerning the
Ethical Review of Research Involving Humans (2003:460). Ethics permits (nos.
246/03, 247/03 and 2010/993-31/4) were granted by the Regional Ethical Review
Board in Stockholm. All of the volunteers signed an agreement of informed consent
prior to participation, and parents signed the form on behalf of their children.

3.1

STUDY POPULATIONS AND SAMPLE COLLECTION

Paper I
For the experimental study in paper I, 13 healthy volunteers 20-30 years of age were
recruited. All of the subjects were skin type II (self-reported), except one, who was
type I. Prior to UVR exposure, a urine sample was collected for a baseline urinary
T=T measurement. The irradiation, which was performed in a cabinet, delivered a
narrowband UVB dose of 2 SED (200 J/m2) after a previous exposure on a smaller
area confirmed that this full-body dose was safe. Immediately following the
irradiation, a 4-mm punch biopsy of buttock skin was removed. The biopsy was
repeated after 6, 24, 48, 72 and 96 h. The volunteers collected their urine for seven
days after the irradiation (each void was collected separately, the volume was
measured, and an aliquot was saved). The punch biopsy samples and skin samples
from a covered area (to measure the background T=T levels) were frozen
immediately, and the urine samples were kept frozen until the KI analysis. Of the 13
subjects, 10 (7 men and 3 women) had largely complete collections of skin and urine
samples; these subjects were selected for the analyses.

Papers II and III
The volunteers completed a questionnaire concerning their skin type, age, weight,
height and gender. The children’s information was provided by a parent or guardian.
The subjects maintained daily diaries noting the amount of time spent in the sun and
the use of sunscreen and clothing. In both studies, the analysis of the relationship
between T=T levels and UVR exposure was adjusted for the surface area of the
exposed skin.
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Unintentional exposure: Ten volunteers (five male and five female; 27-54 years of
age) were recruited for the unintentional exposure study. All of the participants
worked indoors full time during the two study periods (November-December and
July-August). During their nonworking hours, the participants were instructed to not
sunbathe or use sunbeds. During each study period, one urine sample per week was
collected from each volunteer for six weeks.
Sunbathing study: Eleven adult volunteers (age 27-54 years, 3 men and 8 women)
and 12 children (6 girls and 6 boys, age 3-12 years) of Caucasian ancestry were
recruited for this study. Three self-reported skin types were represented among the
adults: two type I, three type II and six type III. All of the children were skin type
III, with the exception of one type II and one type II-III. The volunteers were
instructed to not sunbathe with a large area of the body exposed or use a sunbed for
one week prior to the study and during the sample collection period. The subjects
were instructed to sunbathe for one or two (consecutive) days during summer in the
Stockholm area. The volunteers sunbathed with a minimum of both entire legs and
arms exposed to the sun. Urine samples were collected prior to each sunbathing
session, and in the morning on days 3, 4 and 5 after the exposure.
Continuous exposure: Fifty-two subjects (28 men and 24 women) employed as
beach lifeguards or farm workers were recruited to participate in this study. The
mean age of the subjects was 28 years (range: 18-54). The lifeguards wore uniforms
that could be adapted to different weather conditions. The farm workers wore their
own clothing, which also varied by the weather. The study was conducted from June
to August of 2006. The daily ambient and personal UVR exposure levels of the
lifeguards and agricultural workers were measured using 656 personal polysulfone
dosimeters. Sixteen lifeguards and 6 farm workers participated for at least 18
consecutive days and produced valid urine sample collections and complete diaries;
these 22 subjects were selected for the analysis of urinary T=T. The area of exposed
skin was calculated and associations were assessed using mixed statistical models.
The data from the sunbathing and continuous exposure studies are presented in table
III.
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3.2

IRRADIATION OF VOLUNTEERS IN THE EXPERIMENTAL STUDY
(PAPER I)

In human experimental studies, it is more common to expose a relatively small area
of skin to a UVR dose, resulting in erythema, than to expose the participant to a fullbody suberythemal dose. One reason for this is that most of the methods used to
analyze DNA photoproducts are not sufficiently sensitive for use at suberythemal
doses. In the present study, we compromised by delivering a full-body exposure (to
allow the measurement of urinary T=T) at a low dose that was sufficiently high to
produce detectable T=T in the skin. We estimated that by using tandem mass
spectrometry, a sensitive method [209], it would be possible to detect T=T in the
skin following a full-body irradiation dose of 200 J/m2.

3.3

ISOLATION AND ANALYSIS OF SKIN DNA (PAPER I)

In previous studies of T=T in the skin it was analysed (using 32P-postlabelling) in the
form of the TT=T trimer only (i.e., CT=T, GT=T and AT=T were not measured).
Although perhaps more sensitive than the mass spectrometric method, the trimer
assay may be less suitable for comparisons with urinary T=T levels. For the mass
spectrometric method used in the present study, the DNA was digested to produce
T=T dimers; therefore, all of the damage was analyzed in the form of dimers, the
identical lesion that was analyzed in the urine. For the analysis of T=T in the skin,
an earlier described DNA isolation protocol was applied [210], with the
modification that a bead-beating step was used rather than homogenization, which
resulted in an increased yield of DNA. The DNA samples thus obtained were
dissolved in water and sent to Dr Douki in Grenoble for the analysis of T=T using
liquid chromatography-tandem mass spectrometry [209, 242].

3.4

EXPOSURE ASSESSMENT (PAPER II AND III)

Sunbathing: All of the volunteers were equipped with a VioSpor dosimeter strapped
to the left forearm. A questionnaire concerning the clothing that was worn was used
to estimate the percentage of the body surface area that was exposed during
sunbathing.
Outdoor workers: Each subject was equipped with two polysulfone dosimeters
pinned to the top of one shoulder. One dosimeter was worn during the work shift
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and the other from morning until evening. The dosimeters were replaced daily.
Before and after use, the dosimeters were stored separately in light-proof envelopes.
The UV absorbance at 330 nm was measured before and after exposure using a
standard UV spectrophotometer. Estimates of the ambient UVR exposure on all of
the days during the study period were obtained from the STRÅNG model of the
Swedish Meteorological and Hydrological Institute.
Estimation of full body doses: Urinary T=T reflects T=T formed in the entire
exposed area of skin exposed, which therefore has to be estimated. Common
methods for calculation of body surface area include the use of a nomogram derived
from the Du Bois equation [243] or from the equation of Haycock and colleagues
[244]. This information is then combined with use of clothing and the dose
measurements to calculate the full-body dose. When comparing measured doses
between studies one must consider the position of the dosimeter; common locations
include the shoulder or wrist. Positioning the dosimeter on the shoulder has been
demonstrated to produce somewhat higher measurements than positioning on the
wrist [245, 246]. Other considerations include the shape and the posture of the
volunteer; e.g., the different head-to-body ratios of children and adults must be taken
into account [247].

3.5

ANALYSIS OF URINARY THYMINE DIMER

3.5.1
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P-Postlabelling
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P-postlabelling for detecting DNA adducts was originally developed by Randerath

and colleagues in 1981 [248] and was later modified to increase the sensitivity and
allow the analysis of bulky adducts [249, 250]. The primary advantages of the 32Ppostlabelling assay are its high sensitivity and its applicability to a wide range of
different DNA lesions [251]. 32P-postlabelling involves digesting the DNA and then
labelling the 5’-ends of the enriched T=T-containing nucleotides with [γ-32P]adenosine-5'-triphosphate (ATP), a process that is catalyzed by T4 polynucleotide
kinase.
The method used for the urine samples in the present investigation was developed
by le Curieux and Hemminki [103] and was later modified by Kotova and
colleagues [17]. Following filtration through 0.22-µm disposable filters, 10-µL
aliquots of urine were purified using HPLC (Beckman Instruments, 126 pump with a
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166 UV detector). A 5-µm, 4.6 x 250-mm reversed-phase Luna C18 column was
used (2) to collect the T=T-containing fraction. The retention time had previously
been determined following repeated injections of the T=T standard in sufficiently
large amounts for quantification with the UV detector. The collection time was
regularly confirmed to be correct by injecting several T=T standard aliquots of 1020 fmol each and labelling them individually. The collected fractions were
lyophilized and redissolved in 40 µL of water. T=T is a poor substrate for T4
polynucleotide kinase; hence, the 40-µL samples were exposed to 10 kJ/m2 of UVC
radiation with a wavelength of 254 nm in a Stratalinker (Stratagene, La Jolla, CA,
USA). This treatment reverted the T=T to its parental dinucleotide, TpT. Finally, the
samples were evaporated to dryness in a SpeedVac centrifuge.

Figure 8. Outline of the urine analysis.

The dry samples were then dissolved in a 2 µL of a mix containing 0.2 µL of buffer
(200 mM 2-[(N-cyclohexylamino) ethanesulfonic acid, 100 mM MgCl2, 100 mM
dithiotreitol and 10 mM spermidine; pH 9.6), 0.3 µL (3 U) of T4 polynucleotide
kinase, (Fermentas/Thermo Scientific, Waltham, MA, USA) and 0.6 µL of [γ32

P]ATP (specific activity: 3,000 Ci/mmol) (Perkin Elmer, Waltham, MA, USA).

Following a 30-min incubation at 37°C, the samples were frozen until HPLC
analysis. After thawing the samples were diluted to 10 μL, and injected onto an
HPLC-system that was connected to a radioisotope detector (Beckman Instruments
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model 171). The labelled samples were separated in a 4-µm, 2.0 x 250-mm Synergi
Hydro-RP analytic column (Phenomenex, Torrance, CA, USA). An outline of the
method is presented in figure 8.
In parallel to the urine samples, several samples of the T=T standard (20 fmol)
underwent the purification, photoreversion and labelling steps. The average area of
the radioactive 32pTpT peak obtained for these samples was used in the calculation
of the amount of T=T in the urine samples with the following equation:

Amount of T=T

=

Peak area (urine sample) x 20 fmol
Peak area (standard)

3.5.2 Adjusting urine samples for dilution
In paper I all urine samples from each individual were pooled in relation to their respective volumes over the seven-day period. The urine samples from two of the subjects were also pooled for 24-h periods (from midnight to midnight) during the
seven-day period. The morning samples analyzed for the above two subjects
consisted of the first urine passed every morning. For the morning samples in paper I
and for all of the urine samples in papers II and III, the creatinine levels were
measured using Jaffe’s picrate method [252]. To compare the levels of T=T in the
urine of the adults and children, the creatinine-corrected levels were adjusted for
age, gender and body size, as described in paper II [110, 111].

3.6

STATISTICAL ANALYSES

To investigate associations, Spearman’s rank order correlation was utilized for small
sample sizes, and otherwise multiple regression. Differences between days in a
series were assessed using the Wilcoxon signed-rank test. Student’s t-test was used
to compare groups, and the Mann-Whitney U-test was used in cases of small sample
sizes or non-normally distributed data. All of the analyses were performed using
Statistica software version 10 (StatSoft, Uppsala, Sweden). The relationship between
UVR exposure and T=T levels in paper III was investigated by Dr. Eva M.
Andersson, Gothenburg University, using a multivariate mixed model (SPSS
software).
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4 RESULTS AND DISCUSSION
The results and discussion section is organized according to the questions asked in
the Aim section.

4.1

EXPERIMENTAL STUDY (PAPER I)
a) How rapidly is T=T removed from the skin?

The T=T levels in the skin samples from seven subjects were the highest
immediately following exposure. For the remaining three subjects, the skin levels
were the highest 6 h following exposure. The difference between the two groups of
subjects was not significant and was therefore most likely due to experimental
errors. The decrease in T=T levels over time corresponded to an average half-life of
36 h. At the final time point measured (72 h), an average of one-third of the original
T=T levels remained in the skin. The observed rate of repair was consistent with
those of other studies [57, 211]. In a recent study by Segerbäck and colleagues, 48%
of T=T in the skin of healthy volunteers remained 24 h after an exposure of buttock
skin to 800 J/m2 UVB. After three weeks, 5% of the original levels remained [147].
Previous studies have indicated that the repair of TT=T trimers is biphasic, with a
very rapid initial removal followed by a less rapid rate [229] and, most likely, a third
phase that is even slower. The existence of the latter phase was inferred from the
persistence of approximately 10% of the initial T=T levels in the skin even after
three weeks [211, 226, 227]. Very similar kinetics has been observed in cellular
studies [253]. The existence of different phases of repair characterized by different
rates is best explained by regional differences in DNA repair [254], rather than by
differences in repair rates between TC-NER and GG-NER. Because only a small
percentage of genomic DNA is involved in TC-NER, which is a very rapid process
[100], such effects would not have been detectable in human studies. The number of
time points in the current investigation (paper I) was insufficient for a detailed
examination of the kinetics of DNA repair; furthermore, this was not our aim.

b) How well do urinary T=T levels correlate with skin T=T levels?
The amount of T=T excreted in the urine over a seven-day period was strongly
correlated with the amount detected in the skin (rs = 0.67, p = 0.033). The mean
T=T level in the urine samples that were pooled (for each person) for seven days
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following a single dose of UVR was 5.1 nmol. The total amount of T=T in the entire
area of exposed skin was estimated from the maximum level, assuming that each 4mm skin biopsy contained 10 µg of DNA and that the exposed skin area was
equivalent to 85% of the total skin surface area. This analysis indicated that the total
amount of T=T in the skin was significantly and strongly associated with the level in
the urine (r = 67, p = 0.033), despite only 7.4% of the T=T that formed in the skin
being recovered in the urine. This is the first study to measure the same
photoproduct in both the target tissue (skin) and a surrogate (urine) in parallel. Only
a few similar studies have investigated relationships between DNA damage levels in
surrogate and target tissues, and they all concerned chemical exposure [204, 255258]. Our findings support the utility of urinary T=T as a relevant biomarker of
UVR exposure.
Previous studies have demonstrated that a large proportion of the urinary T=T is excreted within one week [17, 103] following a single exposure to UVR. In the present
study, one-third of the DNA damage remained in skin at the final time point (72 h).
Moreover, although we collected urine for an additional four days, a small amount
of T=T most likely remained in the skin after seven days, which may have led to an
underestimation of the recovery of T=T from the urine. We are unaware of other
means of T=T elimination, but contributions by processes such as shredding of the
outermost skin cells [226] or elimination via the colon cannot be excluded. It is also
possible that there are other forms of T=T elimination, such as the breakage of the
phosphodiester bond and the reuse of the monomeric thymine. A more likely source
of the relatively low percentage of T=T recovery in the urine may be that T=T is
partly excreted as a trimer or an even longer oligonucleotide, which would prevent
its detection in our analysis. Finally, we may have overestimated the amount of T=T
that would form in the skin. The skin biopsies were only 4 mm in diameter, and we
based our estimate of the damage in the entire body on the T=T measured in this
small sample under the assumption that the exposure was uniform throughout the
entire body, which is probably not the case.

c) Do the results of morning spot urine samples approximate those of 24-h
urine collections?
The optimum method of measuring the excretion of any substance in the urine is a
24-h urine collection. Because this method is often not feasible, methods that
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approximate 24-h urine have been developed. There have been attempts to identify
the optimum means of approximating a 24-h urine analysis of 8-oxo-dG, a DNA
lesion that is also recoverable in urine [259]. A recent study by Barregard and
colleagues concluded that a 24-h urine analysis was the most accurate method of
measuring the excretion of 8-oxo-dG. However, if this technique were to prove
infeasible, the authors recommended the use of a correction, such as the creatinine
adjustment or specific gravity, to reduce the variability due to the body mass index
and gender of the subject (only adults were included in their study). In the present
study, the association between the T=T levels in creatinine-adjusted morning
samples and in 24-h urine was significant only after adjusting for 24-h creatinine
excretion rates, which were corrected for age, gender and body size [110, 111] (r =
0.69, p<0.001). The importance of employing this type of correction is likely to be
greater in comparisons of urinary T=T levels in volunteers from different groups,
e.g., children versus adults or groups with different lifestyles or different ethnicities.
However, the strongest observed correlation was between the T=T levels in the
morning and 24-h urine samples when the volumes of these samples were used to
calculate the total amount of excreted T=T (r = 0.83, p<0.001).

4.2

OUTDOOR STUDIES (PAPERS II AND III)

The results of the two outdoor studies are summarized in table III and illustrated in
figure 9.

d) Can urinary T=T be detected in the winter?
An earlier study [17] revealed that despite the researchers’ request that the subjects
not expose themselves to the sun or use a sunbed, three out of ten volunteers had
previously been exposed to a sufficiently large amount of UVR that their urinary
T=T levels had increased above the limit of detection of the assay. In a sub-study of
paper II, we therefore investigated whether volunteers had detectable levels of T=T
in their urine from November-December, when natural exposure to UVR in Sweden
is very low. None of the 60 samples had detectable T=T levels (>1 fmol T=T).
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e) Are there measurable urinary T=T levels in the absence of intentional UVR
exposure?
In paper II, we also measured the T=T levels in the urine of the same ten volunteers,
who worked indoors during the summer (July-August). The participants assured us
that they had not lingered outside with the intention of being exposed to sunlight.
Six of the ten volunteers produced at least one sample with levels of T=T above the
limit of detection. This result indicates that it is difficult to avoid a DNA-damaging
level of UVR exposure in a Swedish summer setting. The reason for this finding is
that UVR produces photoproducts very efficiently [200] and those lesions are
efficiently repaired and at least in the case of T=T excreted in the urine.

f) What UVR doses do sunbathers and continuously exposed individuals
receive in Swedish summer settings?
The adults in the sunbathing study (paper II) spent one or two days on the beach.
They received a mean daily UVR dose of 198 J/m2 and a mean dose of 348 J/m2
over the course of 1-2 days. After adjusting the calculations for the exposed skin
area, the mean total dose was 389 J. The lifeguards (paper III) received an average
of 583 J/m2/day (446 J/day after correcting for the exposed skin area), and the small
group of farm workers received 822 J/m2 (775 J/day after correcting for the exposed
skin area; see table III). The position of personal dosimeters will result in different
measured doses [245, 246]. The dosimeters used by the lifeguards and the farm
workers were attached to the shoulder; this site may produce slightly higher readings
compared to the wrist (the position used by the adults and children). It has been
estimated that occupationally exposed outdoor workers would receive annual doses
of 25,000-30,000 J/m2 [24]. The average daily dose of 600 J/m2 received by the
outdoor workers in the present study would suggest that an annual dose of 30,000
J/m2 would be reached after 50 days of exposure at this level, which is plausible,
given that the typical Swedish summer season is 2-3 months in length.

g) Do children receive higher doses of UVR than adults?
The children in our investigation (paper II) did not receive significantly higher daily
UVR doses than the adults; however, the children received a higher total dose compared with the adults (638 versus 348 J/m2) because more children than adults
37

participated for two days. A Danish study found that children received
approximately the same doses as adults [22].

h) What are the ranges of urinary T=T levels among individuals who spend
only a few days in the sun and among those who are continuously exposed?
The ranges of urinary T=T that were observed in the outdoor studies (papers II and
III) represent the peak levels, i.e., the data from the day with the highest levels (table
III, figure 9). The highest levels, 288 and 345 fmol T=T/µmol creatinine, were
detected in the urine of the lifeguards and the farm workers, respectively. This result
is not unexpected, considering that these participants received the highest UVR
doses.

i) Is there an association between exposure to sunlight and urinary T=T
levels?
In the sunbed study discussed above 17], the volunteers were exposed over their
entire bodies; one tanning session occurred with half the body covered, and one
session exposed the entire body but for only half the time of the other session. The
results indicated that when half of the body was covered or when the exposure
duration was decreased by half, the resulting urinary T=T level was also halved,
indicating a dose-response relationship. In paper II, we established significant
associations between UVR dose and T=T level for the children alone, the adults
alone and both groups considered together (after correcting the urine sample data for
24-h creatinine excretion rates). In paper III, the urinary T=T levels were observed
to initially increase during the first 3-5 days, and to then remain at an elevated level
(equal to approximately twice the level in the sample collected prior to entering the
study) for the remainder of the working period. This result indicated that a steadystate level was reached, and a mixed statistical model was used to describe the
relationship. We concluded that the T=T detected in the urine primarily reflected the
exposure from the previous three days. It was determined that each 100 J of UVR
exposure produced an average increase of 6 units of urinary T=T. The relative
increase depended on the initial level and was higher with a lower initial level.
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j) Do children exhibit higher urinary T=T levels than adults?
The sunbathing children in paper II had average peak urinary levels of 258 fmol, and
the adult sunbathers 127 fmol T=T/µmol creatinine (figure 9). The children received
a slightly higher average UVR dose, but the difference was non-significant. The
urine of the children contained lower levels of creatinine, and therefore, in the
comparison with the adults, the children’s T=T levels have been overestimated.

Figure 9. Levels of T=T before and after different exposures. *Children have lower
levels of creatinine in their urine due to lower muscle mass, and the peak level of T=T for
children will be overestimated in the comparison with adults.

When we corrected for 24 h creatinine excretion, we did not detect a significant
difference between the adults and the children in the amount of excreted T=T as a
function of the skin surface area-adjusted dose. This value was 9.1 nmol/J for the
adults and 7.0 nmol/J for the children, i.e. the children excreted less T=T/unit dose
than did the adults, but this difference was not significant. Among the children, the
average reported skin type had a higher degree of pigmentation than that of the
adults, and that may have contributed to the result. Children are considered to be
more susceptible to chemical exposures, due to both differences in physiology and
differences in the means of exposure (e.g., crawling on the ground) [260].
Furthermore, several epidemiological studies have suggested that childhood
exposure to UVR is strongly linked to the development of skin cancer, particularly
melanoma [124, 136, 137, 154, 155]. Even though we did not find any differences
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between the sunbathing children and adults in urinary T=T levels, that does not
exclude that children could be more sensitive that adults to UVR.

k) How does the urinary T=T levels over time in continuously exposed subjects compare to the T=T levels after a single exposure?
In the case of chemical carcinogens, steady-state levels of e.g. DNA lesions are expected at chronic exposure when the rate of formation is balanced by the rate of
elimination [261], such accumulation curves have been observed in animal studies
[262]. However, corresponding observations have not been made in human studies
since the observation of accumulation of damage would require indefensible
intervention studies. Steady-state levels represent an ideal situation with chronic
exposure, and human exposure is in many cases intermittent rather than chronic, but
some kind of saturation would be expected also in humans. Figure 10 shows the
hypothetical urinary T=T levels after a single exposure and after continuous
exposure.

Figure 10. Levels of urinary T=T after single and continuous exposure based on data
from the sunbed study [17] and the life guards in paper III.

The figure is based loosely on the results of the sunbed study by Kotova [17] and
our findings for continuous exposure (paper III). The figure shows that the T=T
levels increase to a peak three days after a single exposure. A similar peak at three
days was also observed by Cooke and colleagues [263].
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In the continuous exposure scenario, the levels increased for an additional 1-2 days,
eventually reaching a steady-state level.

l) How large was the individual variability in the above studies?
Previous studies of DNA damage following sun exposure have reported
interindividual differences in photoproduct levels of up to 30-fold and differences in
photoproduct repair rates of 15-fold [200]. In the present study (paper I) T=T levels
in skin biopsies differed only by a factor two between individuals and the difference
in total amount of urinary T=T was 3.4-fold, which is similar to the difference of 4to 5-fold reported in the sunbed study [17]. Such variability between individuals
may be due to differences in the genetics of pigmentation, DNA repair, dimer
degradation and dimer elimination. The individual variability in urinary T=T levels
was 4- to 7-fold in the outdoor studies (papers II and III), and with the different
UVR doses, more or less clothing, varying sunscreen use and variations in age and
skin type involved, the differences in urinary T=T levels can be considered to be
relatively low. Large individual variability suggests that biomarkers are suitable for
investigations on a group level rather than on an individual level [264].
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Table III: A comparison between the data from the outdoor studies (papers II and III) and the results of an earlier sunbed study [17] .
Group

N

Gender

Ages

F/M

Dose1

Dose in dosimeter

Initial T=T

Mean T=T

J/m2

J

fmol T=T/µmol creatinine

Peak T=T

Yield1,2
pmol/J (range)

Sunbed study3

10

7/3

26-54

312

549

2

n.a.

86

5.9 (2.0-9.3)

Sunbathing children4

12

6/6

3-12

638 (319)

459

106

n.a.

258

7.0 (3.0-11.6)

Sunbathing adults4

11

8/3

21-54

348 (198)

389

74

n.a.

127

9.1 (3.1-23.4)

Lifeguards5, 6

16

6/10

20-38

583

446

120

195

288

n.a.

Farm workers5, 6

6

6/0

18-54

822

775

134

172

345

n.a.

1

Adjusted for the exposed skin area

2

Calculated using a correction for 24-h creatinine excretion [110, 111]

3

Kotova et al., single dose [17]

4

Exposure during 1-2 days, with the calculated daily doses provided in brackets for comparison

5

Daily dose based on individual averages

6

Volunteers not instructed to refrain from sun exposure prior to the study

n.a., not applicable
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5 CONCLUSION AND FUTURE PERSPECTIVES
The result of the current investigation showed that urinary T=T was significantly correlated to the amounts of T=T formed in the skin, and therefore that urine samples may
be used as a surrogate for skin in the analysis of T=T. That there was a correlation between T=T levels in spot morning and in 24 h urine samples was an important addition,
since it will simplify the logistics when collecting urine samples. The finding that there
were associations between exposure and urinary T=T also after sun exposure, indicate
that it could be suitable in outdoor studies.
The use of urinary T=T as a biomarker of exposure to UVR may have several conceivable applications:

-

It can be applied in population studies, including children, for example to study
the effects of going on vacation to sunny locations in winter time.

-

It could be analyzed in parallel to other endpoints (such as other lesions or other
results of UVR, such as vitamin D), to verify the exposure.

-

Another area of interest could be the identification of safer treatments involving
UVR (i. e., psoriasis treatments).

-

Also deserving of interest is the testing of sunscreens containing filters against
different parts of the UVR spectrum.

-

It has been reported that photolyase, an enzyme responsible for repair of UVR-induced damage in other species [91], can remove CPDs in the skin of humans
opening the potential for “repair creams” [265, 266]. Urinary T=T could be useful to test the effects of these.

-

Furthermore, it would be interesting to carry out an intervention study in twins,
where the effects of genetic factors could be reduced, as we have observed large
differences in levels of CPDs between individuals.
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It must be emphasized that urinary T=T should primarily be considered as a biomarker
of exposure to UVR rather than a biomarker of disease, i.e., skin cancer. Nonetheless,
T=T levels do reflect the consequences of an exposure that is associated with carcinogenesis. Furthermore, combining biomarker data to the weight of epidemiological evidence may lead to insights into the connections between exposure and disease mechanisms [265].
The climate of the earth is changing. Although ozone depletion has been suggested to
have a minor effect on human skin cancer incidence [267], a variety of other species
may be more severely influenced by changes in the ambient UVR, even if the change is
small. T=T levels may also be useful in studies of other species. In certain cases, CPD
levels have been measured in environmental contexts [268- 274].
In summary, the authors of the papers included in this thesis have established that urinary T=T is a relevant and useful biomarker of UVR exposure that is ready for applications in human environmental studies of both adults and children. In this respect, the
use of urinary T=T as a biomarker may assist in primary prevention of human skin cancer.
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