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"It is true that from the highest point of view the Sun is only one of a multitude - a single star  

among millions - thousands of which, most likely, exceed it in brightness,  

magnitude, and power. It is only a private in the host of heaven.  

But it alone, among the countless myriads, is near enough  

to affect terrestrial affairs in any sensible degree;  

and its influence upon them is such that it is hard to find  

the word to name it." 

Charles Augustus Young, American Astronomer, 1896 

 

 

 

„The garden is bordered by two distinct membranes, 

 holds about one tenth of the cell’s proteins and, on a weight basis, 

 converts between 10,000 and 50,000 times more energy per second than the sun. 

 A typical cell of my body has between 100 and several thousand of these little gardens, 

 but sometimes these fuse into a continuous network that permeates the entire cell.” 

Gottfried Schatz, Austrian Biochemist, 2007 
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I. Summary / Zusammenfassung 

 

Summary 

Human skin is exposed to a multiplicity of exogenous damaging agents of which solar radiation is the most 

important. The ultraviolet (UV) wavelengths of the sun generate accelerated skin ageing (photoageing), and can 

cause skin cancer. Mitochondria in skin cells are considered to be especially vulnerable to solar radiation and to 

causatively contribute to skin ageing. The ultraviolet wavelengths reaching earth’s surface are divided into two 

subgroups. Ultraviolet B (UVB) radiation predominantly causes direct DNA damage such as cyclobutane 

pyrimidine dimers (CPDs). Ultraviolet A (UVA) is additionally able to generate significant amounts of reactive 

oxygen species (ROS) which then damage DNA, proteins, and lipids. Mitochondrial research is focused on this 

oxidative damage in skin. The potential effects of typical UVB-induced damage such as CPDs in mitochondrial 

DNA (mtDNA) were not researched in detail, although CPDs were shown to persist for several days in 

mitochondria. Because of its high persistence, this DNA damage type can be expected to be highly mutagenic 

and to disturb mitochondrial function. In this dissertation, the potential effects of UV-induced persistent damage 

on mitochondria and their DNA were investigated. 

We conducted a study including skin samples from exposed and less-exposed body sites to research 

mitochondrial mutagenesis in vivo. In this study, we measured the levels of the 4,977 base pair mitochondrial 

common deletion (CD), a CC to TT transition in the chromosomal p53 gene, a CC to TT transition in the mtDNA, 

and cellular mtDNA content by quantitative real-time PCR. CC to TT transitions are often termed UV fingerprint 

mutations as they arise from unrepaired CPDs. In nucleus, CPDs are repaired by nucleotide excision repair 

(NER); nevertheless CC to TT transitions can reach high levels in mutation hotspots such as the p53 gene. In 

mitochondria, NER is absent so that even higher levels could be expected. Whereas CD levels were significantly 

higher in sun-exposed skin than in less-exposed skin, no significant increase in the tandem transitions were 

found. The results for the CD were as anticipated as this deletion is caused by UVA-induced ROS and is known to 

reach high levels in sun-exposed skin. In contrast, the result for the mitochondrial CC to TT transition is 

remarkable; even more, as two times more positive samples were found for the p53 transition than for the mtDNA 

transition. This result is pointing to an unexpected low mutagenicity of mitochondrial CPDs. In addition, we found 

a significantly higher mtDNA copy number in exposed than in less-exposed skin samples. Elevated mtDNA copy 

number might be a cellular adaption to solar radiation and makes mtDNA copy number a potential biomarker of 

sun exposure in photobiological research. 

To investigate the effects of CPDs on mitochondrial function in detail, we irradiated human skin fibroblasts with 

increasing doses of ultraviolet C (UVC) or sun simulating light (SSL). UVC was used to efficiently induce CPDs. 

SSL was applied to simulate the whole solar spectrum with its oxidative stress component. At comparable 

antiproliferative doses, UVC and SSL induced increased gene expressions of the mitochondrial transcription 

factor A (TFAM) and the major photoageing-associated collagenase matrix metallopeptidase 1 (MMP1). Only 

SSL, however, induced a dose-dependent upregulation of mtDNA copy number and a significant dysfunction of 

mitochondrial respiration. This indicates – again - a low impact of shortwave induced DNA damage as part of the 

whole solar damage spectrum. 

Because of the central role of mitochondria in cell physiology, mitochondrial dysfunction potentially interferes with 

DNA repair. It thereby might causatively contribute to a DNA repair decline and eventually to cancerogenesis. To 

reveal such potential links, human skin fibroblasts were treated with mitochondrial inhibitors. Then the capacity to 

functionally restore a UVC-irradiated plasmid via NER was analyzed with a modified host cell reactivation assay 

(HCRA). All three inhibitors caused an impaired mitochondrial respiration. This resulted for two of the inhibitors in 

an increased NER capacity suggesting a mitochondrial role in the signaling of this in mitochondria non-existent 

DNA repair pathway. 

The results of this thesis indicate only a minor role of shortwave UV-induced DNA damage in mitochondrial 

mutagenicity and dysfunction. Our data rather point to the important role of long-wave UV-induced ROS which 

can directly affect mitochondrial respiration complexes. With mtDNA copy number a biomarker of solar exposure 

was established, which can be measured in smallest skin sample volumes. 
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Zusammenfassung 

Sonnenstrahlung ist der wichtigste exogene Einfluss, dem die menschliche Haut tagtäglich ausgesetzt ist. Der 

ultraviolette (UV) Bereich des Sonnenlichts ist maßgeblich für sonnenassoziierte Hautalterungsprozesse 

(Photoalterung) aber auch für Hautkrebs verantwortlich. Die schädigenden Wirkungen, die das Sonnenlicht auf 

die Mitochondrien ausübt, spielen bei diesen Prozessen eine wichtige Rolle. Von der UV-Strahlung, die die 

Erdoberfläche erreicht, ist der Effekt von UVA-induzierten reaktiven Sauerstoffspezies (ROS) auf die 

Mitochondrien und deren DNA am besten charakterisiert. UVA- und UVB-Strahlung verursachen allerdings 

überwiegend direkte DNA-Läsionen wie z.B. Cyclobutan-Pyrimidin-Dimere (CPDs). Obwohl CPDs mehrere Tage 

lang in der mitochondrialen DNA (mtDNA) nachgewiesen werden können, wurden die Auswirkungen dieser Art 

von DNA-Schäden auf die mitochondriale Funktion und Integrität bisher nur unzureichend untersucht. Aufgrund 

ihrer vergleichsweise langen Persistenz sollten diese DNA-Läsionen eine hohe Mutagenität aufweisen und die 

mitochondriale Funktion stören. In der vorliegenden Dissertation wurden solche potenziellen Effekte und die 

daraus resultierenden Konsequenzen untersucht. 

Um die Mutagenität von mitochondrialen CPDs in vivo zu untersuchen, wurde eine Studie mit Hautproben von 

regelmäßig sonnenexponierten und nur wenig sonnenexponierten Körperstellen durchgeführt. Die folgenden 

Mutationen wurden mit Hilfe von Real-Time PCR Assays quantifiziert: die 4‘977 bp Common Deletion (CD), die 

durch UVA-induzierte ROS verursacht wird; sowie jeweils eine CC-TT Transition in der mtDNA und im 

chromosomalen p53 Gen. Des Weiteren wurde die zelluläre mtDNA-Kopienzahl in den Proben bestimmt. CC-TT 

Transitionen sind das Ergebnis nicht rechtzeitig entfernter CPDs und werden daher auch als „UV-

Fingerabdruckmutationen“ bezeichnet. Da CPDs in Mitochondrien nicht repariert werden können, war zu 

erwarten, dass CC-TT Transitionen häufig in UV-exponierter mtDNA auftreten. In der vorliegenden Untersuchung 

wurden allerdings nur die, für UV-Exposition typischen, erhöhten CD-Levels festgestellt. Auch im Vergleich zu der 

p53-Transition war die mitochondriale Transition in weniger Proben und in geringeren Levels nachweisbar. Dies 

weist auf eine geringe Mutagenität mitochondrialer CPDs hin. Neben den CD-Levels war auch die zelluläre 

mtDNA-Kopienzahl in den sonnenexponierten Proben signifikant erhöht, was vermutlich eine Adaption an eine 

chronische Sonnenexposition darstellt. 

Die direkten Effekte von CPDs auf die mitochondriale Funktion wurden durch Bestrahlung humaner 

Hautfibroblasten mit UVC oder sonnensimulierendem Licht (SSL) untersucht. Während UVC dazu genutzt wurde 

sehr effizient CPDs zu induzieren, wurden die Effekte des gesamten solaren Spektrums (inklusive ROS) auf 

Hautzellen durch die Bestrahlung mit SSL simuliert. Zytotoxisch vergleichbare Dosen von UVC und SSL 

induzierten jeweils die Expression des mitochondrialen Transkriptionsfaktors A (TFAM) und der Matrix-

Metallopeptidase 1 (MMP-1), der wichtigsten extrazellulären Peptidase bei Photoalterungsprozessen. Zwei 

zelluläre Effekte konnten jedoch nur durch die Bestrahlung mit SSL verursacht werden: ein Dosis-abhängiges 

Ansteigen der mtDNA-Kopienzahl und eine signifikante Dysfunktion der mitochondrialen Respiration. Diese 

Ergebnisse weisen darauf hin, dass direkt durch UV-induzierte DNA-Schäden wie CPDs nur eine geringe Rolle 

bei der mitochondrialen Toxizität des Sonnenlichts spielen. 

Eine potenzielle Folge mitochondrialer Dysfunktion ist ein negativer Einfluss auf die zellulären DNA-

Reparaturwege, was wiederum zur Karzinogenese beitragen könnte. Um diese Hypothese zu untersuchen, 

wurden humane Hautfibroblasten mit mitochondrialen Inhibitoren behandelt und der Einfluss auf die 

Nukleotidexzisionsreparatur mit einem Host Cell Reactivation Assay (HCRA) untersucht. Alle drei angewendeten 

mitochondrialen Inhibitoren verursachten zwar eine verminderte mitochondriale Respiration, diese resultierte 

jedoch für zwei der Inhibitoren in einer signifikant erhöhten DNA-Reparaturkapazität. Dies weist auf eine 

Beeinflussung zellulärer Signalwege, die zumindest vorrübergehend zu einer erhöhten DNA-Reparaturkapazität 

führen, durch die Wirkstoff-induzierte mitochondriale Dysfunktion hin. 

In der vorliegenden Dissertation konnte nur eine untergeordnete Rolle direkter UV-induzierter DNA-Schäden, wie 

z.B. CPDs, als Verursacher UV-induzierter mitochondrialer Dysfunktion festgestellt werden. Im Gegenzug 

bestätigt dies im Wesentlichen die wichtige Rolle von den durch langwellige UV-Strahlung induzierten oxidativen 

DNA-Schäden bei der Induktion mitochondrialer Dysfunktion und Mutagenese. Die mtDNA-Kopienzahl konnte als 

potenziell wertvoller Sonnenexpositions-Biomarker, der auch in sehr kleinen Probenmengen gemessen werden 

kann, etabliert werden. 
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II. General introduction 

Almost all known life on earth is dependent on solar radiation. Most of our energy sources and all 

organic materials mankind uses are dependent on the sun. The solar energy is made utilizable by 

photosynthetic organisms which convert H2O and CO2 to carbohydrates and O2 (Hall and Rao, 1999). 

Humans are involved in this cycle as we transform plant carbohydrates into our own biomass and into 

energy-rich molecules. In humans, this energy conversion is substantially based on the mitochondria. 

In these organelles, organic material is catabolized into energy rich molecules such as adenosine 

triphosphate (ATP) or 1,4-dihydronicotinamide adenine dinucleotide (NADH) thereby releasing H2O 

and CO2 (Becker, 2009). 

Beside these fundamental implications of the sun on our life, it also directly affects human health. On 

the one hand, sun exposure is considered to have negative effects on our body, and in particular on 

the skin as the most exposed organ system. It can cause cellular damage, erythema, skin cancer, 

immune suppression, and accelerated skin ageing (photoageing). On the other hand, we benefit from 

sun-induced vitamin D synthesis, regulation of the circadian rhythm via melatonin suppression, as well 

as from medical applications in the treatment of diseases such as psoriasis, lupus erythematosus, or 

neurodermatitis (Feister et al., 2011). 

In this thesis, the influence of shortwave ultraviolet (UV)-induced DNA damage such as cyclobutane 

pyrimidine dimers (CPDs) on mitochondrial function and mutagenesis as well as potential implications 

of mitochondrial dysfunction on nucleotide excision repair (NER) in nucleus were investigated. As 

described above, solar radiation causes cellular damage with serious consequences for our skin. On 

DNA level the most prominent UV-induced DNA damage types are bulky DNA lesions such as CPDs 

and pyrimidine (6-4) pyrimidone photoproducts (6-4PPs) (Cadet et al., 2005). UV-induced 

chromosomal DNA damage is of special importance as it is the main factor in skin cancerogenesis and 

directly mediates photoageing-associated cellular signaling. The efficient repair of UV-induced bulky 

DNA lesions is essential in the prevention of skin cancer. It is carried out in nucleus by NER (Laat et 

al., 1999; Friedberg, 2001). In mitochondria, chronic sun exposure induces a malfunction which can be 

linked to accelerated skin ageing (photoageing) (Krutmann and Schroeder, 2009). Mitochondrial 

dysfunction is also discussed as a contributor to skin cancer (Lee and Wei, 2009). The deleterious 

effects of sun-induced oxidative stress are widely recognized as main cause of mitochondrial 

dysfunction. Despite the fact that direct UV damage such as CPDs cannot be repaired in mitochondria 

(Clayton et al., 1974; Pascucci et al., 1997), the consequential effects of these damage types in 

mitochondria have not yet been analyzed in detail. Mitochondrial CPDs can be expected to have a 

high mutagenic potential and to disturb mitochondrial gene expression and function. This dysfunction 

cannot only contribute to photoageing processes, but potentially interferes with DNA repair constituting 

a link between mitochondrial dysfunction and increased skin cancer risk (Gafter-Gvili et al., 2011). 
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The effects of sunlight on the skin 

The skin as our uttermost barrier is exposed to a multiplicity of damaging agents of which UV radiation 

is one of the most important. To fulfill its functions as a physical barrier but also - amongst others - in 

temperature control, tactile sense and immune response, it is made up of two major compartments. 

One is the cutis which consists of the epidermis and the dermis (Figure 1).The other one is the 

subcutis, a loose connective tissue. The epidermis is a multilayered, keratinized squamous epithelium 

which is mainly built up of keratinocytes. The keratinocytes in the basal layer of the epidermis (stratum 

basale) divide and migrate then into the upper layers. During this process they stratify and keratinize. 

When they arrive on the top of the skin (stratum corneum), they finally build a dead, squamous layer. 

The color of the skin is determined by the melanocytes. These cells are located in the stratum basale 

and produce different kinds of melanin which determine skin color. Immune cells are mainly 

represented by Langerhans cells in the epidermis. In the dermis many functional important structures 

such as vasculature, sensory receptors and sweat glands are located. It is rich of extracellular 

components which give the skin tensile strength and elasticity but also the ability to absorb water. This 

extracellular matrix is built up and modified by dermal fibroblasts. The subcutis, also termed 

hypodermis, is a connective tissue which consists mainly of fat cells and attaches the skin to bone 

tissue and internal organs. It is upholstering the inner body structures and involved in energy storage, 

as well as in insulation (Farage et al., 2010). 

 

 

 

 
 
 
 
 
 
 
 
Figure 1: Structure of the cutis.

1
 

The human cutis consists of two main parts, the 
epidermis and the dermis. The epidermis is built up 
of a multilayered keratinized squamous epithelium, 
in which the basal keratinocytes divide in the 
lowest layer and keratinize when they are pushed 
up. In the stratum basale the pigment producing 
melanocytes can be found. The dermis 
predominantly contains extracellular matrix which is 
produced by dermal fibroblasts. It is also the place 
where important skin structures such as hairs, 
glands and skin vascularization are based.  

                                                      

1
 By Don Bliss (Illustrator), National Institutes of Health / National 

Cancer Institute, 2005, via Wikimedia Commons  
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Chronic exposure to solar radiation induces changes in the skin phenotype which are often termed 

accelerated skin ageing and are exemplified in solarium users. This process is, however, better 

termed photoageing as the resulting phenotype is different from that of chronological skin ageing. 

Whereas photoageing is characterized by a thickening of the skin resulting in a leathery appearance 

and the formation of deep wrinkles, chronological skin ageing is characterized by the development of a 

thin, dry skin with fine wrinkles. Main contributors of photoageing are peptidases, which are secreted 

by photo-stressed skin cells and which degrade the extracellular matrix in the dermis (Farage et al., 

2010). One of the key player peptidases is the matrix metallopeptidase 1 (MMP-1) (Brennan et al., 

2003). In the direct UV response, MMP-1 is mainly induced via chromosomal DNA-damage signaling 

(Tewari et al., 2011). In a chronic time frame, mitochondrial dysfunction is hypothesized to play an 

important role (Krutmann and Schroeder, 2009). 

Whereas photoageing is a deterministic process which progresses with cumulative sun exposure, skin 

cancer formation is a stochastic process with a sun exposure-correlated increasing risk. Cancer 

incidence is thereby not dependent on lifetime cumulative sun exposure per se. Chronic sun exposure 

is associated with an increased risk to contract non-melanoma skin cancer but not for melanomas. For 

the development of melanomas, but also the non-melanoma skin cancers, painful sunburns before the 

age of 20 years are an important risk factor. With increasing age, moderate chronic sun exposure is 

even considered to be a melanoma preventing factor (Kennedy et al., 2003). 

Up to date the best way to prevent photoageing, but also skin cancer, is to avoid excessive sun 

exposure. Another by health authorities comprehensively advised prevention method is the use of 

sunscreens. Only one large randomized study, however, was published showing significant decreases 

in non-melanoma and melanoma skin cancer caused by sunscreen use in Australia (A Weinstock, 

2013). The reason for the low verifiability of skin cancer prevention by sunscreens might be 

“intentional sunscreen abuse” to prolong personal sun exposure time (Autier, 2009). Data for 

photoageing prevention by sunscreen use are even less significant (Hughes et al., 2013). 

 

Mitochondrial functions and genetics 

Because of the central role mitochondria adopt in cell physiology it is no wonder that this organelle 

plays an important role in many age related pathologies. As claimed by the “endosymbiotic theory” 

mitochondria evolved from intracellular bacteria in eukaryotic precursor cells (Margulis, 1981). During 

evolution, they did shape up in multifunctional organelles which are not only involved in energy 

generation but many other cellular processes. The diverse the mitochondrial functions in eukaryotes 

are, the variable the appearance among eukaryotes is. Mitochondria comprise subspecies such as 

classic mitochondria, hydrogenosomes, and mitosomes; with aerobic, facultative aerobic and 

anaerobic representatives. It is very likely that all eukaryotic creatures contain mitochondrial 

organelles. Their unifying feature is, however, not ATP generation but rather the synthesis of iron-

sulfur clusters (van der Giezen and Tovar, 2005). 
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In mammalian cells, mitochondria are highly efficient energy transformers. On a weight base, they 

convert 10,000 to 50,000 times more energy than the sun (Schatz, 2007). Mitochondria are also 

involved in a multiplicity of cellular functions beside energy production. These include the metabolism 

of lipids, nucleotides, amino acids, and carbohydrates; as well as calcium homeostasis and the 

involvement in signaling pathways and intrinsic apoptosis (Zorov et al., 1997; Burger et al., 2003).  

Mitochondria form a fusing and dividing polymorphic network in the cell with close connections to the 

endoplasmic reticulum (Brito and Scorrano, 2010). The shape of this network is determined by the cell 

type and the cellular status. Mitochondria can form small roundish entities, more tubular shapes, and 

also long branched figures (Bereiter-Hahn and Vöth, 1994). As shown in Figure 2, these different 

shapes can occur in single cells underlining the dynamics of this network. 

 

 

Figure 2: Structure of the mitochondrial network in a human skin fibroblast.
2
 

The mitochondrial network is shown in red (MitoTracker Red), the nucleus is shown in blue (DAPI), and β-Actin is 
shown in green (FITC-coupled antibody). 

                                                      

2
 Kind courtesy of Katharina Burger 
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The mitochondrion itself consists of two membranes; an outer membrane and a protein rich, highly 

impermeable inner membrane. The inner membrane surrounds the inner entity of the mitochondria, 

which is designated as matrix. It forms invaginations, the so-called cristae (Becker, 2009). The inner 

membrane is the place where the heart of the mitochondria beats. Here, the electron transport chain 

(ETC) and the mitochondrial genome are located (Albring et al., 1977; Becker, 2009). Oxidative 

phosphorylation is carried out by the four complexes (I-IV) of the ETC plus the F1F0-adenosine 

triphosphatase (F1F0-ATPase) complex (complex V). Whereas complex II is separately located in the 

inner membrane, complexes I, III, and IV connect to supercomplexes (Lenaz and Genova, 2006; 

Althoff et al., 2011). These supercomplexes are randomly distributed in the inner membrane, whereas 

the F1F0-ATPase complexes are located as dimers at the tips of the cristae in the inner membrane 

(Davies et al., 2011). The electron transport chain is fed by the complexes I and II where NADH + H
+
 

is converted to nicotinamide adenine dinucleotide (NAD
+
), and succinate is converted to fumarate 

(Figure 3). NADH is generated from glucose via glycolysis and the subsequent tricarboxylic acid (TCA) 

cycle. Hydrolysis of triglycerides followed by β-oxidation generates NADH as well as succinate. Also 

proteins and free amino acids can fuel the TCA via different pathways, but they are usual no main 

energy sources. The energy of all these molecules is used to pump protons from the matrix into the 

inter-membrane space by the transport of electrons from complexes I and II, via complex III, to 

complex IV. At complex IV cytochrome C is finally oxidized with O2 as electron acceptor. The 

generated proton gradient is responsible for the high membrane potential at the inner mitochondrial 

membrane. The reflux of the protons at the F1F0-ATPase complex then drives the phosphorylation of 

adenosine diphosphate (ADP) to adenosine triphosphate (ATP) (Becker, 2009). A proper function of 

the ETC and the generated membrane potential are also essential for many other cellular processes 

beside ATP production such as calcium homeostasis (Patergnani et al., 2011), or heat generation by a 

bypass of the F1F0ATPase via uncoupling proteins (Mozo et al., 2005). 
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Figure 3: Electron transport chain.
3
 

The electron transport chain consists of five complexes: complex I to complex IV, and complex V (F1F0-ATPase). 
Complex I, III and IV are arranged to so-called supercomplexes (not shown). The electron transport chain is fed 
by NADH (complex I) and succinate (complex II). The energy which is released by the conversion of these fuels is 
used to pump protons from the matrix into the intermembrane space. In the final step, the electrons are accepted 
by oxygen which is converted into H2O. When the protons reflux into the matrix via the F1F0ATPase, ATP is 
generated from ADP + Pi. 

 

Mitochondrial respiration can be experimentally characterized by measuring cellular oxygen 

consumption changes dependent on mitochondrial inhibitors. Whereas this was very elaborate and 

time-consuming a few years ago, modern systems allow to measure mitochondrial respiration profiles 

in several samples in parallel. In this thesis mitochondrial respiration was measured with a Seahorse 

Extracellular Flux (XF) Analyzer. Complex mitochondrial respiration profiles can be determined with 

this system (Ferrick et al., 2008). Oxygen consumption is, thereby, measured with a fluorophore which 

emits oxygen concentration-dependent fluorescence signals. From the time-dependent decrease in 

oxygen concentration the oxygen consumption rate (OCR) is calculated. For measurements, the 

sensor drives in a position close to the cells so that the volume between cells and fluorophore is only 7 

µl. After a measurement cycle, the sensor is driven to an upper position again. Then, the samples are 

exposed to a medium volume of at least 450 µl so that oxygen concentration near the cells is balanced 

out again. Mitochondrial inhibitors can be subsequently added to the chambers and their effects on 

OCR then be quantified to measure a mitochondrial respiration profile (Figure 4). 
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Figure 4: Representative Seahorse XF Analyzer respiration profile. 

In the beginning of the experiment, the basal response (1) is measured and gives the cumulative oxygen 
consumption rate (OCR) of the samples. The addition of oligomycin (OLIGO) reduces the respiration by that 
amount as oxygen consumption was used for ATP synthesis before (ATP-linked respiration, 2). With the addition 
of FCCP, respiration becomes uncoupled from ATP synthesis. The maximum respiration rate is revealed (3). The 
addition of rotenone and antimycin A (ROT&ANTI) then completely blocks mitochondrial respiration. From this 
value and the basal response, the mitochondrial respiration is calculated (4). The difference of respiration after 
OLIGO addition and after ROT&ANTI addition is a measure of the proton leakage through the inner mitochondrial 
membrane (5). 

 

Mitochondrial DNA (mtDNA) is the key factor in many ageing-associated diseases as this molecule 

encodes for central proteins of the ETC. It is exclusively inherited by the mother to the offspring 

(Pakendorf and Stoneking, 2005). Human skin cells normally contain between several dozen to a few 

thousand mtDNA molecules, as shown in this thesis and by Hubbard et al. (Hubbard et al., 2008). 

Mitochondrial DNA is embedded in structures named nucleoids which contain 1.4 mtDNA molecules in 

average. The nucleoids are anchored at the inner mitochondrial membrane, the hypothetic main site of 

mitochondrial reactive oxygen species (ROS) generation (Kukat et al., 2011). Compared to the 

mitochondrial genomes of other creatures - especially of plants or of protozoans - human mtDNA is 

small and densely packed with genetic information (Burger et al., 2003). As shown in Figure 5, it is a 

plasmid shaped 16,568 bp sized molecule, which carries the genes for 13 proteins of the electron 

transport chain, as well as the 22 transfer ribonucleic acids (tRNAs) and two ribosomal ribonucleic 

acids (rRNAs) which are needed to synthesize these proteins (Anderson et al., 1981). Mitochondrially 

encoded proteins represent seven of 38 proteins in complex I, one of ten proteins in complex III, three 

of ten proteins in complex IV, and two of 14 proteins in complex V (Rossignol et al., 2003). All other 

proteins which compose the mitochondria (over 1000) are encoded in the nuclear chromosome, 

synthesized in the cytosol, and then transported into the mitochondria (Pagliarini et al., 2008). 

 



II General introduction 

 

  12 

 

Figure 5: Organization of the human mitochondrial genome.
4
 

Human mtDNA is a plasmid shaped 16,568 bp sized molecule which encodes 13 proteins of the electron 
transport chain, 22 tRNAs, and two rRNAs. The transcription initiation sites and the ori of the heavy (OH) strand 
are located in the D-loop. Transcription results in three polycistronic mRNAs of which two contain genetic 
information of the heavy strand and one contains genetic information of the light strand. Transcription from 
promoter PH1 results in a transcript containing the information for two tRNAs and both mitochondrially encoded 
rRNAs (dark green). Transcription from PH2 (light green) results in a long transcript containing information of all 
proteins encoded on the heavy strand (blue), the majority of tRNAs, and - as the first transcript - of both rRNAs. 
The transcript of the light strand encodes for only one protein and eight tRNAs (blue). In red the location of the 
4,977 bp common deletion (CD), one of the most common mtDNA mutations is shown. 

 

Although mtDNA was, due to its small size, the first fully sequenced genome (Anderson et al., 1981), 

the knowledge about basic genetic processes such as replication, transcription, or translational is still 

inadequate. Below, basic principles and models of mtDNA replication and transcription will be 

presented as they are of special interest for this thesis. Mammalian mtDNA is replicated in a cell cycle 

                                                      

4
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independent manner by the yet only known mitochondrial DNA polymerase Pol γ. Replication 

presumably occurs via two main different replication modes. The strand displacement mode of 

replication was the first proposed. According to this model, replication starts at the ori of heavy strand
5
 

(OH) in the displacement-loop (D-loop). It is then preceded until the ori of light strand (OL) is 

uncovered. At this point, the replication of the light strand starts. The very large single stranded DNA 

areas, which arise from this replication mode, are presumably protected by ribonucleic acid (RNA). In 

addition, leading and lagging strand DNA replication similar as in nucleus had been described. The in 

vivo significance of the above-described replication modes and under which circumstances they take 

place in mitochondria still remains a controversy (Holt and Reyes; McKinney and Oliveira, 2013). 

As mitochondrial replication, transcription is not yet fully understood and a matter of controversy. It is 

commonly accepted that the genetic information is transcribed as polycistronic messengers. Heavy 

strand transcription presumably yields in two pre-messenger ribonucleic acids (pre-mRNAs), light 

strand transcription yields in one pre-mRNA. The transcription starting at the first heavy strand 

promoter (PH1) results in two tRNAs and two rRNAs. The transcription starting at the second heavy 

strand promoter (PH2) results in almost all mitochondrially encoded proteins, the two rRNAs and the 

majority of tRNAs. Light strand transcription also covers almost the complete mitochondrial genome, 

but this transcript encodes only for one protein and eight tRNAs. The existence and in vivo relevance 

of PH2 has been controversially discussed for years. In an alternative model both transcripts of the 

heavy strand would originate from PH1.The short heavy strand polycistronic messenger would then 

represent a partially processed version of the PH1 transcript (Fernández-Silva et al., 2003; Peralta et 

al., 2012). 

As described above, mtDNA is replicated in a cell cycle independent, relaxed manner. This means 

that not every mtDNA molecule in a cell is replicated in equal measure. The relaxed replication of 

mtDNA allows mitochondria to continuously run through renewal cycles which are mediated by fusion 

and fission processes. In this way, mitochondrial contents are mixed; damaged mitochondria can be 

separated, and then be depolluted by mitochondrial autophagy processes (Youle et al., 2012). The 

half-lives of mtDNA can give a good measure how fast mitochondrial replication occurs in cells. In rat 

tissues, mtDNA half-lives were determined between 6.7 days and 31 days in an early work (Gross et 

al., 1969). In other studies, mtDNA half-lives have been estimated to be up to 300 days. Computer 

models, based on data derived from the mitochondrial Pol γ mutator mouse, suggest half-lives 

between 30 days and 300 days (Poovathingal et al., 2012). Replication of mtDNA, however, has to 

take place at least at the same rate as the cellular renewal of the respective tissue; which is for 

keratinocytes in the epidermis about 15 days (Epstein, 1965). As the half-lives of mtDNA, half-lives of 

mitochondrial proteins are very heterogeneous depending on the specific protein, cell types, and 

tissues. Values range from a few hours up to 20 days in mouse tissues (Kim et al., 2012). In human 

immortalized fibroblasts, the mitochondrially encoded NADH dehydrogenase 1 (MT-ND1) showed a 

half-life of 2 hours (Zurita Rendon and Shoubridge, 2012). The half-lives of mtDNA and proteins give a 
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clue how fast mitochondrial function can be expected to be affected if mitochondrial polymerases were 

inhibited by exogenous agents. Solar radiation is one of these agents. It induces polymerase-inhibiting 

lesions such as CPDs, single strand breaks or abasic sites (Pinz et al., 1995; Kasiviswanathan et al., 

2012; Nakanishi et al., 2013). Assuming the classic asynchronous strand replication model, such 

polymerase blocking lesions could particularly be dangerous. The same considerations apply for the 

polycistronic RNAs and mitochondrial gene expression. 

 

Biologically active wavelengths of solar radiation 

To understand how solar radiation damages human skin cells and their mitochondria it is important to 

know the major damaging constituent parts of solar radiation. These are the UV-wavelengths of the 

sun, infrared radiation, and heat (Shin et al., 2008; Krutmann and Schroeder, 2009; Krutmann et al., 

2012). As the UV-wavelengths are the most important in the context of this dissertation, the text below 

will focus on the effects of UV radiation on the skin. As shown in Figure 6, the spectrum (radiation as a 

function of the wavelength) which arrives at the uppermost of the atmosphere can be described as a 

5250 °C hot blackbody. Parts of the solar radiation are reflected by the atmosphere or absorbed by 

atmospheric molecules such as ozone, so that a substantial part of the lethal UV spectrum is removed 

before it can damage human skin (Holton et al., 2003). 

 

 

 

 

Figure 6: Solar radiation spectrum.
6
 

The radiation spectrum of the sun as it 
reaches the top of the earth’s 
atmosphere correlates roughly to a 
5250 °C hot blackbody. During the 
passage through the atmosphere 
several wavelengths of solar radiation 
are reflected or absorbed by molecules 
such as O3 or O2. 
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The solar UV-spectrum is divided into three categories: UVA, UVB, and UVC. UVC ranges from 

100 nm to 280 nm, UVB from 280 nm to 315 nm, and UVA from 315 nm to 400 nm regarding to the 

definition of the CIE
7
. Whereas UVC is completely filtered out by the stratospheric ozone, UVB is 

partially absorbed and UVA passes the atmosphere almost unaffected. The intensities of the different 

solar wavelengths and their relative contribution to the solar spectrum are strongly influenced by 

diverse factors such as season, pollutants, time of day, weather, ozone concentration, clouds, degree 

of latitude, solar altitude, and not to forget shade (Diffey, 2002; Jansen et al., 2013b). Figure 7 shows 

the annual changes of maximal UVA and UVB intensities at noon on cloudless days in Sigmaringen, 

Germany (48.08733 °N, 9.24003 °E, 659 m altitude, 2011/2012). Maximum intensities for both UVB 

(measured between 290 nm - 330 nm) and UVA (measured between 330 nm – 400 nm) were reached 

on midsummer. Then, the intensities decreased until midwinter was reached. The intensity of UVB 

decreased faster than the intensity of UVA during winter half year, so that the UV radiation was not 

only stronger but also contained a stronger UVB content in summer. As the decrease of UV in winter 

is dependent on the solar ankle of the sun, this effect strengthens with the distance to the equator 

(Grifoni et al., 2013). 

 

 

Figure 7: Seasonal changes of the solar maximum 
UV content in Sigmaringen, Germany (2011/2012). 

Maximal solar irradiance on cloudless days was 
measured at noon with Hönle UVA (330 nm – 400 nm) 
and UVB (110, 290 nm – 330 nm) handheld sensors. 
UVA and UVB showed the highest radiation intensities 
in midsummer when the sun showed its highest position 
on the sky. In midwinter, both UVB and UVA showed 
the lowest intensities as the ankle of the sun was lower 
at its highest position. As the atmospheric UV 
absorption is higher for UVB than for UVA, the effect of 
the longer way through the atmosphere with the lower 
solar ankle was stronger for UVB. This resulted in a 
relatively higher content of UVA in winter. 
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The solar UV radiation is of special importance for human health as UVA and UVB are major risk 

factors for skin cancer and can be causatively linked to sun-induced accelerated skin ageing 

(Gasparro, 2000; Armstrong and Kricker, 2001; Pfeifer and Besaratinia, 2011; Krutmann et al., 2012; 

A Weinstock, 2013). UVB does not penetrate as deep into the skin as UVA, because the absorption by 

the upper layers of the skin is stronger (Tyrrell, 1996; Tewari et al., 2011). But, as UVB directly excites 

DNA (absorption maximum at 260 nm) and thereby induces DNA damage such as CPDs and 6-4PPs, 

it is considered to be the main contributor to erythema, immunosuppression, and skin cancer (Hart et 

al., 2001; Tewari et al., 2011). Figure 8 shows the irradiance of the sunlight on a summer day in the 

Netherlands in red and the CIE (1987) erythemal action spectrum in green. The resulting effective 

spectrum in blue shows a peak in the UVB spectrum between 300 and 320 nm. This peak represents 

the most effective erythema and CPD-inducing wavelengths on earth (Parrish et al., 1982). These 

wavelengths are not only the most important in DNA damage and erythema generation, but are also 

involved in the acute upregulation of the photoageing-associated enzyme MMP-1 (Kennedy et al., 

2003; Tewari et al., 2011). 

 

 

Figure 8: Erythemal action spectrum.
8
 

In red the irradiance of the sunlight spectrum 
as it reaches the surface of the earth is shown. 
The green line represents the effectiveness of 
the solar spectrum to induce erythema. From 
these curves the erythemal effective spectrum 
of the sun was calculated (blue). 

 

 

 

 

As UVB, UVA is capable to induce CPDs and 6-4PPs via an unknown mechanism which is much less 

efficient than the direct generation by UVB (Mouret et al., 2006). In return, UVA generates these 

damage types also in deeper layers of the skin than UVB (Tewari et al., 2011). In addition, UVA 

causes ROS which not only damage DNA, but also proteins and lipids (Vile and Tyrrell, 1995). The 

main UVA-induced oxidative DNA damage is 8-oxo-7,8-dihydroguanine (8-oxoG). After irradiation with 

UVA, 8-oxoG levels, however, are lower than the levels of UVA-induced CPDs (Mouret et al., 2006). 

Both UVA and UVB damage are discussed as contributors to photoageing. UVB is supposed to act via 
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CPDs in chromosomal DNA and DNA damage-independent via the aryl hydrocarbon receptor (AhR). 

UVA presumably acts via its oxidative component as a generator of mitochondrial dysfunction 

(Krutmann and Schroeder, 2009; Krutmann et al., 2012). 

 

Mitochondrial dysfunction and mutagenesis 

Because of the central role of mitochondria in cell physiology, it is no wonder that mitochondrial 

dysfunction is considered as a major contributor in ageing and ageing-related diseases. In 1972 

Harman refined his “free radical theory of ageing”, which proposed ROS-induced cellular damage as 

underlying reason for ageing, by focusing on the role of mitochondria (Harman, 1956, 1972). 

Henceforward, mitochondrial ROS were proposed to be the causative agent of ageing with 

mitochondria as a kind of “biological ageing clock”. Despite this putative important role of 

mitochondrial ROS in ageing processes, it remains unclear how and in which amounts mitochondria 

produce ROS in vivo (Murphy, 2009). 

In the 1990s the “mitochondrial theory of ageing” was extended by the role of ROS-induced mtDNA 

mutations (Bandy and Davison, 1990; Grey, 1997). In a number of alternative mitochondrial ageing 

hypotheses, ageing is proposed to be i) a result of a limited mitochondrial capacity to produce energy 

which is termed “maximum metabolic scope theory” (Prinzinger, 2005), ii) a systemic effect of only 

single cells with damaged mitochondria which is mediated by circulating molecules such as low 

density lipoproteins and termed as “reductive hotspot hypothesis (Grey, 2000), iii) mitochondrially 

caused lysosomal dysfunction which is termed as “mitochondrial lysosomal axis theory of ageing” 

(Brunk and Terman, 2002) or iv) by a lack of NAD
+
 availability followed by increases in the glycating 

agent methylglyoxal (Hipkiss, 2010). 

The importance of a functional mitochondrial genome becomes especially evident in the context of 

inherited mitochondrial diseases. These diseases are caused by mutations in mtDNA, by 

chromosomal mutations in genes encoding for mitochondrial proteins, or by a combination of both. 

Chromosomal mutations in mitochondrial diseases often concern the mitochondrial Pol γ gene or the 

mitochondrial helicase twinkle gene which are important factors in error-free mtDNA replication. In 

most cases mitochondrial diseases affect tissues with high energy demand, show a progressive 

course, and are not treatable. Some of these diseases can be attributed to few, specific mtDNA 

mutations such as Leber’s hereditary optic neuropathy (LHON). This syndrome is caused by one of 

only three distinct mtDNA mutations in over 90 % of the cases (Koene and Smeitink, 2011). To display 

their deleterious effects on mitochondrial and cellular function, mtDNA mutations have to reach 

certain, comparably high thresholds. Characteristic phenotypic threshold levels are at about 90 % 

mutation level for single point mutations, and about 60 % mutation level for deletions (Rossignol et al., 

2003). Dependent on the specific mutation and the mutation load different symptoms can occur. In 

case of the maternally inherited mitochondrial T to G mutation at mtDNA base 8993, individuals are 

asymptomatic up to 75 % mutation level. Between 70 % to 90 % mutation load, patients present a 

syndrome which is named neurogenic weakness, ataxia and retinitis pigmentosa (NARP). A mutation 
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load above 90 % causes the Leigh syndrome. The symptoms of the Leigh syndrome can already 

appear in the neonatal phase and usually cause death in the first decade of life. Symptoms include 

lactic acidaemia, psychomotor retardation, brainstem, and extrapyramidal dysfunction. (Koene and 

Smeitink, 2011). 

Beside such “classical” mitochondrial diseases there is increasing evidence for an important role of 

mtDNA mutagenesis in many ageing-related pathologies such as neurodegenerative diseases, 

cancer, as well as pathologies of heart, muscle, and the vascular system (Desler et al., 2011). 

Whereas in most of these age-related pathologies mitochondrial mutagenesis-induced dysfunction 

may play a direct role, the situation is not that definite concerning cancers. When Otto Warburg 

discovered that many cancer cells rely in their energy generation on glycolysis, but not on respiration, 

he assumed that respiration was irreversibly insured in these cells (Warburg, 1956). Today we know 

that many cancer cells turn down mitochondrial respiration to better adapt to their growth 

requirements, although the ETC is still functional (Frezza and Gottlieb, 2009). Cancer cells are even 

thought to be able to turn surrounding cells towards glycolysis to meet their needs (Pavlides et al., 

2009). Although it is accepted that changes in mitochondrial function are an important factor in cancer, 

the role of mtDNA mutations remains unclear. Mitochondrial DNA mutagenesis might contribute via 

the generation of ROS as a mutagen, changed mitochondrial signaling, or by mtDNA mutations 

causing advantages in tumor progression (Frezza and Gottlieb, 2009; Desler et al., 2011). A more 

indirect effect of mitochondrial mutagenesis and dysfunction in cancerogenesis might be interference 

with DNA repair. The potential underlying mechanisms will be presented in the next sub-chapter. 

The involvement of mtDNA mutagenesis in general ageing-related processes is better researched. 

Many new insights were obtained by experiments with the mitochondrial Pol γ mutator mouse. The 

mitochondrial genome of this mouse strain accumulates a high proportion of point mutations as its 

mtDNA polymerase shows a defect in its proofreading capacity. This deficiency results in a 

progressive accumulation of random mtDNA point mutations and large linear fragments going along 

with premature ageing (Edgar and Trifunovic, 2009). Interestingly, ageing mutator mice show no signs 

of increased ROS production which contradicts the commonly assumed mitochondrial ageing models 

(Trifunovic et al., 2005). Normal aged mice, however, live much longer and do never reach the mtDNA 

mutation levels which the mutator mice do accumulate in their shortened life span (Edgar and 

Trifunovic, 2009).  

In long-living animals, oxidative mtDNA damage and mutagenesis might play a more important role. In 

skin, oxidative damage does not only intrinsically occur, but is also caused by exposure to solar 

radiation. Mutations such as the 4,977 bp common deletion (CD), a T414G transversion, and tandem 

duplications have been observed to show drastically increased levels in mtDNA of UV-exposed skin 

samples (Birch-Machin et al., 1998; Krishnan and Birch-Machin, 2006; Birket and Birch-Machin, 2007). 

The CD can reach mutation levels up to 25 % and the T414G transversion levels up to 30 % in such 

samples (Birket and Birch-Machin, 2007). Interestingly, all above-described mutations are presumably 

caused by oxidative stress and also increased in other ageing tissues without UV exposure 

(Cortopassi et al., 1992; Brockington et al., 1993; Coskun et al., 2004). The CD is the best 
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characterized of these mutations. It is a large scale deletion reaching from the mitochondrial ND5 

gene to the ATPase 8 gene (Figure 5). This deletion is caused by singlet oxygen-induced DNA 

damage and generated via DNA recombination events at direct repeats (Berneburg et al., 1999; 

Samuels et al., 2004). The best evidence for a causative role of the CD in photoageing was shown 

with cells from patients suffering from the mitochondrial disease Kearns-Sayre-syndrome (KSS). 

These patients harbor high levels of the CD and other large scale deletions. The onset of this disease 

is typically before the age of 20 years. The most important symptom is a cardiac conduction block, and 

no cortical premature ageing appearance is described (Koene and Smeitink, 2011). Skin fibroblasts 

from KSS patients, however, show an elevated MMP-1 expression and behave like photo-aged 

fibroblasts in 3D skin models (Krutmann and Schroeder, 2009; Majora et al., 2009). 

As stated above, the highest mutation levels in photo-exposed skin reach only 30 %. This is below the 

commonly accepted threshold levels to become functional relevant. Nevertheless, a role of mtDNA 

mutations in photo-ageing can be assumed. Evidence comes here again from the knowledge gained 

from the mitochondrial mutator mouse. Firstly, it is very probable that an examined single 

mitochondrial mutation is not the only mutation which is present in the analyzed samples and it can be 

assumed that all mutations together gain a synergistic effect (known as “tip of the iceberg theory”). 

Secondly, mitochondrial mutations are not equally distributed in the cells which were analyzed in a 

sample. Mitochondrial mutations build mosaic patterns in tissues; with single cells harboring high 

mutation loads which were generated by clonal expansion (Kukat and Trifunovic, 2009). 

 

Cellular and mitochondrial defense mechanisms 

Human cells are equipped with different defense systems to maintain genome integrity in nucleus and 

mitochondria. Foremost, two mechanisms will be presented which were already touched above and 

are exclusively found in mitochondria. Both of these mechanisms are based on the multi copy 

character of the mitochondrial genome and rely on the fact that in a normal skin cell two chromosomal 

alleles are matched by several dozen to several thousand mitochondrial alleles (Hubbard et al., 2008). 

The first mechanism is the threshold effect. Mitochondrial mutations have to reach high loads, 

normally at least 60 %, to phenotypically become relevant (Rossignol et al., 2003). Although rare 

reports present single mitochondrial mutations which are functional relevant at much lower thresholds 

(Sacconi et al., 2008), the threshold effect can clearly be interpreted as protective mechanism; 

especially when it is compared with nucleus where a single dominant mutation in a cell can show 

deleterious effects. 

The second exclusive mitochondrial defense mechanism is degradation of damaged mtDNA or even 

autophagy of complete damaged mitochondria. These processes are directly coupled to the relaxed 

replication of mitochondria and are impossible for the stringent replicated nuclear chromosomes. 

Relaxed replication enables mitochondria to continuously run through renewal cycles which are 

mediated by fusion and fission processes. In this way damaged mitochondria can be separated, and 

then be depolluted by mitochondrial autophagy processes (Youle et al., 2012). Mitochondrial DNA 
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harboring UV-induced CPDs is degraded as this damage cannot be repaired in mitochondria (Bess et 

al., 2012; Bess et al., 2013). Experiments, in which mitochondrial structures in cells were selectively 

irradiated, showed that mitophagy is able to specifically degrade the affected mitochondrial 

compartments (Kim and Lemasters, 2011). 

Beside these exclusive defense mechanisms, mitochondria also possess a potent anti-oxidant system 

to prevent damage of macromolecules. It consists of molecules such as manganese superoxide 

dismutase (MnSOD), catalase, cytochrome C, or glutathione peroxidases (GPx) (Starkov, 2008). 

Beside its classical function as detoxifying enzyme, MnSOD, interestingly, is found in association with 

p53 and Pol γ in mitochondria where it prevents the nitration and inactivation of the mitochondrial 

polymerase after UV irradiation (Bakthavatchalu et al., 2011). 

As chromosomal DNA, mtDNA can be repaired by different pathways. Similar to the chromosomal 

DNA in the nucleus, oxidative mtDNA damage is repaired by short- and long-patch base excision 

repair (BER). Furthermore, mitochondria possess mismatch repair as well as single strand break 

repair, and presumably double strand break repair (Gredilla et al., 2012). As mentioned above, CPDs 

in mtDNA are not repaired. One of the most important nuclear DNA repair pathways in skin, the 

nucleotide excision repair (NER), is absent in mitochondria (Clayton et al., 1974). The special 

importance of the NER in skin is illustrated by patients with disturbed function of this DNA repair 

pathway. These patients carry mutations in their xeroderma pigmentosum (XP) genes and develop 

skin cancer from early childhood on (Cleaver, 2004). In mitochondria, UV induced bulky lesions persist 

over at least 48 hours and induce a stall of the mtDNA Pol γ before the damaged genomes are 

eventually degraded (Clayton et al., 1974; Pascucci et al., 1997; Bess et al., 2012; Kasiviswanathan et 

al., 2012; Bess et al., 2013). The implications of these long-persisting DNA damages for mitochondrial 

function and mutagenesis are, however, not well understood yet and were investigated in this thesis. 

Unrepaired CPDs in chromosomal DNA can result in CC to TT transitions. They are frequently found 

in sun-exposed skin reaching levels between 10
-2

 and 10
-6

 mutated alleles per wild type alleles in the 

p53 gene, but can also be induced in vitro up to the percentage range (Nakazawa et al., 1994; 

Jonason et al., 1996; Ouhtit et al., 1997; Siefken et al., 1999). Because of the long persistence of this 

damage type in mtDNA, a high mutagenic potential can be expected even though the Pol γ generally 

cannot bypass CPDs (Kasiviswanathan et al., 2012). Mitochondrial CC to TT transitions might be 

valuable DNA biomarkers of UV exposure which combine the advantage to analyze mtDNA with its 

high copy number with the UV-specificity of CC to TT transitions. A CC to TT transition in mtDNA, 

however, was only described by one group yet. It showed an increased incidence in sun-exposed skin 

compared to unexposed skin but only reached comparable low levels of 10
-7

 to 10
-6

 mutated mtDNA 

copies per wild type mtDNA copies (Kawasaki et al., 2000). 

Because of the central mitochondrial role in energy generation and cell physiology, it was plausible to 

assume that mitochondrial dysfunction interferes with DNA repair. Mitochondrial function is generally 

accepted to decrease with age (Wei et al., 2009). In skin keratinocytes, this results in an age-related 

shift from mitochondrial respiration to glycolysis (Prahl et al., 2008). A decline in cellular DNA repair 

has been observed for many DNA repair pathways and tissues with ageing. Skin fibroblasts show 
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decreased DNA repair capacities in different pathways (Takahashi et al., 2005; Hazane et al., 2006; 

Sauvaigo et al., 2007; Hazane-Puch et al., 2010; Pons et al., 2010; Sauvaigo et al., 2010; Rainbow et 

al., 2013). Furthermore, it had been shown that an inhibition of mitochondrial respiration with 

mitochondrial inhibitors can decrease oxidative DNA damage repair (Gafter-Gvili et al., 2011). DNA 

repair can be mechanistically linked with mitochondria by several lines of evidence. One is the de 

novo pyrimidine synthesis which is directly linked to the ETC at complex II and complex III via the 

enzyme dihydroorotate dehydrogenase (DHODH) (Löffler et al., 1997; Fang et al., 2012). The 

inhibition of these complexes has been associated with decreased pyrimidine synthesis and reduced 

purine triphosphate levels (Gattermann et al., 2004). These imbalances in the nucleotide pool then 

could interfere with DNA repair. Iron-sulfur cluster synthesis, the presumable unifying feature of all 

mitochondrial organelles (van der Giezen and Tovar, 2005), might be a further important mitochondrial 

factor in nuclear genome integrity maintenance. Here, the critical factor is probably not mitochondrial 

respiration function itself but mitochondrial genome integrity (Veatch et al., 2009). In this thesis, the 

influence of mitochondrial function on NER was researched. Although NER does not occur in 

mitochondria, several proteins of this repair pathway can be connected to them. These proteins were 

shown to either translocate into mitochondria, where they often fulfill yet unknown tasks, or to interact 

in other ways with mitochondria, such as p53, CSA, CSB, XPC, and the NAD
+
-dependent PARP-1 

(Achanta et al., 2005; Rossi et al., 2009; Kamenisch et al., 2010; Smith and Kumar, M A Suresh, 

2010; Rezvani et al., 2011; Robu et al., 2013). 

To measure the NER capacity in human skin fibroblasts and to reveal possible links between 

mitochondrial function and NER, a modified host cell reactivation assay (HCRA) was used (Figure 9). 

With this assay the functional restoration of an UVC-irradiated plasmid is measured by the transfection 

of the irradiated plasmid, encoding for red fluorescent protein (RFP), together with an un-irradiated 

plasmid, encoding for green fluorescent protein (GFP), into the fibroblasts. After a given time, red and 

green fluorescence are measured by flow cytometry and the repair capacity is calculated from the 

relative expressions of RFP and GFP. 

 

 

Figure 9: Functional principle of the host cell reactivation assay (HCRA).
9
 

The principle of the HCRA is based on the measurement of the functional restoration of a UVC-irradiated plasmid 
encoding for a red fluorescent protein (pDsRed). The irradiated pdsRed, and pEGFP, are transfected into cells. 
24 hours after transfection, red and green fluorescence are measured and the DNA repair capacity is calculated.  

                                                      

9
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Aims of the thesis 

As described above, mitochondrial dysfunction is supposed to play an important role in photoageing of 

the skin and might also be involved in skin cancerogenesis. For a detailed understanding of the 

interrelations, however, more research is needed. A better understanding of the underlying 

mechanisms can then be used to improve skin protection from solar radiation-induced damage. This 

thesis was based on two hypotheses about solar induced mitochondrial damage and dysfunction. The 

first hypothesis was that UV-induced CPDs in mtDNA presumably have a high mutagenic potential 

and also interfere with mitochondrial gene expression, because they are not repaired and therefore 

persist for at least 48 hours. The second hypothesis was that mitochondrial dysfunction potentially 

decreases cellular DNA repair capacity. 

 

To shed light on these points, the aims of this thesis were the following: 

i) to evaluate alternative mtDNA biomarkers of sun exposure (chapter III) 

ii) to examine the ability of shortwave UV damage as part of the solar damage spectrum to 

induce mitochondrial dysfunction (chapter IV) 

iii) to research the influence of mitochondrial dysfunction on DNA repair, especially on NER in 

nucleus (chapter V). 

 

The results of this dissertation are presented in three independent manuscripts which were already 

published or are prepared for publication. 

Chapter III composes of an ex vivo study with human skin from sun-exposed and unexposed body 

parts. A mitochondrial CC to TT transition and mtDNA copy number were evaluated as sun exposure 

biomarkers. 

Chapter IV covers irradiation experiments with normal human skin fibroblasts. The cells were 

irradiated with sun simulating light (SSL) or with UVC. Then the effects on mitochondrial respiration, 

mtDNA copy number and gene expression at similar antiproliferative doses were monitored. 

Chapter V deals with the influence of mitochondrial dysfunction on chromosomal NER capacity. 

Normal human skin fibroblasts were treated with mitochondrial inhibitors. Then their capacity to 

functionally restore UVC-irradiated plasmids was measured. 
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Abstract 

Mitochondrial DNA (mtDNA) mutations are causatively associated with photoageing, and are used as 

biomarkers of UV exposure. The most prominent mitochondrial mutation is the common deletion (CD), 

which is induced in many tissues by oxidative stress. More photo-specific mutations might be CC to TT 

tandem transitions which arise from UV-induced cyclobutane pyrimidine dimers. As nucleotide 

excision repair is absent in mitochondria, this DNA damage can presumably not be repaired resulting 

in high mitochondrial mutation levels. 

Here, we analyzed levels of the CD, a mitochondrial and a chromosomal tandem transition in 

epidermis and dermis from exposed and less UV-exposed skin. We also analyzed mtDNA copy 

number, for which changes as a result of oxidative stress have been described in different 

experimental settings. Whereas mitochondrial tandem transition levels were surprisingly low with no 

discernible correlation with UV exposure, mtDNA copy number and CD were significantly increased in 

UV-exposed samples. 
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Background 

A causative role of mitochondrial DNA (mtDNA) mutations is recognized in an expanding array of age-

related pathologies such as neurodegeneration, cancer but also photoageing (1,2). Furthermore, 

mtDNA mutations serve as biomarkers of UV exposure as mtDNA shows a high mutation rate and is 

present in up to several thousand copies per cell. 

The most prominent mtDNA biomarker, the 4,977 base pair mitochondrial common deletion (CD), 

shows an age-related increase in several tissues (3). In skin, it is generated through UVA-induced 

singlet oxygen and can be used as marker of UV exposure (4–8). CD levels have been shown to 

decrease in proliferating cells (7,9), which may be one reason for higher accumulation in dermis than 

in epidermis (4,6), and decreased levels in benign skin lesions and non-melanoma skin 

cancer (10,11). 

Mitochondrial CC to TT transitions might serve as an alternative – oxidative stress independent - UV 

exposure biomarker. They arise from cyclobutane pyrimidine dimers (CPDs), the major UVB-induced 

DNA damage (12). CPDs are induced in nucleus and mitochondria by UV irradiation, but persist in 

mitochondria due to the absence of the nucleotide excision repair (NER) pathway for at least 48 h 

(13,14), before they are eventually removed by mitophagy (15,16). High levels of these UVB 

fingerprint mutations can therefore be expected in photo-exposed mtDNA. Studies are, however, 

scarce (17). 

Similar to the CD, mtDNA copy number can be increased in consequence of oxidative stress (18–21), 

but such changes have not yet been correlated to UV exposure in skin. 

 

Questions addressed 

A mitochondrial CC to TT transition at bases 591/592 and changes in mtDNA copy numbers were 

evaluated as potential markers of UV exposure. 

 

Experimental design 

Skin samples from adult donors were classified based on the site of origin into a high exposure (HE) 

group (n=16, mainly neck and forehead, mean age 71 years) and a low exposure (LE) group (n=15, 

mainly abdomen, mean age 65 years). Then levels of the CD, a mitochondrial CC to TT transition 

(bases 591/592), a p53 gene CC to TT transition (codons 281/282) and mitochondrial DNA copy 

number were determined by quantitative real-time PCR (qPCR), separately in dermis and epidermis. 

For details see Data S1. 
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Results 

Sun exposure classification of the skin samples was based on body site origin. It was confirmed by 

assessing levels of the CD, which was significantly increased in the HE compared to the LE group 

(p<0.0001, Figure 1A). In dermis, we measured 11/15 positive LE samples (median = 3.7x10
-6

 

mutated copies per wild type DNA); HE samples all showed CD levels above detection threshold 

(median = 2.6x10
-3

). In epidermis 4 of the 15 LE samples (median below threshold) and all of the HE 

samples (median = 3.5x10
-4

) were positive. 

 

 

 

Figure 1: Profile of the common deletion 

(CD), a mitochondrial CC to TT transition 

and a CC to TT transition in the p53 gene 

in sun-exposed skin samples. 

(A) Levels of the CD, (B) a mitochondrial CC 

to TT transition (bases 591/592) and (C) a 

CC to TT transition in the chromosomal p53 

gene (codons 281/282) were measured in 15 

samples from low exposure skin (LE) and in 

16 samples from high exposure skin (HE) by 

qPCR (n. d. = not detectable). Before DNA 

extraction, dermis (D) and epidermis (E) were 

enzymatically separated. Mutation copy 

numbers were expressed as ratios of wild 

type DNA (WT). Statistical analyses were 

carried out with the two tailed Man Whitney 

test (*p<0.0001). The grey area indicates 

mutation levels below background. 

 

 

 

To test the adequacy of mitochondrial tandem transitions as markers for UV exposure, we established 

a qPCR assay for the detection of a mtDNA CC to TT transition at bases 591/592. We measured, 

however, only 3 positive epidermis samples with transition rates between 10
-4

 to 10
-5

 mutated copies 

per wild type DNA and no correlation with sun exposure (Figure 1B). In comparison, a p53 CC to TT 

transition was detected in twice as many epidermis samples and at higher levels (10
-2

 to 10
-3

) than the 

mitochondrial transition (Figure 1C). 
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Figure 2: mtDNA copy number is significantly increased in sun-exposed skin samples. 

mtDNA copy number levels were measured in 15 samples from low exposure skin (LE) and in 16 samples from 

high exposure skin (HE) in dermis (D) and epidermis (E) by qPCR. mtDNA content was calculated by the 

normalization of mtDNA copies to p53 allele copies. Statistical analyses were carried out with the two tailed Man 

Whitney test (*p<0.0001). 

 

The quantification of mtDNA copy number resulted in between 14 and 14,200 mtDNA copies per cell 

(Figure 2). Interestingly, it was significantly (p<0.0001) increased in the HE samples compared to the 

LE samples. Whereas we observed copy number medians of 183 (dermis) and 277 (epidermis) copies 

per cell in the LE samples, they were significantly higher in dermis (4435) and epidermis (5835) in the 

HE samples. 

 

Conclusion 

In our study, the examined tandem transitions showed no correlation with UV exposure. Remarkably, 

twice as many samples harbored the chromosomal than the mitochondrial transition, while assay 

sensitivity for the first was 100-fold lower. Although it has to be considered that we only measured one 

mutation in nucleus and one in mitochondria, this is in agreement with reports showing that 4 % - 14 % 

of the cells in sun exposed skin carry p53 mutations (22,23) and that the p53 tandem transition at 

codons 281/282 can be induced in vitro up to 1 % (24). A mitochondrial CC to TT transition, on the 

other hand, was only quantified by one other group before, resulting in mutation levels up to 10
-6

 (17). 

One reason for these unexpected findings might be the multi-copy nature of mtDNA. As in nucleus a 

breakdown of the chromosomal replication forks is fatal, unrepaired CPDs are bypassed by a whole 

set of translesion polymerases with different error rates (25). In mitochondria, CPDs are rarely 

bypassed by the only DNA polymerase γ (26), potentially leading to unexpected low rates of transition 

mutations (14). 

Interestingly, we observed a 23-fold increase in mtDNA copy number in sun exposed skin samples 

compared to less exposed samples, making copy number a potential biomarker of UV exposure. As 

the HE group was not significantly older than the LE group (p* = 0.131, t-test), an age-related 
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influence is unlikely. Accordingly, samples from juvenile prepuce showed copy numbers similar to the 

LE samples which had a median age of 65 years (Figure S1). The combination of increased mtDNA 

copy number and elevated CD levels has been described before in a D-galactose induced ageing 

model. It was proposed to be a compensatory mechanism for mitochondrial dysfunction and oxidative 

stress (21). In human skin, similar effects may take place to serve as an adaption to chronic sun 

exposure and increased levels of damaged mitochondrial genomes. 
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Data S 1 – Materials and methods 

 

Donor material 

Margin skin samples were obtained from Kreiskrankenhaus Sigmaringen (KKS), Universitätsklinikum 

Heidelberg (UKH), and Chirurgische Gemeinschaftspraxis Dr. Fuhrer, H. Nonnenmacher, Dr. Astfalk 

und Dr. Fauser, Reutlingen (CGR), Germany. The experiments were approved by the ethic 

committees of the Landesärztekammer Baden-Württemberg and of the medical faculty of Heidelberg 

University according to the Declaration of Helsinki. All participants of this study were informed and 

have given their written assent. In the case of underage persons written assent was given by their 

legal guardians. Detailed data of the donor material is shown in Table S1-1. Samples which were 

taken from neck, face and forehead of 16 donors were considered as sun exposed. The skin samples 

from less exposed body sites were mainly derived from abdomen (15 donors). The mean age of the 

donors from which the less exposed samples were taken amounted to 65 years, whereas the group 

from which the exposed samples were taken was slightly older with a mean age of 71 years. An 

additional third control group consisted of prepuces from underage donors (mean age 6 years). Skin 

samples were stored in Phosphate Buffered Saline (PBS) at 4 °C and processed within 48 h or frozen 

at -80 °C.  

 

DNA isolation and qPCR 

Dermis and epidermis were enzymatically separated with 12 U Dispase II (Roche Diagnostics GmbH, 

Mannheim, Germany) over night at 4 °C. DNA isolation was carried out with the DNeasy Blood & 

Tissue Kit (QIAGEN GmbH, Hilden, Germany) according to the manufacturers’ instructions. DNA 

concentrations were determined with a nanophotometer (Implen GmbH, München, Germany). qPCR 

reactions contained 100 ng DNA and were carried out with the TaqMan method. Hydrolysis probes 

were labeled at the 5’-terminal with FAM (6-carboxyfluorescein) and at the 3’-terminal with BHQ-1 as 

quencher. All primers and probes were synthesized by biomers.net (Ulm, Germany).  

In order to specifically detect tandem transitions and not wild type or single transitions, we designed 

and optimized highly specific primers. The detection of CC to TT transitions by PCR depended on the 

fact that one single DNA mismatch at the 3’-terminal is sufficient to extensively inhibit the PCR 

reaction. For a single C (template) to T (primer 3’-terminal) mismatch a specificity of 10
-5

 to 10
-3

 can be 

expected (1). A high specificity was particularly important for the detection of the mitochondrial DNA 

transition compared to the p53 transition, as PCR reactions contained about 10
6
 to 10

7
 mitochondrial 

DNA copies but only about 10
4
 genomic alleles. As a CC to TT transition contains two mutated bases, 

and we inserted an additional mismatch at the third base from the 3’-terminal end (capital bold letter in 

primer sequence), the specificity was further enhanced. All mutation levels were calculated by dividing 

copy number of mutated DNA through copy number of wild type DNA. 
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Mitochondrial CC to TT transition and CD 

The 591/592 mitochondrial CC to TT transition levels and the CD levels were measured with the 

LightCycler®480 system (Roche Diagnostics GmbH, Mannheim, Germany). The reactions were 

carried out in a 16 µl volume with 8 µl LightCycler
®
480 Probes Master (Roche Diagnostics GmbH, 

Mannheim, Germany). Primers and probes were employed at concentrations of 0.625 µM each. CD 

levels were quantified with a primer set for deleted mitochondrial DNA (CD) and for not deleted 

mitochondrial DNA (IS) as earlier described by Koch et al. (2). The reactions for the detection of the 

mitochondrial CC to TT transition were carried out with specific forward primers for mutated DNA 

(mtTTfw: 5’-ccc cac agt tta tgt agc ttT tt-3’) and wild type DNA (mtCCfw: 5’-ccc aca gtt tat gta gct tTc c-

3’), but the same probe (mtS: 5’-tcc tca aag caa tac act gaa aat gt-3’) and reverse primer (mtrev: 5’-gtg 

atg tga gcc cgt cta a-3’). Amplifications were conducted as follows: 3 min initial denaturation at 95 °C, 

followed by 60 cycles of 10 s denaturation at 95 °C, and 30 s primer annealing, elongation as well as 

fluorescence acquisition at 55 °C. Crossing point values (Cps) were calculated with the second 

derivative method and then normalized to external standard curves (Figure S1-1 and Figure S1-2). 

pCR2.1 plasmids with either mutated or not mutated PCR product were used as standards. 

 

P53 CC to TT transition 

The p53 CC to TT transition (codons 281/282) assay was modified from Siefken et al. (3). It was run 

on a Cfx96 Real-Time PCR Detection System (Bio-Rad Laboratories GmbH, München, Germany). 

Reactions were carried out in a 16 µl volume with 8 µl iQ-Supermix (Bio-Rad Laboratories GmbH, 

München, Germany). Primers and probes were employed at concentrations of 0.625 µM for each 

primers and probe. To detect mutated DNA, the primer p53TTfw (5’-ctg tcc tgg gag agT tt-3’) was used 

together with the probe p53S (5’-aga gga aga gaa tct ccg caa gaa-3’) and the reverse primer p53rev 

(5’-ggc ata act gca ccc tt-3’). Wild type DNA was detected with the same probe and reverse primer, 

but with the forward primer p53CCfw (5’-ctg tcc tgg gag agT cc-3’). Amplifications were carried out as 

follows: 3 min initial denaturation at 95 °C, followed by 50 cycles of 10 s denaturation at 95 °C, and 

30 s primer annealing, elongation as well as fluorescence acquisition at 65 °C. The threshold cycle 

values (Cts) were converted into copy numbers via normalization to in run standard dilution series. 

The standard for both, mutated and non-mutated p53 allele consisted of a dilution series of HaCaT 

DNA (Figure S1-3), as this cell line carries the CC to TT transition on one allele (4). 
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Mitochondrial DNA copy number 

The cellular mtDNA content was calculated from wild type mtDNA copy number as it was determined 

from the qPCR of the mitochondrial CC to TT transition and an additional qPCR assay. This additional 

PCR was carried out with the primers to detect wild type p53 alleles from the p53 CC to TT transition 

assay but on the LightCycler
®
480 system (Roche Diagnostics GmbH, Mannheim, Germany) and with 

the protocol described for the mitochondrial tandem transition assay. The quantification of the wild 

type p53 alleles was calculated with an external DNA standard, which consisted of a normal skin 

fibroblast DNA dilution series (Figure S1-4).  

Statistical analyses and graphs 

Statistical analyses and graphs were generated with GraphPad Prism 5.04 for windows (GraphPad 

Software, San Diego, California, USA). The statistical analyses were carried out with two tailed Man 

Whitney tests.  
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Tables 

 

Table S1-1: Samples 

Donor ID body area Age [y] sex Clinic 

High exposure (HE) 
M2 forehead 82 male UKH 
M3 face 87 female UKH 
M4 neck 85 male UKH 
M5 forehead 79 male UKH 
M6 ear 71 male UKH 
M7 nose 56 female UKH 
M8 neck 81 male UKH 
M9 cheek 70 male UKH 
M10 nose 71 male UKH 
M11 neck 54 male UKH 
M12 neck 64 male UKH 
M13 neck 73 female UKH 
M14 forehead 62 male UKH 
M15 neck 63 male UKH 
M16 nose 54 female UKH 
I6 neck 79 male KKS 
Mean age (+/- SEM): 71 +/- 2.7   
Low exposure (LE) 
F42 abdomen 48 male KKS 
F44 abdomen 60 female KKS 
F45 abdomen 61 male KKS 
F47 abdomen 62 male KKS 
F48 abdomen 63 male KKS 
F49 abdomen 74 male KKS 
F50 abdomen 64 female KKS 
F51 navel 56 male KKS 
F53 abdomen 66 male KKS 
F54 abdomen 47 female KKS 
F55 abdomen 68 female KKS 
F56 abdomen 73 male KKS 
H3 abdomen 69 female KKS 
H25 abdomen 77 male KKS 
M1 lower leg 84 male UKH 
Mean age (+/- SEM): 65 +/- 2.6   
Ast60 prepuce 7 male CGR 
Ast61 prepuce 5 male CGR 
Ast62 prepuce 5 male CGR 
Ast63 prepuce 7 male CGR 
Ast64 prepuce 8 male CGR 
Ast65 prepuce 4 male CGR 
Mean age (+/- SEM): 6 +/- 0.6   

Kreiskrankenhaus Sigmaringen (KKS); Universitätsklinikum Heidelberg (UKH); Chirurgische Gemeinschaftspraxis 
Dr. Fuhrer, H. Nonnenmacher, Dr. Astfalk und Dr. Fauser, Reutlingen (CGR) 
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Figures 

 

 

Figure S1-1: Standard dilution series for the quantification of the mitochondrial CC to TT transition at 

bases 591/592. 

Wild type mtDNA copies as well as mutated mtDNA copies were quantified with in run calibrators which were 

normalized to external standard curves. (A) 10
5
 to 10

0
 copies / µl of standard plasmid carrying the mutated 

sequence were diluted in 10
6
 copies / µl standard plasmid carrying the wild type sequence and measured by 

qPCR (n=5). As 5 µl sample volume was used for each reaction, at the lowest concentration 5 mutated copies 

were analyzed. (B) A dilution series of 10
7
 / µl down to 10

4
 / µl standard plasmid carrying the wild type sequence 

(n=5) was used as standard curve for wild type mtDNA quantification. 
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Figure S1-2: Standard dilution series for the quantification of the CD. 

Wild type mtDNA copies as well as deleted mtDNA copies were quantified with in run calibrators which were 

normalized to external standard curves. (A) 10
5
 to 10

0
 copies / µl of standard plasmid carrying the sequence 

flanking the deletion were diluted in 10
6
 copies / µl standard plasmid carrying the wild type sequence and 

measured by qPCR (n=5). As 5 µl sample volume was used for each reaction, at the lowest concentration 5 

mutated copies were analyzed. (B) A dilution series of 10
7
 / µl down to 10

4
 / µl standard plasmid carrying the wild 

type sequence (n=5) was used as standard curve for wild type mtDNA quantification. 
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Figure S1-3: Standard dilution series for the quantification of the p53 CC to TT transition (codons 

281/282). 

To quantify a p53 CC to TT transition at codons 281/282, a dilution series of DNA isolated from the HaCaT cell 

line was used, as this cell line carries this mutation on one allele. The dilution series were prepared as duplicates 

in each run. (A) A dilution series ranging from 10 ng / µl HaCaT DNA down to 3.2x10
-3

 ng / µl (dilution factor 5) 

was prepared for the quantification of the mutated allele. (B) For the quantification of the wild type allele a dilution 

series ranging from 10 ng / µl HaCaT DNA down to 0.08 ng / µl was applied. 
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Figure S1-4: Standard dilution series for chromosomal DNA copy number quantification. 

Chromosomal DNA copy number was determined to calculate mtDNA copy number in the samples. DNA isolated 

from normal fibroblasts was diluted from 100 ng / µl down to 0.004 ng / µl. Allele copy number was calculated 

from DNA concentration. 100 ng / µl thereby corresponded to 2.79x10
4
 alleles / µl, 0.004 ng / µl corresponded to 

1.12 alleles / µl. 
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Figure S 1 – mtDNA copy number in juvenile skin samples 

 

Figure-S1: mtDNA copy number in juvenile skin samples. 

mtDNA copy number content was analyzed in 6 samples from juvenile prepuce by qPCR (mean age = 6 years). 

Dermis (juv-D) and epidermis (juv-E) were separately analyzed. mtDNA content was calculated by the 

normalization of mtDNA copies to p53 allele copies. Juvenile dermis contained a median of 505 mtDNA copies 

per cell; juvenile epidermis contained a median of 168 mtDNA copies per cell. 
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Abstract 

Because of the absence of a nucleotide excision repair in mitochondria, ultraviolet (UV)-induced bulky 

mitochondrial DNA (mtDNA) lesions persist for several days before they would eventually be removed 

by mitophagy. Long persistence of this damage might disturb mitochondrial functions, thereby 

contributing to skin ageing. In this study we examined the influence of shortwave UV-induced damage 

on mitochondrial parameters in normal human skin fibroblasts. We irradiated cells with either sun 

simulating light (SSL) or with ultraviolet C (UVC) to generate bulky DNA lesions. At equivalent 

antiproliferative doses, both irradiation regimes induced gene expression of mitochondrial transcription 

factor A (TFAM) and matrix metallopeptidase 1 (MMP-1). Only irradiation with SSL, however, caused 

significant changes in mtDNA copy number and a decrease in mitochondrial respiration. Our results 

indicate that shortwave UV-induced damage as part of the solar spectrum is not a major contributor to 

mitochondrial dysfunction. 
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Introduction 

The ultraviolet (UV) components of the sun induce a wide spectrum of DNA damage types including 

cyclobutane pyrimidine dimers (CPDs), pyrimidine (6-4) pyrimidone photoproducts (6-4PPs), single 

strand breaks or 8-oxo-7,8-dihydroguanine (8-oxoG), which all contribute to accelerated skin ageing 

(photoageing). Ultraviolet B (UVB)-induced bulky lesions such as CPDs play an important role in 

photoageing as they mediate the upregulation of matrix metallopeptidase 1 (MMP-1), which is the 

main collagen-degrading enzyme in skin [1, 2]. Similar to UVB, ultraviolet A (UVA) exposure generates 

primarily CPDs albeit with a thousand fold lower efficiency. In addition, UVA generates oxidative DNA 

damage such as 8-oxoG nucleotides [3], which in turn cause mitochondrial DNA (mtDNA) damage 

and mutagenesis, thus contributing to chronic photoageing processes [4]. Although it was already 

shown in 1974 that mitochondria were not able to remove ultraviolet C (UVC)-induced CPDs by 

nucleotide excision repair (NER) [5], the potential role of persistent mitochondrial CPDs in 

mitochondrial dysfunction and mutagenesis has only recently gained attention. 

Pascucci et al. showed that CPDs were induced by UVC in mtDNA and chromosomal DNA to similar 

levels. The damage remained unaltered for at least 24 h in mtDNA, predominantly leading to C to T 

transitions. Mutation levels, however, were 13 fold lower as would be expected in the absence of 

NER [6]. It can be hypothesized that a general stall of the only mitochondrial polymerase Pol γ at 

CPDs may be involved [7]. Moreover, UVC irradiation activates mitochondrial fusion, fission, and 

autophagy processes, which have been shown to remove significant amounts of lesions in 

Caenorhabditis elegans after 48 h [8]. Similar processes were observed in human fibroblasts 72 h 

after UVC irradiation without significant influences on mtDNA content and morphology [9]. 

The above-described relatively long persistence of direct UV-induced damage might interfere with 

mitochondrial gene expression, as CPDs do not only inhibit Pol γ but also the mitochondrial RNA 

polymerase [7,10]. A disturbance in mitochondrial gene expression might cause dysfunctions of the 

electron transport chain in a relatively short time, as, for example, the mitochondrially encoded 

complex I NADH dehydrogenase 1 (MT-ND1) protein shows a half-life shorter than 2 h [11]. 

In the present study, we evaluated the relevance of persistent mitochondrial UV-induced bulky DNA 

lesions as a contributor of sun-induced mitochondrial dysfunction. We therefore analyzed normal 

human skin fibroblasts after irradiation with UVC or physiological relevant irradiations of sun simulating 

light (SSL), at time points between 16 h and 96 h after treatment. Comparable antiproliferative UVC or 

SSL doses induced similar changes in gene expression of MMP-1 and the mitochondrial transcription 

factor A (TFAM), which is also involved in mtDNA replication, mtDNA packaging, and damage binding 

[12]. Irradiation with SSL additionally induced an elevated MT-ND1 expression, a decreased 

mitochondrial respiration 16 h after irradiation, and a dose-dependent increase in mtDNA copy number 

72 h after irradiation. This was not observed after irradiation with UVC. We conclude that short-

wavelength UV-induced damage is only a minor contributor to SSL-induced mitochondrial dysfunction. 
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Materials and methods 

Cell culture 

Normal human skin fibroblasts were isolated from skin samples, which were received from the 

Kreiskrankenhaus Sigmaringen, general surgery unit, Germany, or from the Chirurgische 

Gemeinschaftspraxis Dr. Fuhrer, H. Nonnenmacher, Dr. Astfalk und Dr. Fauser, Reutlingen, Germany. 

Experiments were in accordance with the Helsinki declaration and approved by the ethic committee of 

the Landesärztekammer Baden-Württemberg, Germany. Patients were informed and gave their written 

assent. Fibroblasts were isolated as described by Burger et al. and then cultured in Cell
+
 flasks 

(Sarstedt, Nümbrecht, Germany) [13]. Cells were grown in DMEM High Glucose with 10 % fetal calf 

serum (FCS) and 0.5 % gentamycine (all from PAA Laboratories GmbH, Pasching, Austria) at 37 °C 

and 5 % CO2. All experiments were conducted with fibroblasts from at least two donors at low 

passages. 

 

Irradiation experiments 

Irradiations were carried out with a 400F/5C solar simulator (Hönle, Gräfelfing/München, Germany) or 

a UV Stratalinker1800 with 254 nm FG8T5 bulbs (Stratagene, La Jolla, CA) for UVC irradiations. For 

copy number and gene expression analyses cells were irradiated in 10 cm Cell
+
 culture dishes 

(Sarstedt). For irradiation with UVC, the culture dishes were washed with 5 ml phosphate buffered 

saline (PBS), the PBS was removed, and then cells were irradiated without lid. Irradiation with SSL 

was performed in the presence of 5 ml PBS. Solar simulator doses were measured with a handheld 

UV-meter and a sensor for UVA (DOE110, 330 nm – 400 nm) manufactured by Hönle. After 

irradiation, fresh medium was added immediately. If cells were irradiated multiple times, they were 

incubated with growth medium for 4 h between the irradiations. Irradiation experiments for the 

respiration measurements were conducted as described above, but the wells were first washed with 

100 µl PBS and irradiated in the presence of 100 µl PBS, respectively. For further analyses the 

samples were detached from culture dishes with 10x trypsin-EDTA (PAA Laboratories). The reaction 

was stopped with 10 % FCS (PAA Laboratories) in PBS. Cells were pelleted and resuspended in PBS 

for further processing. Viable cell numbers were determined with a Vi-CELL XR cell viability analyzer 

(Beckman Coulter, Krefeld, Germany). 

 

Gene expression analyses 

A total of 200,000 fibroblasts were seeded in 10 cm Cell
+
 culture dishes and irradiated as described 

above 24 h after seeding. RNA was isolated with the Roche High Pure RNA Isolation Kit (Roche 

Diagnostics, Mannheim, Germany) according to manufacturers’ instructions. cDNA syntheses were 

performed with the Transcriptor First Strand cDNA Synthesis Kit (Roche Diagnostics) with random 

primers according to manufacturers’ instructions. Quantitative real-time PCR (qPCR) was carried out 
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on a LightCycler
®
480 instrument (Roche Diagnostics) with the Roche LightCycler

®
 480 SYBR Green I 

Master mix (Roche Diagnostics). Primer sequences are shown in Table 1. PCR reactions contained a 

20 µl volume with 0.5 µM of each primer (biomers.net GmbH, Ulm, Germany). PCR cycles were as 

follows: 5 min preincubation at 95 °C followed by 45 cycles at 95, 60, and 72 °C for 10 s, respectively. 

Fluorescence was measured at the end of the elongation phase. Target gene amplification was 

normalized to the expression of β-Actin, G3PDH and RPLP0, and relative expression levels calculated 

with the 2
-∆∆Cp

 method. 

 

Determination of mitochondrial DNA content 

A total of 80,000 fibroblasts were seeded in 10 cm Cell
+
 culture dishes and irradiated as described 

above 72 h after seeding. At the given time points, DNA was isolated with the QIAGEN Blood & Tissue 

Kit (QIAGEN GmbH, Hilden, Germany) according to manufacturer’s instructions and diluted to a 

concentration of 20 ng µl
-1

. Copy number was determined by qPCR on a LightCycler
®
480 instrument 

(Roche Diagnostics). The detection was carried out with the TaqMan method. Hydrolysis probes were 

labeled with FAM (6-carboxyfluorescein) at the 5’-terminal end and with BHQ-1 as a quencher at the 

3’-terminal end. For the quantification of mtDNA copy number, one primer pair for mitochondrial DNA 

(mtDNA set) and one primer pair for a sequence in the chromosomal p53 gene (p53 set) were used. 

All primers and probes (Table 1) were synthesized by biomers.net. 

Reactions were carried out with the Roche LightCycler
®
 480 Probes Master mix in a 16 µl volume with 

100 ng DNA and 0.625 µM primers and probes each. Cycles included 3 min initial denaturation at 

95 °C, followed by 60 cycles of 10 s denaturation at 95 °C and 30 s primer annealing, elongation, as 

well as fluorescence acquisition at 55 °C. Crossing points (Cps) were calculated with the second 

derivative method, and copy numbers were calculated from external standard curves. For 

mitochondrial copy number quantification, a dilution series of pCR2.1 plasmid, which contained the 

mitochondrial sequence, was used as standard. The dilution series for chromosomal DNA 

quantification was prepared from fibroblast DNA. To quantify the mitochondrial DNA content, 

mitochondrial copy number was normalized to chromosomal copy number.  
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Table1: Primers and probes 

Oligonucleotide Sequence 

Primer mtDNA fw 5’-ccc aca gtt tat gta gct ttc c-3’ 

Primer mtDNA rev 5’-gtg atg tga gcc cgt cta a-3’ 

Probe mDNA 5’-tcc tca aag caa tac act gaa aat gt-3’ 

Primer p53 fw 5’-ctg tcc tgg gag agt cc-3’ 

Primer p53 rev 5’-ggc ata act gca ccc tt-3’ 

Probe p53 5’-aga gga aga gaa tct ccg caa gaa-3’ 

Primer TFAM fw 5’-ggg aag gtc tgg agc agag-3’ 

Primer TFAM rev 5’-acg ctg ggc aat tct tct aa-3’ 

Prime MT-ND1 fw 5’-atg gcc aac ctc cta ctc ct-3’ 

Primer MT-ND1 rev 5’-tag atg tgg cgg gtt tta gg-3’ 

Primer MMP-1 fw 5‘-agc tag ctc agg atg aca ttg atg-3‘ 

Primer MMP-1 rev 5‘-ccg atg ggc tgg aca gg-3‘ 

Primer bActin fw 5’-ggc atc ctc acc ctg aag ta-3’ 

Primer bActin rev 5’-ggg gtg ttg aag gtc tca aa-3’ 

Primer G3PDH fw 5’-cag tcc atg cca tca ctg cca ccc ag-3’ 

Primer G3PDH rev 5’-cag tgt agc cca gga tgc cct tga g-3’ 

Primer RPLP0 fw 5’-ccc gag aag acc tcc ttt tt-3’ 

Primer RPLP0 rev 5’-aga agg ggg aga tgt tga gc-3’ 

Underlined bases indicate intended mismatches 

 

Respiration measurements 

Mitochondrial respiration profiles were measured with a Seahorse XF24 analyzer according to 

manufacturers’ instructions (Seahorse Bioscience, North Billerica, MA) at 37 °C. XF FluxPaks were 

incubated overnight at 37 °C in calibrant solution. A total of 50,000 fibroblasts per well were seeded 

into XF24 cell culture micro plates 7 h before treatment. For each treatment five wells were analyzed 

in parallel. Cells were irradiated as described above and then cultured in 450 µl growth medium or 

treated with 50 ng µl
-1

 ethidium bromide (EthBr) (Carl Roth GmbH + Co. KG, Karlsruhe, Germany). 

Fifteen hours after treatment, cells were washed with 450 µl unbuffered assay medium (D7777, pH 

7.4; Sigma-Aldrich; St. Louis, Missouri, USA) and then incubated at 37 °C without CO2 for 1 h. In the 

interval the FluxPak was loaded with the stress reagents and instrument calibration started. 

Oligomycin (Port A), trifluorocarbonylcyanide phenylhydrazone (FCCP) (Port B) and rotenone 

combined with antimycin A (Port C) were all prepared to result in a 1 µM final concentration after 

injection. After the insertion of the cell plate, a 35 min equilibration phase was implemented before 

measurements. First, the initial respiration (basal response) was measured. Then, the active 

ingredients in the three ports were injected consecutively to determine the effect of each compound. 

All measurements were done in three cycles. Each cycle consisted of 4 min mixing, 2 min waiting, and 
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3 min measurement. After the measurements, viable cell counts in each well were determined with a 

Vi-CELL XR cell viability analyzer (Beckman Coulter GmbH) and oxygen consumption normalized to 

the viable cell count. Mitochondrial basal respiration was calculated by the difference between basal 

response (oxygen consumption of the third cycle) and the lowest oxygen consumption after the 

injection of rotenone and antimycin A. ATP -linked respiration was calculated from the rate of 

respiration inhibition by oligomycin. The maximum respiration after FCCP injection represented the 

ETC accelerator response. Spare respiratory capacity was calculated from the division of the ETC 

accelerator response by the basal response. 

Data analysis and figures 

Gene expression raw data were processed with GenEx Standard (Multid Analyses AB, Göteburg, 

Sweden). GraphPad Prism 5.04 for windows (GraphPad Software, San Diego, CA) was used for the 

statistical analyses and graph generation. Statistical analyses were either carried out as two-way 

analyses of variances (ANOVAs) with Bonferroni posttests or as one-way ANOVAs with Dunnett’s 

multiple comparison tests. 

 

Results 

In this study, we investigated the role of shortwave UV irradiation-induced DNA damage as part of the 

solar damage spectrum in mitochondrial dysfunction. We irradiated cells with a solar simulator to 

induce the whole panel of solar light-induced damage. The specific influence of shortwave spectrum-

induced bulky DNA lesions was investigated by irradiating with UVC. UVC was applied - although it is 

no part of the solar spectrum on earth - as it is a highly effective inducer of CPDs with a lower 

oxidative component than UVB [14, 15]. 

Increasing doses of SSL and UVC were applied to normal human skin fibroblasts and cell proliferation 

followed over 96 h. The applied doses of SSL were quantified with a sensor to measure UVA in the 

range between 330 nm – 400 nm and are therefore indicated as UVA component of SSL. For both, 

SSL (Figure 1A) and UVC (Figure 1B) cell death and inhibition of proliferation were observed with 

increasing doses. The highest applied SSL irradiation dose (3x8 J cm
-2

 UVA component) 

corresponded to approximately 4 h sun exposure in summer in southern Germany, taking into account 

that approximately 20 % of UVA and less than 10 % of UVB reach the basal layer of epidermis [14].
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Figure 1: Influence of increasing doses of SSL 

and UVC on cell death and proliferation. 

Fibroblasts were irradiated with SSL or UVC. If 

multiple irradiations (3x) were applied to reach high 

doses of SSL, cells were rested in culture medium 

for 4 h between treatments. At the indicated time 

points, cells were harvested and viable cells 

quantified. SSL (A) as well as UVC (B) induced a 

significant cell proliferation inhibition with increasing 

doses (mean +/- SEM, n=4, two-way ANOVA with 

Bonferroni posttests, p*<0.05). Biologically 

comparable doses are highlighted in yellow (weak 

antiproliferative effect) and orange (strong 

antiproliferative effect). 

 

 

For gene expression and respiration analyses, we focused on two low (yellow bars) and two high 

(orange bars) doses of UVC and SSL, which showed similar effects on proliferation, respectively. 

30 J m
-2

 UVC (UVC-30) and 6.5 J cm
-2

 UVA-SSL (SSL-1x6.5) were considered as low, whereas 

100 J m
-2

 UVC (UVC-100) and 3 x 6.5 J cm
-2

 UVA-SSL (SSL-3x6.5) were considered as high. MMP-1 

was significantly induced 48 h after irradiation with SSL-3x6.5 as well as UVC-100 (Figure 2A). We 

also analyzed the TFAM, a central protein in mitochondrial copy number control and transcriptional 

regulation [12], and its target gene the mitochondrially encoded NADH dehydrogenase subunit 1 (MT-

ND1). Both, SSL and UVC, caused a dose-dependent induction of TFAM at 24 h and 48 h (Figure 2B). 

MT-ND1, however, was only significantly induced 48 h after irradiation with SSL-3x6.5 (Figure 2C).
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Figure 2: Gene expression profiles in SSL and 

UVC irradiated cells. 

Fibroblasts were irradiated with either SSL (UVA 

component in J cm
-2

) or UVC (J m
-2

) at doses that 

did not prevent cell proliferation (yellow) or inhibited 

cell proliferation (orange). Antiproliferative SSL 

doses were applied by three irradiations with 4 h 

resting phases in between. Gene expression of (A) 

MMP-1, (B) TFAM, and (C) MT-ND1 were analyzed 

24 h and 48 h after irradiations (n=4, mean +/- SEM, 

one-way ANOVA with Dunnett’s multiple 

comparison tests, p*<0.05, p**<0.01). Although 

treatments with SSL and UVC induced significant 

increases in TFAM and MMP-1 expression, MT-

ND1 was only significantly induced 48 h after high 

SSL doses.

 

SSL irradiation also showed a distinct effect on mtDNA copy number. Irradiations with high doses 

induced a significant upregulation of mtDNA copy number after 72 h (Figure 3A). This effect could not 

be observed in UVC irradiated cells (Figure 3B). 
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Figure 3: SSL-induced increase in mtDNA copy 

number 48-72 h after irradiation. 

Fibroblasts were irradiated with SSL (UVA 

component in J cm
-2

) or UVC (J m
-2

). To apply high 

SSL doses, cells were irradiated three times. 

Between treatments, cells were allowed to recover 

for 4 h in culture medium. At the indicated time 

points, cells were harvested, viable cells were 

quantified, DNA was isolated, and the mitochondrial 

copy number was determined by quantitative real-

time PCR. Irradiations with SSL (A), but not with 

UVC (B), showed a dose-dependent increase in 

mtDNA copy number (mean +/- SEM, n=4, two-way 

ANOVA with Bonferroni posttests, p*<0.05) 

Comparable antiproliferative doses are highlighted 

in yellow (slight effect) and orange (strong effect).

We then analyzed extracellular oxygen flux to directly measure the influence of UV irradiation on 

mitochondrial function (Figure 4). Measurements were conducted 16 h after irradiation. Exposure to 3x 

6.5 J cm
-2

 UVA-SSL was not possible in this system, as the multiple washing steps for three 

irradiations would have removed too many of the only loosely attached fibroblasts. Instead, we 

measured the effect of exposure to 50 ng µl
-1

 EthBr for 16 h to mimic dysfunctional mtDNA in 

photoageing [16]. Irradiation with SSL-6.5 and EthBr treatment significantly reduced mitochondrial 

basal respiration, ATP production, and ETC accelerator response. Irradiation with UVC only slightly 

reduced mitochondrial basal respiration and ATP production, without changing the ETC accelerator 

response. This resulted in a significant increase in spare respiratory capacity for UVC-100, indicating 

that UVC irradiation did not interfere with ETC function. 
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Figure 4: SSL-induced decrease in mitochondrial functions. 

Human skin fibroblast (n=4, +/- SEM, one-way ANOVA with Dunnett’s multiple comparison tests, p*<0.05, 

p**<0.01) were treated with SSL (UVA component in J cm
-2

), 50 ng µl
-1

 EthBr or UVC (J m
-2

). Mitochondrial stress 

profile was measured 16 h after treatments. SSL and EthBr significantly inhibited basal mitochondrial respiration 

(A), ATP-linked respiration (B), and ETC accelerator response (C). A high UVC dose (UVC-100) significantly 

increased spare respiratory capacity (basal respiration – ETC accelerator response) (D). 
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Discussion 

In our study, we observed similar effects of SSL and UVC irradiation on cell proliferation as well as 

MMP-1 and TFAM gene expression. Only SSL, however, induced an upregulation of MT-ND1 and 

mtDNA copy number as well as a decreased mitochondrial respiration. 

Increased MMP-1 expression can be induced in skin cells by different wavelengths of the sun via DNA 

damage dependent and independent pathways [17], but in vivo UVB-induced DNA damage is the 

most important causative agent in the immediate response [2]. In our experiments, UVC induced a 

dose-dependent upregulation of MMP-1 as a direct response to shortwave UV-induced DNA damage 

24 h and 48 h after irradiation. Treatments with SSL induced a MMP-1 upregulation only 48 h after 

irradiation without clear dose-dependency and a potential contribution of mitochondrial dysfunction [4]. 

Although TFAM expression levels were elevated after UVC and SSL irradiation, only SSL caused a 

significant higher MT-ND1 expression and a dose-dependent upregulation of mtDNA copy number. 

TFAM induction is in this case probably a general feature of UV stress response without direct effect 

on copy number or transcription, due to its role in mtDNA protection, damage recognition and mtDNA 

repair [12]. 

The significant upregulation of TFAM and MT-ND1 after SSL-3x6.5 irradiation was accompanied by 

elevated mtDNA levels at 72 h and 96 h. Such mtDNA copy number increases are generally linked to 

senescence-associated oxidative stress and can also be caused by UVA [18–20]. In a D-galactose-

induced ageing mouse model, an upregulation of TFAM and mtDNA copy number was discussed as a 

compensatory mechanism to oxidative stress generated mitochondrial dysfunction [21]. It should be 

noted, however, that acute oxidative stress, in a first phase, causes mtDNA degradation before, in a 

second phase, mtDNA copy number is upregulated again [22, 23]. Furda et al., accordingly, 

demonstrated a rapid loss of mtDNA 8 h after H2O2 treatment in a mouse fibroblasts cell line, but not 

after treatment with the persistent mtDNA damage inducing alkylating agent methyl methanesulfonate 

(MMS) [24]. 

As for mtDNA copy number, respiration analyses with a XF24 analyzer revealed stronger effects of 

SSL than UVC at similar antiproliferative doses. SSL significantly reduced basal respiration, ATP-

linked respiration and ETC accelerator response. Cell treatment with EthBr showed the same outcome 

on the mitochondrial stress profile as the treatment with SSL. EthBr treatment is used to deplete cells 

from mtDNA by its ability to inhibit mitochondrial RNA synthesis [16, 25], but it also directly affects 

oxidative phosphorylation and ATP-synthesis [26–28]. These different effects of SSL and EthBr versus 

UVC on mitochondrial function is consistent with the findings of Furda et al. who showed that H2O2, 

but not the DNA alkylating agent MMS, did cause mitochondrial dysfunction [24]. 

We conclude that direct shortwave UV–induced mtDNA damage, in contrast to oxidative cellular 

damage, only marginally contributes to solar irradiation-induced mitochondrial dysfunction as 

observed in ageing skin [29]. The effects of irradiation with SSL are most likely attributable to singlet 

oxygen generated by the UVA component of SSL [30], which does not only damage (mitochondrial) 

DNA but also proteins and lipids [31].  
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Abstract 

DNA repair is the main cellular defense line as it prevents mutagenesis by the efficient removal of 

DNA damage. During ageing, DNA repair mechanisms but also mitochondrial functions show a 

decline. The central role of mitochondria in cell physiology begs the question whether mitochondrial 

dysfunction causatively contributes to impaired DNA repair and finally cancer. In this study, we 

analyzed whether mitochondrial dysfunction could influence nucleotide excision repair. We treated 

human skin fibroblasts with the mitochondrial inhibitors oligomycin, rotenone and antimycin A. Then 

we analyzed the effects on mitochondrial respiration and glycolysis with an extracellular flux analyzer. 

Nucleotide excision repair capacity was assessed by the ability of the cells to restore an ultraviolet C 

irradiated reporter plasmid. We also conducted gene expression analyses to better characterize the 

observed changes. 

Treatments of human skin fibroblasts with mitochondrial inhibitors for 64 h resulted in a metabolic shift 

from oxidative phosphorylation to glycolysis without affecting cellular replication rate. Furthermore, the 

oligomycin and antimycin A treatments induced an increase in nucleotide excision repair capacity after 

40 h (oligomycin, antimycin A) and 64 h (oligomycin). Despite the observed changes in cellular 

metabolism and DNA repair, the gene expression of nine genes involved in DNA repair, skin ageing, 

and mitochondrial biogenesis was not changed. 

We conclude that mitochondrial dysfunction is not automatically accompanied by decreased DNA 

repair, but can increase DNA repair capacity via yet unknown mechanisms.  
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Background 

Nucleotide excision repair (NER) is one of the most important DNA repair pathways in skin as it 

prevents cancer by removing the main sun-induced DNA damage types. The implications of 

dysfunctional NER are demonstrated in xeroderma pigmentosum (XP) patients who carry germline 

mutations and develop skin cancer in their early childhood [1]. In ageing-related skin carcinogenesis, 

multiple factors apart from somatic mutations are involved. Mitochondrial dysfunction - which is also 

involved in accelerated skin ageing (photoageing) - is one of these factors [2, 3]. 

Mitochondrial dysfunction is a common feature in ageing [4]. In ageing skin, for example, energy 

generation is shifted to glycolysis [5]. In addition, an age-related decrease in DNA repair capability 

was observed by several groups in human skin fibroblasts [6–12]. Mitochondrial dysfunction might 

contribute to this age-related decline in DNA repair and finally to cancer development.  

In line with this hypothesis, the treatment with mitochondrial inhibitors was shown to decrease 

oxidative DNA damage repair capacity in peripheral blood mononuclear cells (PBMCs) [13]. One 

central factor linking DNA repair and mitochondrial respiration is nucleotide biosynthesis. A key 

enzyme of the de novo pyrimidine biosynthesis, the dihydroorotate dehydrogenase (DHODH), is 

localized in the electron transport chain (ETC) [14]. ETC inhibition was shown to induce a decrease in 

pyrimidine levels in primary keratinocytes [15]. Such mitochondrial dysfunction-induced nucleotide 

imbalances can then cause DNA damage and a p53 answer [16, 17]. 

In this study, we analyzed the influence of mitochondrial inhibitors on NER capacity in normal human 

skin fibroblasts to investigate influences of mitochondrial function on this important DNA repair 

pathway. We used oligomycin to inhibit the mitochondrial F1/F0 adenosine triphosphatase (ATPase), 

rotenone to inhibit ETC complex I, and antimycin A to inhibit ETC complex III. We then measured the 

influence on cellular respiration, cell proliferation, NER capacity, and gene expression. All three 

mitochondrial inhibitors significantly inhibited adenosine triphosphate (ATP) synthesis but had no 

observable influence on cellular proliferation. Surprisingly, DNA repair capacity was increased after 

treatments with oligomycin and antimycin A. None of the treatments influenced the expression of the 

analyzed genes involved in DNA repair, mitochondrial biogenesis and skin ageing. We conclude that 

mitochondrial respiratory chain dysfunction does not directly interfere with NER capacity, but that it 

can induce a response which leads to increased DNA repair. 
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Results 

Human skin fibroblasts were treated with three different mitochondrial inhibitors - oligomycin, rotenone 

and antimycin A - for 40 h or 64 h to analyze interactions between mitochondrial dysfunction and the 

NER pathway. The treatment with these three inhibitors resulted in a significant decrease in 

mitochondrial respiration after 64 h (Figure 1 A), but had no influence on cell proliferation (Figure 1 B). 

 

 

 

 

 

 

 

Figure 1: No influence of mitochondrial 

respiration inhibition on cellular proliferation. 

Normal human fibroblasts were analyzed as 

untreated control (CTRL) or treated for 64 h with 

0.256 µM oligomycin (OL), 0.256 µM rotenone (RO), 

or 0.256 µM antimycin (AN). Then mitochondrial 

respiration (mito-resp.) and cell proliferation were 

analyzed. A) Oxygen consumption rate (OCR) was 

measured with an extracellular flux analyzer. 

Mitochondrial respiration was calculated from the 

difference between initial respiration and the 

residual respiration after the injection of 1 µM 

rotenone and antimycin A. (B) Cell numbers were 

calculated as a multiple of the seeded cell number. 

Mean values +/- SEM (n=4) are presented; 

statistical analyses were carried out with one-way 

ANOVAs and Dunnett’s multiple comparison tests.

 

  



V The mitochondrial inhibitors oligomycin and antimycin A induce an enhanced nucleotide excision 
repair capacity in human skin fibroblasts. 

 

  60 

All inhibitors decreased ATP-linked respiration at least two-fold (Figure 2A), but only rotenone 

significantly inhibited the trifluorocarbonylcyanide phenylhydrazone (FCCP) -induced maximal 

uncoupled mitochondrial respiration (Figure 2B). In addition, oligomycin and rotenone treated cells 

showed a significant switch to glycolysis (Figure 2C). 

 

 

Figure 2: Mitochondrial inhibitor induced metabolic shift towards glycolysis in human skin fibroblasts. 

Human skin fibroblasts were treated with 0.256 µM oligomycin (OL), rotenone (RO) or antimycin A (AN) for 64 h. 

Then extracellular oxygen flux (oxygen consumption rate, OCR) and extracellular proton flux (extracellular 

acidification rate, ECAR) were measured and compared to the untreated controls (CTRL). (A) ATP-linked 

respiration (ATP-linked resp.) was calculated from the decrease in oxygen consumption after the injection of 1 µM 

oligomycin to the culture plates. (B) Uncoupled maximal mitochondrial respiration (max. mito-resp.) was induced 

by the addition of 1 µM FCCP to the cells. (C) Glycolysis was calculated from the extracellular acidification rate. 

All values are shown as means +/- SEM (n=4); statistical analyses were carried out with one-way ANOVAs and 

Dunnett’s multiple comparison tests. 
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The effects of the mitochondrial inhibitors on NER capacity were measured by the functional 

restoration of UVC-irradiated plasmids with a flow cytometry based modified host cell reactivation 

assay (HCRA). Unexpectedly, the treatments with the mitochondrial inhibitors did not induce a DNA 

repair capacity decline as expected, but caused a significant increase in NER for oligomycin and 

antimycin A treatments. The treatment with rotenone did not induce any changes in DNA repair 

capacity (Figure 3). 

 

 

 

Figure 3: Oligomycin and antimycin A treatment induced increase in nucleotide excision repair (NER) 

capacity in human fibroblasts. 

Human fibroblasts were either treated with (A) 0.256 µM oligomycin (OL), (B) 0.256 µM rotenone (RO), or (C) 

0.256 µM antimycin A (AN) for 40 h or 64 h. DNA repair capacity was determined by the functional restoration of 

UVC-irradiated plasmids with a host cell reactivation assay (HCRA). Repair capacities were normalized to the 

DNA repair capacity of the controls and are shown as means +/- SEM (n=4); statistical analyses were carried out 

with one-way ANOVAs and Dunnett’s multiple comparison tests. 
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We then conducted gene expression analyses to better characterize the observed alterations in 

cellular metabolism and DNA repair capacity. We chose genes with roles in DNA repair, mitochondrial 

biogenesis, and skin ageing. As shown in Figure 4, no changes in the expression of these genes could 

be observed. 

 

 

Figure 4: No significant expression changes of genes involved in mitochondrial function, DNA repair or 

skin ageing after treatment of human fibroblasts with respiration inhibitors. 

Normal human fibroblasts were treated with 0.256 µM oligomycin (OL), 0.256 µM rotenone (RO), or 0.256 µM 

antimycin A (AN). Gene expressions of nine genes with roles in mitochondrial function, DNA repair, skin ageing 

and cell proliferation were analyzed after 64 h. The relative expressions normalized to untreated controls are 

shown as means +/- SEM (n=4). Statistical analyses were carried out with one-way ANOVAs and Dunnett’s 

multiple comparison tests.   
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Discussion 

In this study, we applied mitochondrial inhibitors to mimic mitochondrial dysfunction in primary human 

skin fibroblasts. These mitochondrial inhibitors induced a metabolic shift from oxidative 

phosphorylation (OXPHOS) to aerobic glycolysis without effects on cellular proliferation. Similar shifts 

from OXPHOS to glycolytic energy generation are a common feature of many cancer cells, and are 

known as “Warburg Effect” [18, 19]. In skin, changes towards glycolytic energy generation were 

reported in normal aged keratinocytes and in fibroblasts derived from keloids; extensive excrescences 

at skin injuries [5, 20]. It has also been hypothesized that epithelial tumors are able to induce aerobic 

glycolysis in surrounding fibroblasts to utilize them as source of energy rich metabolites [21]. Although 

aged cells and cancers show similar changes in metabolism, the underlying mechanisms are 

presumably different. In ageing skin, mitochondrial dysfunction is hypothesized to be induced by an 

accumulation of UV-induced mitochondrial DNA mutations [2]. Mitochondrial dysfunction then would 

induce a metabolic shift towards glycolytic energy generation. When Warburg proposed his model of 

cancer genesis in 1956, he proposed such an irreversible dysfunction of respiration in cancer cells 

[18]. Later, it was shown that many cancers cells are still able to conduct OXPHOS, although they 

show increased glycolysis [22, 23]. This remaining OXPHOS may be especially important in rapidly 

growing cells, as it ensures OXPHOS coupled de novo pyrimidine synthesis [24]. In leukemia cells, 

DHODH activity was even reported be the main booster of the remaining ETC activity [25]. 

It can be assumed that mitochondrial dysfunction might be balanced by increased glycolysis-related 

energy generation as long as pyrimidine synthesis is ensured. In addition, this could induce a stress 

response with upregulation of DNA repair as we observed in this work. In line with this, we found the 

most consistent increase in DNA repair capacity after oligomycin treatment, which induced a 

significant decrease in mitochondrial respiration, an increase in glycolysis, but no changes in the 

FCCP-induced maximal uncoupled respiration. In contrast to our findings, Gafter-Gvili et al. reported 

significant dysfunction of oxidative DNA damage repair in human PBMCs after treatment with 

oligomycin, rotenone, and antimycin A. It has, however, to be considered that these cells were not 

proliferative anymore. This could have influenced the adaption to the inhibitors [13]. 

We then analyzed gene expression levels of 8-oxoguanine glycosylase 1 (OGG1, involved in base 

excision repair), xeroderma pigmentosum, complementation group C (XPC, NER), damage-specific 

DNA binding protein 2 (DDB2, NER) and O
6
-methylguanine-DNA-methyltransferase (MGMT, direct 

reversal of O
6
-methylguanine to guanine) to better characterize the observed changes in DNA repair. 

The analyzed genes are all known to be involved in transcriptionally regulated stress response [26]. 

Gene expression analyses did, however, not reveal any changes in the DNA repair genes. As for the 

repair genes, we did not find any changes in the following genes involved in mitochondrial biogenesis: 

mitochondrial transcription factor A (TFAM), mitochondrially encoded NADH dehydrogenase 1 (MT-

ND1), sirtuin 3 (SIRT3), and peroxisome proliferator-activated receptor gamma, coactivator 1 alpha 

(PPARGC1A). A similar phenomenon was observed by Hao et al. who induced a switch from 

OXPHOS to glycolysis in several cancer cell lines. This switch was not accompanied by changes in 

the gene expression of glycolyting enzymes and hypoxia-inducible factor-1α (HIF1α); a transcription 
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factor which mediates the adaption to hypoxia [27]. Interestingly, matrix metallopeptidase-1 (MMP-1) 

expression was also not changed by the mitochondrial inhibitors. MMP-1 is the main sun-induced 

peptidase in skin and a major contributor to photoageing [28]. It is believed to be induced by 

mitochondrial dysfunction in chronically sun-exposed skin [2]. In a conflicting report, however, 

treatments with rotenone and antimycin A prevented the infrared-A -induced upregulation of MMP-1. 

This was not the case for irradiations with ultraviolet radiation, indicating that the underlying reason for 

increased MMP-1 expression is not the mitochondrial dysfunction itself, but is rather contributed to 

chromosomal and mitochondrial DNA damage [2, 29–31]. 

 

Conclusions 

We showed that primary human skin fibroblasts can be switched towards aerobic glycolysis by 

mitochondrial inhibitors without effect on cellular proliferation. This switch did not result in a NER 

capacity decrease as expected but in a 10 % increase in DNA repair for two of the inhibitors. Thus we 

conclude that mitochondrial dysfunction does not directly lead to decreased DNA repair capacities, but 

can induce stress response and increased DNA repair via yet unknown mechanisms. 

  



V The mitochondrial inhibitors oligomycin and antimycin A induce an enhanced nucleotide excision 
repair capacity in human skin fibroblasts. 

 

  65 

Methods 

Cell culture 

Cells were isolated from juvenile foreskins as described by Burger et al. 2010 [32]. Experiments were 

in accordance to the Helsinki declaration and approved by the ethic committee of the 

Landesärztekammer Baden-Württemberg. The legal guardians of the patients were informed and have 

given their written consent. After isolation, fibroblasts were grown in DMEM with 10 % FCS and 50 µg 

ml
-1

 gentamycin (all from Gibco). Cells were used up to passage 10 for experiments. 

 

Treatments with mitochondrial inhibitors 

Cells were treated with either 0.256 µM oligomycin, 0.256 µM rotenone, or 0.256 µM antimycin A (all 

from Seahorse Bioscience) in growth medium to inhibit different steps of mitochondrial respiration. 

Inhibitors were applied 8 h after seeding when the cells had reattached. Inhibitor medium was 

changed 24 h and 48 h after seeding. 

 

Respiration measurements 

Respiration and glycolysis were analyzed with a Seahorse XF24 analyzer and the appropriate 

consumables (Seahorse Bioscience) at 37 °C according to the manufacturers’ instructions. A total of 

30,000 fibroblasts per well were seeded into XF24 cell culture micro plates and cultured in 250 µl 

growth medium. For each treatment five wells were analyzed. Cells were treated for 64 h as described 

above. Then, cells were washed with 450 µl unbuffered assay medium (D7777, pH 7.4; Sigma-Aldrich) 

and incubated at 37 °C for 1 h with 450 µl unbuffered assay medium. In the interval, a FluxPak was 

loaded with mitochondrial stress reagents and instrument calibration was started. Oligomycin, FCCP 

and antimycin A plus rotenone were all prepared to give 1 µM final concentration after injection. After 

the insertion of the cell plate, a 15 min equilibration phase was inserted before measurements. First 

the initial respiration (basal response) was measured. Subsequently, oligomycin was injected to 

determine ATP-linked respiration, followed by the addition of FCCP to uncouple respiration from ATP 

synthesis; and, finally, the injection of rotenone with antimycin A to disable the ETC. The 

measurements were done in three cycles each. Each cycle contained of 4 min mixing, 2 min waiting, 

and 3 min measurement of oxygen concentration and pH. The decrease in oxygen concentration 

during the 3 min measurement phase was used to determine the oxygen consumption rate (OCR). 

The decrease in pH was used to determine extracellular acidification rate (ECAR). After the 

measurements, OCR and ECAR were normalized to viable cell count. Viable cells in each well were 

counted with a Vi-CELL XR cell viability analyzer (Beckman Coulter). Mitochondrial respiration was 

calculated from the difference between basal response and the lowest respiration after addition of 

oligomycin and rotenone. ATP-linked respiration was calculated from the decrease in oxygen 

consumption after oligomycin injection. The maximum mitochondrial respiration was calculated from 
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the difference between the maximum respiration after FCCP injection and the minimum respiration 

after rotenone and antimycin A injection.  

 

Host cell reactivation assay 

A total of 1,500,000 fibroblasts were seeded into 10 cm Cell
+
 dishes (Sarstedt), respectively. Then 

inhibitor treatments were conducted as described above before and after cell transfection. 

Transfection was carried out 16 h (for the 40 h measurements) and 40 h (for the 64 h measurements) 

after the beginning of the treatments, respectively. The HCRA was performed as described by Burger 

et al. 2007 [33]. In brief, cells were harvested with 0.5 % trypsin-EDTA (Gibco), centrifuged, and then 

resuspended in 400 µl Ham’s F12 (PAA). The samples were partitioned into two aliquots, which were 

electroporated with reporter plasmids in 4 mm gap cuvettes (bio-rad) at 0.32 kV and 500 µF 

(GenePulser II, bio-rad). Each sample was transfected with two plasmid mixes. One mix contained of 

3 µg plasmid encoding for green fluorescent protein (pEGFP) and of 15 µg of plasmid encoding for red 

fluorescent protein (pDsRed, irradiated with a Stratagene 1800 Stratalinker UV Crosslinker with 5 kJ 

m
-2

 UVC before the experiments). The second mix contained of the same plasmids but with 

unirradiated pdsRed. Red and green fluorescent cells were quantified by flow cytometry 

(FACSCalibur, BD Biosciences) 24 h after transfection. DNA repair capacity calculated by the 

proportions of red and green fluorescence in both preparations for each sample. 

 

Gene expression analyses and cell counts 

A total of 300,000 fibroblasts were seeded into 10 cm Cell
+
 dishes (Sarstedt) and treated with the 

mitochondrial inhibitors as described above. Cells were harvested with 0.5 % trypsin-EDTA (Gibco) 

64 h after treatments. Viable cell count was determined with a Vi-CELL XR cell viability analyzer 

(Beckman Coulter). Then, samples were prepared for RNA isolation. Gene expression analyses were 

all carried out with consumables from Roche Diagnostics according to the manufacturers’ instructions. 

RNA isolation was carried out with the High Pure RNA Isolation Kit. cDNA was synthesized with the 

Transcriptor First Strand cDNA Synthesis Kit and random hexamer primers. Quantitative real-time 

PCR was carried out on a LightCycler
®
480 instrument with the LightCycler

®
480 Probes Master mix 

and the RealTime ready system according to the manufacturers’ instructions. Further information 

about primer sequences and probes is given in Supplement 1. The target genes were normalized to 

ribosomal protein L13A (RPL13A), phosphoglycerate kinase 1 (PGK1) and ribosomal protein, large, 

P0 (RPLP0). Relative expression levels were calculated with the 2
-∆∆Cp

 method. Calculations of gene 

expressions were performed with GenEx Standard (Multid Analyses AB). 
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Statistical analyses 

Graphs and statistical analyses were performed with GraphPad Prism 5.04 for windows (GraphPad 

Software). 
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Supplement 1 – primers and probes 

 

Target Name,,Organism,Gene Symbol,Gene Description, 
Assay ID,Forward Primer Sequence,Reverse Primer Sequence,UPL Probe Number 

|TFAM|115003,H. sapiens,TFAM,"transcription factor A, mitochondrial  

Acc:11741]",115003,ATATTTAAAGCTCAGAACCCAGATG,GAATCAGGAAGTTCCCTCCA,61 

 

|MT-ND1|144576,H. sapiens,MT-ND1,"mitochondrially encoded NADH dehydrogenase 1 

Acc:7455]",144576,AACCTCTCCACCCTTATCACAA,TCATATTATGGCCAAGGGTCA,51 
 

|OGG1|111525,H. sapiens,OGG1,"8-oxoguanine DNA glycosylase 
Acc:8125]",111525,CTGCATCCTGCCTGGAGT,CCTGGGGCTTGTCTAGGG,83 
 

|MGMT|102265,H. sapiens,MGMT,"O-6-methylguanine-DNA methyltransferase 
Acc:7059]",102265,GTGATTTCTTACCAGCAATTAGCA,CTGCTGCAGACCACTCTGTG,52 
 

|MMP1|103943,H. sapiens,MMP1,"matrix metallopeptidase 1 (interstitial collagenase) 
Acc:7155]",103943,CAGAGATGAAGTCCGGTTTTTC,GGGGTATCCGTGTAGCACAT,26 
 

|SIRT3|140718,H. sapiens,SIRT3,"sirtuin 3 
Acc:14931]",140718,GATCTGCTGCTCATCCTTGG,GAGCAGTCGGGGAACTGA,39 
 

|XPC|111265,H. sapiens,XPC,"xeroderma pigmentosum, complementation group C 
Acc:12816]",111265,TAAAGGGGTCCATGAGGACA,TGGCTGCAGATGTTATTTCG,13 
 

|DDB2|114913,H. sapiens,DDB2,"damage-specific DNA binding protein 2, 48kDa 
Acc:2718]",114913,TCAAGGACAAACCCACCTTC,AAACTTCAGCCCAGTGATGC,78 
 

|PPARGC1A|101605,H. sapiens,PPARGC1A,"peroxisome proliferator-activated receptor 
gamma, coactivator 1 alpha 
Acc:9237]",101605,TGAGAGGGCCAAGCAAAG,ATAAATCACACGGCGCTCTT,13 
 

|RPL13A|102119,Target Unknown,H. sapiens,RPL13A,"small nucleolar RNA, C/D box 32A 
Acc:10159]",102119,CTGGACCGTCTCAAGGTGTT,GCCCCAGATAGGCAAACTT,157 
 

|RPLP0|101144,H. sapiens,RPLP0,"ribosomal protein, large, P0 
Acc:10371]",101144,TCGACAATGGCAGCATCTAC,GCCAATCTGCAGACAGACAC,6 
 

|PGK1|102083,H. sapiens,PGK1,"phosphoglycerate kinase 1 
Acc:8896]",102083,GGAGAACCTCCGCTTTCAT,GCTGGCTCGGCTTTAACC,69 
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VI. General discussion 

Limited mtDNA repair capacity combined with a high exposure to genotoxic stress is commonly 

accepted as main reason for age-related mitochondrial dysfunction and mutagenesis. In photobiology, 

the absent mitochondrial NER is up to date often stated as important reason for a high mutagenicity of 

mtDNA in skin followed by mitochondrial dysfunction (Krishnan et al., 2008; Birch-Machin and 

Swalwell, 2010; Tulah and Birch-Machin, 2013). In this dissertation, the consequences of shortwave 

UV-induced damage on mitochondrial mutagenesis and function were investigated. Furthermore, it 

was studied whether mitochondrial dysfunction would have negative effects on NER in nucleus 

thereby potentially contributing to carcinogenesis. The results were presented and discussed in detail 

in three manuscripts (chapters III to V). Here, the main findings and conclusions from these 

manuscripts are presented and discussed in their context. 

Above, the consequences of UV-induced bulky lesions such as CPDs, which cannot be repaired in 

mitochondria, for mitochondrial dysfunction and mutagenesis were investigated. Thus, the evolution of 

CPD repair mechanisms will be reviewed in brief below. Humans and probably all placental animals 

are limited in their pathways to repair UV-induced DNA damage as they only possess NER to repair 

such damage in nucleus. Aside from NER, which is active in almost all prokaryotic and eukaryotic 

creatures, there are at least three alternative pathways to repair this damage type: i) repair via 

photoreactivation by CPD photolyases, ii) initiation of repair by CPD glycosylases and completion by 

the BER pathway, and iii) repair by UV damage endonucleases (UVDE). Photolyases, however, are 

the only alternative repair system which was verified to exist in vertebrates such as fish, amphibians, 

and marsupials (Yasui and McCready, 1998; Essen and Klar, 2006). Moreover, photolyases were 

shown to conduct CPD repair not only in nucleus but also in mitochondria and chloroplasts of rice 

plants (Takahashi et al., 2011). In mitochondrial lysates of Xenopus laevis, photoreactivation-

dependent damage repair activity was shown, indicating that mitochondrial CPD repair takes place at 

least in some vertebrates (Ryoji et al., 1996). In mammals, no photolyases exist, but homologs are 

conserved as cryptochromes, a family of circadian clock proteins and photoreceptors (Lin and Todo, 

2005). Photolyase activity was probably lost when placental mammals had split from their common 

ancestor with the marsupials, as active CPD photolyase was detected in the macropod Potorous 

tridactylus. It remains, however, unknown whether Potorous CPD photolyase is functioning in DNA 

repair in mitochondria. Interestingly, Potorous CPD photolyase was shown to rescue the circadian 

clock in cryptochrome deficient transgenic mice emphasizing the good conservation of this protein 

family despite their complete different functions (Chaves et al., 2011). In this evolutionary context, the 

question arises whether humans with their sun-exposed lifestyle would benefit from a restoration of 

mitochondrial photolyases. DNA repair enzymes are increasingly applied in upscale skin care 

products, and stimulate the interest of the public
10

. It is technically possible to target CPD-photolyases 

also to mitochondria. Based on the results of this thesis, however, it appears unlikely to gain a 

significant benefit for mitochondrial function in UV-exposed skin with such a product. 

                                                      

10
 Chris Woolston, The Healthy Sceptic, How effective are skin products with DNA-repairing enzymes?, Los Angeles Times, June 06, 2011 
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Oxidative damage as a major contributor to acute mitochondrial dysfunction 

and mitochondrial mutagenesis 

In chapter III, a mitochondrial CC to TT transition was tested as potential sun exposure biomarker. As 

CPDs - the major UV-induced DNA damage - are not repaired in human mitochondria, high rates of 

distinct mitochondrial UVB fingerprint mutations in sun-exposed skin were expected. This hypothesis 

could not be proven, as the analyzed mitochondrial CC to TT tandem transition did not show higher 

incidence or levels than a tandem transition in the p53 gene. One potential reason for this finding was 

not discussed due to space limitations, above. Every cytosine-phosphatidyl-guanosine (CpG) 

sequence in the p53 gene is methylated (Tornaletti and Pfeifer, 1995). Already in 1990, CpG 

methylations in the p53 gene were proposed to be a major contributor to intrinsic mutagenesis, as the 

spontaneous deamination of methylated cytosines results in thymine bases (Rideout et al., 1990). 

CpG methylation also promotes the formation of C to T and CC to TT transitions after UV exposure, 

thereby making the p53 gene a hotspot of UV fingerprint mutations (Nakazawa et al., 1994; Pfeifer et 

al., 2005). CpG methylation also influenced the p53 tandem transition results in this thesis, as the 

analyzed cytosine in codon 282 is part of a CpG sequence. Methylation pattern differences between 

mtDNA and chromosomal DNA therefore potentially influenced the presented results. Vertebrate 

mtDNA contains two-fold more 5-methylcytosines than chromosomal DNA (Vanyushin and Kirnos, 

1977). Methylated cytosines in human mtDNA were recently shown to occur primarily outside of CpG 

sequences, whereas this is rarely the case in nucleus (Bellizzi et al., 2013). The influence of the 

mtDNA methylation pattern on mitochondrial mutagenesis, however, has not been researched so far. 

The major conclusion of chapter III was that mitochondrial CPDs only marginally contribute to mtDNA 

mutagenesis. This conclusion is also supported by the available literature. Up to date, the best and 

most published sun exposure mtDNA biomarker is the CD (Birch-Machin et al., 1998; Berneburg et al., 

2004; Krishnan and Birch-Machin, 2006; Kaneko et al., 2012), followed by the T414G mutation which 

is as the CD caused by oxidative stress (Coskun et al., 2004; Birket and Birch-Machin, 2007). Further 

UV-related mtDNA mutations reaching high levels in skin include other types of large scale deletions 

and tandem duplications (Krishnan et al., 2004; Krishnan and Birch-Machin, 2006). A mitochondrial 

CC to TT transition as potential marker of UV exposure was only reported once with an incidence of 

13/51 in sun-exposed skin and 1/26 in less exposed skin ranging at levels between 10
-6

 to 10
-7

 

(Kawasaki et al., 2000). As mitochondria do possess a BER and an anti-oxidative defense (Starkov, 

2008; Gredilla et al., 2012), the high incidence and levels of the oxidative stress-related mutations but 

only low evidence for UV-induced transitions cause an interesting paradox: Absent DNA repair seems 

to be associated with less mutagenesis than active DNA repair. Indeed, Krishnan et al. hypothesized 

that mtDNA deletions are induced by repair processes. They proposed double strand break repair–

induced recombination events as a causative reason for the genesis of mitochondrial deletions. Such 

double strand breaks could be directly caused by oxidative stress or originate from the processing of 

oxidative DNA lesions. They also proposed a stall of the only mtDNA Pol γ at DNA damage as catalyst 

of double strand breaks (Krishnan et al., 2008). Pol γ is indeed stalled at CPDs supporting this 

hypothesis at first sight (Kasiviswanathan et al., 2012). There is, however, one important point arguing 



VI General discussion 

 

  75 

against the hypothesis of a CPD-induced CD: The induction of the CD in skin is clearly linked to UVA-

mediated singlet oxygen. In fibroblasts, the treatment with antioxidants prevented the CD formation 

(Berneburg et al., 1999). If a stall of Pol γ at CPDs was a significant contributor to CD induction, it 

should also have been induced after antioxidant addition as the main UVA-induced DNA damage are 

CPDs (Mouret et al., 2006). 

As hypothesized in chapter III, a potential reason for low mitochondrial tandem transition levels could 

be a general inhibition of Pol γ at CPDs, compared to the compelling need of a cell to bypass even 

unrepaired CPDs in chromosomal DNA. Both, Pol γ and the mitochondrial RNA polymerase were 

shown to be stalled at CPDs (Kasiviswanathan et al., 2012; Nakanishi et al., 2013). As transcription is 

carried out as polycistronic messengers (Fernández-Silva et al., 2003), one CPD, however, could 

make a whole mtDNA molecule useless for gene expression. As for transcription, the consequences 

for replication can be considered to be fatal for a single mtDNA molecule. According to the strand 

displacement mode of mtDNA replication, large, vulnerable areas of single stranded DNA would 

persist after a replication stall at a CPD (Fernández-Silva et al., 2003). These large single stranded 

DNA fragments then could contribute to a signaling which eventually leads to the degradation of 

photoproduct containing mtDNA (Bess et al., 2012; Bess et al., 2013). 

The above presented considerations raise the question about the number of mtDNA molecules in skin 

cells which are affected by sun-induced bulky DNA lesions after normal sun exposure. As the precise 

quantification of mtDNA damage is highly sophisticated, this was not yet measured in skin samples. 

Nevertheless, below, a theoretical estimation will be done with the following assumptions and 

restrictions: 

1) CPDs are the main UV-induced bulky DNA lesion (Mouret et al., 2006). Therefore, the following 

calculations will be restricted to this DNA damage. 

2) UV irradiation induces chromosomal and mitochondrial CPDs in similar amounts (Clayton et al., 

1974; Pascucci et al., 1997). 

3) UVB irradiation of human skin induces in average about 500 CPDs per 10
6
 bp per J cm

-2
. UVA 

irradiation generates approximately 0.08 CPDs per 10
6
 bp per J cm

-2
 (Mouret et al., 2006). 

4) In a hamster cell line, 0.01 kJ m
-2

 UVC, 1 kJ m
-2

 UVB, 100 kJ m
-2

 SSL, or 1000 kJ m-
2
 UVA were 

applied to induce 0.3 CPDs per 10
3
 bp DNA (Perdiz et al., 2000). 

5) In Sigmaringen, Southwestern Germany, a maximal solar radiance of 90 W m
-2

 UVA and 16 W m
-2

 

UVB can be expected (Figure 7, general introduction). 

The major challenge of these theoretical considerations is represented by the exponential relationship 

between wavelength and photoproduct induction (Figure 8, general introduction). The result of 

irradiation experiments is not only strongly influenced by the applied irradiation device and its specific 

wavelength distribution but also by the used sensors and their specific sensitivities. 
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To give a measure of expectable values with all this restrictions, data with human skin obtained by 

Mouret et al. were used for the calculations. According to their experiments, 1 Ws m
-2

 UVB induced 

0.05 CPDs per 10
6
 bp DNA; and 1 Ws m

-2
 UVA induced 8 CPDs per 10

12
 bp DNA. Taking the UVB 

irradiance of one hour sun exposure in midsummer in Sigmaringen, Germany into account, solar 

radiation would induce at about 3 CPDs per 10
3
 bp in one hour. For UVA the value is 0.0026 CPDs 

per 10
3
 bp in one hour. This implies that the UVB part of one hour sun exposure would result in 50 

CPDs per mitochondrial genome. The UVA part of solar radiation would account for about 0.04 CPDs 

per mitochondrial genome. A realistic measure of solar-induced mitochondrial CPDs would 

presumably be within this wide range. In respect to the data obtained by Perdiz et al. this wide range 

can be restricted. They showed that UVB is hundred-fold more effective in inducing CPDs than SSL, 

and that SSL is ten-times more effective than UVA. With this, one hour of sun exposure would result in 

between 0.4 and 0.5 CPDs per mitochondrial genome. Furthermore, Mouret et al. analyzed DNA 

damage levels in whole skin which was grinded before DNA extraction and therefore included the 

upper layers of epidermis. The viable, basal layer of the epidermis, where the melanocytes and the 

basal keratinocytes are located, is only reached by 2 % to 10 % of UVB and 20 % of UVA (Tyrrell, 

1996). Because of their long persistence in mtDNA, mitochondrial CPDs could, nevertheless, 

accumulate to high damage loads after two or three days of sun exposure in summer. 

How can a cell tolerate such a potentially high proportion of damaged mtDNA which cannot be 

repaired? The most obvious explanation is the mitochondrial threshold effect. If mitochondria can 

accumulate point mutations and DNA deletions up to 90 % without showing any phenotypic changes 

(Rossignol et al., 2003), this could also be the case for mtDNA damage. Furthermore, cells can quickly 

repopulate their mitochondria with mtDNA. Treatment of human fibroblasts with ethidium bromide 

(EthBr) for seven days resulted in mtDNA levels of below 15 % of the starting levels. When the 

treatment was stopped, mtDNA reached starting levels within seven days and did then even increase 

above (Stewart et al., 2011). Similar was shown in an animal model. Intragastric administration of 

ethanol to mice significantly decreased mtDNA copy numbers to about 50 % of the controls within two 

hours in liver, heart, and skeletal muscle. Already four to six hours after the treatment, mtDNA levels 

were normal again; after 12 – 24 hours they were doubled (Mansouri et al., 2001). 

As mitochondrial CPDs persist for at least 48 h, and Pol γ as well as the mitochondrial RNA 

polymerase are stalled at CPDs (Clayton et al., 1974; Pascucci et al., 1997; Kasiviswanathan et al., 

2012; Nakanishi et al., 2013), we hypothesized an influence on the mitochondrial gene expression 

system. Therefore, in chapter IV, the question was addressed if such DNA damage could substantially 

contribute to mitochondrial dysfunction. We conducted irradiation experiments with human skin 

fibroblasts to evaluate the influence of CPDs on mitochondria. UVC was applied to efficiently induce 

CPDs; SSL was applied to mimic the natural solar spectrum. A strong effect on mitochondrial 

respiration profile, however, was only observed for SSL irradiations. As UVC-induced damage did not 

affect mitochondrial function, it is plausible to assume effects of SSL-generated oxidative stress. 

As for mitochondrial mutagenesis, the strong effects of oxidative DNA damage on mitochondrial 

function are noteworthy to discuss in more detail. Similar effects on mitochondrial respiration as 
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presented in chapter IV for SSL irradiation were shown by others for cell culture treatments with H2O2 

and ionizing radiation (Furda et al., 2012; Yoshida et al., 2012). Beside direct damage of proteins and 

lipids (Vile and Tyrrell, 1995), ROS-induced mtDNA damage might play an important role in this 

context. It potentially disturbs gene expression thereby contributing to the observed mitochondrial 

dysfunction. Furda et al. and Yoshida et al. observed no immediate decrease in mitochondrial function 

in their studies but rather a continuous decrease over time. Furda et al. showed a decrease in ATP-

linked OXPHOS and mitochondrial reserve capacity lasting over four and eight hours after treatment 

with H2O2 (Furda et al., 2012). Yoshida et al. showed a continuous decrease in NADH dehydrogenase 

activity lasting over 72 hours after irradiation which was accompanied by increasing mitochondrial 

ROS and 8-oxoG levels (Yoshida et al., 2012). This indicates some kind of “vicious cycle” in which 

ROS induced damage causes mitochondrial dysfunction which then induces more ROS and more 

oxidative damage. 

In mitochondria, BER might contribute to mitochondrial dysfunction in a short term perspective. 

Oxidative mtDNA lesions, such as 8-oxoG, are removed by similar short-patch and long-patch BER 

mechanisms in mitochondria and in nucleus (Kielbassa et al., 1997; Maynard et al., 2009). The 

efficiency of mitochondrial BER is, thereby, controversially discussed (Yakes and van Houten, 1997; 

Thorslund et al., 2002). The major mitochondrial glycosylase is - as in nucleus - the bi-functional 

human 8-oxoguanine glycosylase 1 (hOGG1). Remarkably, DNA repair synthesis is not carried out by 

special repair polymerases but by Pol γ (Maynard et al., 2009). Both mitochondrial DNA and RNA 

polymerase can bypass 8-oxoG with a significant insertion of adenine instead of cytosine. But DNA 

repair intermediates, such as AP sites, inhibit transcription and replication processes (Pinz et al., 

1995; Nakanishi et al., 2013). The in vitro finding of transcription inhibition by BER intermediates was 

also shown in vivo with reporter vectors in mouse cells, where it was correlated to OGG1 activity 

(Kitsera et al., 2011). Beside the disturbance of mitochondrial gene expression and replication, these 

repair intermediates also might provoke mtDNA degradation. Shokolenko et al. proposed that mtDNA 

degradation and repair compete for oxidative DNA damage (Shokolenko et al., 2009). Such oxidative 

damage-induced immediate mtDNA degradation, as observed by Furda et al., or by Mansouri et al. 

after intragastric administration of ethanol to mice, then would amplify the negative effects on 

mitochondria (Mansouri et al., 2001; Furda et al., 2012).   
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Evidence for mtDNA copy number increase as an adaption to sun exposure 

In chapter III significantly enhanced mtDNA copy numbers were described in skin samples from 

exposed compared to unexposed body sites. An increase in mtDNA copy number was also achieved 

by irradiations with SSL (chapter IV). Variances in mtDNA copy number had recently been suggested 

as a valuable qPCR disease biomarker. The main obstacle for such applications remains a low 

comparability between studies, due to technical flaws such as different DNA isolation protocols and 

the use of primers amplifying chromosomal multi copy pseudogenes and nuclear insertions of 

mitochondrial origins (NUMTs) (Malik and Czajka, 2013). Therefore, the primers used for the 

presented experiments were specifically designed to not amplify such unwanted DNA sequences. 

Despite all these flaws, similar copy numbers as presented in chapter III were also found in human 

skin samples by others. In a recent study by Samuels et al. with post mortem tissues from two 

individuals, highest mtDNA copy numbers were found in skeletal muscle, kidney and liver (ranging 

from about 1,000 to 7,500 mtDNA copies per cell). Skin cells were shown to harbor about 500 mtDNA 

copies per cell which was similar to brain, lung and small bowel tissue (Samuels et al., 2013). These 

values are in a similar range as observed in chapter III for unexposed skin samples. 

In 2008, Hubbard et al. presented data from 67 melanoma patient skin samples (median age 52.5 

years). Mitochondrial DNA copy number per cell varied from not detectable up to about 7,000 copies 

per cell in these samples. Median copy number was 1,409 mtDNA copies per cell. The CD levels 

ranged between 0 % and 36.4 % with a median of 0.13 %. This study did, unfortunately, not 

distinguish between skin samples from exposed and unexposed body sites (Hubbard et al., 2008). In 

chapter III, we measured a median CD level of 0.00037 % in unexposed dermis and of 0.26 % in 

exposed dermis. In unexposed epidermis the CD median was below threshold and in exposed 

epidermis the CD level median was 0.035 %. Mitochondrial DNA copy number ranged from 14 to 

14,200 mtDNA copies per cell. Median mtDNA copy numbers per cell were 183 (dermis) and 277 

(epidermis) copies per cell in the low-exposed samples compared to 4435 (dermis) and 5835 

(epidermis) in the exposed samples. The best fit with the Hubbard study is achieved with the data from 

exposed dermis with mtDNA copy number medians of 4435 compared to 1409 mtDNA copies per cell, 

and CD level medians of 0.26 % compared to 0.13 %. This indicates that most of the skin samples 

measured by Hubbard et al. were from sun-exposed body sites. This matches with the melanoma 

distribution pattern concerning body sites (Franceschi et al., 1996). 

Another interesting aspect of the Hubbard publication is the high deviation in mtDNA copy numbers. In 

our study, we observed a low deviation in mtDNA copy number for samples from unexposed body 

sites and a high heterogeneity of samples from high exposure body sites. Interestingly, although copy 

number was significantly higher in exposed samples compared to unexposed samples, the highest 

copy number (14,200) and also the lowest copy number (14) was measured in high exposure 

samples. Malik et al. proposed mtDNA copy number dysregulation to be a disease marker. Increased 

mtDNA copy number would mark chronic inflammation and chronic moderate oxidative stress, 

whereas decreased mtDNA copy number would indicate acute mtDNA damage by high oxidative 
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stress (Malik and Czajka, 2013). According to this, the sample with the lowest mtDNA copy number 

would represent the one which was exposed most acute to a high radiation dose before skin removal. 

Such an exposure must have happened short before the removal of the sample which is, 

unfortunately, not traceable any more. High variances in mtDNA copy number and an increase with 

elevated oxidative stress markers is not only a feature of human skin, but also of human blood 

leukocytes. In a report by Liu et al. 2003, mtDNA copy number in human leukocytes varied from about 

30 to 30’000 mtDNA copies per cell and was positively correlated with 8-oxoG levels. Furthermore, 

mtDNA copy number was higher in samples with detectable CD levels than in samples without 

detectable CD levels (Liu et al., 2003). 

As described above, mtDNA degradation could be caused by BER intermediates of oxidative DNA 

damage repair, and would be followed by a subsequent upregulation as an adaption to oxidative 

stress. The findings in chapter III and chapter IV support this hypothesis. An upregulation of mtDNA 

copy number in sun-exposed skin presumably makes sense for two main reasons: mtDNA in UV-

exposed skin accumulates DNA mutations such as the CD and thus dysfunctional DNA. Here, mtDNA 

copy number upregulation might help to maintain gene dosage even when the mutation load 

increases. And, chronic exposure to solar irradiation could induce short cycles of mtDNA degradation 

which might be better tolerated if it is starting from a higher copy number level. 

 

Regulation of gene expression in photoageing and DNA repair 

Photoageing is a multi-factor process which results in a distinct aged phenotype which is different from 

chronological skin ageing. Two major signaling pathways in response to solar radiation are 

extracellular signaling-regulated kinases 1/2 (ERK1/2)-dependent signaling and the serine/threonine 

kinase Akt / mammalian target of rapamycin (AKT/mTOR) pathway. ERK1/2 is part of the AhR signal 

transduction; its phosphorylation is mediated by AhR-induced epidermal growth factor receptor 

(EGFR) internalization (Fritsche et al., 2007). ERK1/2 signaling is very complex, involves not only the 

nucleus but also mitochondria and other subcellular compartments, utilizes about 200 substrates, and 

can induce even opposite effects (Wortzel and Seger, 2011). The AKT/mTOR pathway is an important 

pro-survival pathway in response to cellular stress (Strozyk and Kulms, 2013). Both pathways are able 

to influence nuclear factor-E2-related factors (Nrfs), which then modify oxidative stress response via 

binding to the antioxidant response element (ARE) (Jaiswal, 2004; Piantadosi and Suliman, 2006; Kim 

et al., 2010; Ma, 2013). 

In chapter IV and chapter V skin fibroblasts were irradiated or treated with mitochondrial inhibitors. 

Whereas irradiation resulted in increased mitochondrial transcription factor A (TFAM) and MMP-1 

expression, this effect was not achieved by treatment with mitochondrial inhibitors. The treatment with 

mitochondrial inhibitors therefor induced an increased NER capacity without changes in XPC and 

DBB2 gene expression. 
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In vivo, the transcriptionally regulated, extracellular matrix degrading enzyme MMP-1 is mainly 

induced by chromosomal CPDs (Herrmann et al., 1993; Brennan et al., 2003; Dong et al., 2008; 

Tewari et al., 2011). It also includes a cytokine-dependent autocrine pathway via interleukin (IL)-1 and 

IL-6 (Dong et al., 2008). In addition, MMP-1 upregulation is hypothesized to be caused by 

mitochondrial dysfunction via ROS-dependent signaling as shown for IRA-mediated heat shock, or 

direct treatment with H2O2 (Brenneisen et al., 1997; Shin et al., 2008). The hypothesis of a 

mitochondrial involvement in photoageing is mainly based on two observations: An EthBr-induced loss 

of mtDNA, as cellular model of high level mtDNA deletions, was able to induce MMP-1 upregulation 

(Schroeder et al., 2008). And, more important: Patients suffering from KSS are characterized by high 

mitochondrial deletion levels such as the CD in their mitochondrial genomes (Moraes et al., 1989). 

Fibroblasts isolated from these patients were shown to contract collagen gels more extensively than 

normal fibroblasts and to manifest elevated lysyl oxidase (LOX) and MMP-1 expressions (Krutmann 

and Schroeder, 2009; Majora et al., 2009). Controversially, cellular treatment with mitochondrial 

inhibitors did affect mitochondrial respiration but had no effect on MMP-1 expression in this 

dissertation. This finding is supported by others who showed that ERK1/2-dependent infrared-A-

induced MMP-1 expression can be diminished by mitochondrial inhibitors (Schieke et al., 2002; 

Schroeder et al., 2007). 

TFAM is not only the main mitochondrial transcription factor but also involved in mtDNA packaging, 

mtDNA copy number control, and DNA damage binding (Lezza, 2012). In the above presented 

experiments, TFAM showed the same expression profile as MMP-1. It was induced by irradiation with 

SSL or UVC, but gene expression was not changed after mitochondrial inhibitor treatment. As MMP-1 

expression, TFAM expression can be influenced via ERK1/2 signaling but is also regulated by (Nrf-

1)/Akt signaling (Piantadosi and Suliman, 2006; Zhu et al., 2012). It is involved in endoplasmic 

reticulum (ER) stress response where the upregulation is dependent on heme oxygenase 1 (Ho-1) 

activity and Nrf2 signaling (Zheng et al., 2012). As mitochondria are closely connected the ER such an 

entangled signaling is not surprising (Brito and Scorrano, 2010). The observed upregulation of TFAM 

expression after irradiation can probably be attributed to these regulatory pathways. The mitochondrial 

inhibitor experiments (chapter V) showed that increased TFAM expression is not a direct feature of 

mitochondrial dysfunction. These findings are supported by other works in which TFAM was not 

induced or even suppressed after cellular treatment with mitochondrial stressors such as EthBr, 

tiamphenicol, 1-methyl-4-phenylpyridinium (MMP
+
), H2O2, or gluthation depletion (Noack et al., 2006; 

Piechota et al., 2006; Zhu et al., 2012). Controversially, long-term administration of D-galactose to rats 

induced TFAM expression and was associated with increased CD levels (Zhong et al., 2012). In 

addition, in squamous cell carcinoma cell lines, an Akt-dependent TFAM upregulation after gamma 

rays was observed (Ueta et al., 2008). All these findings indicate that TFAM upregulation after cellular 

stress is presumably not a direct answer to mitochondrial dysfunction, but rather a DNA damage 

response and might attribute to the direct role of this “transcription factor” in mtDNA damage 

recognition and binding (Lezza, 2012). 
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As the other two proteins discussed in this section, XPC expression (but also NER as a whole 

process) can be regulated via ERK1/2 and Akt signaling (Lin et al., 2003; Ming et al., 2010). XPC is 

part of the damage recognition step of the global-genome NER but is also involved in other cellular 

stress responses (Melis, Joost P M et al., 2011). Its transcriptional induction after UV irradiation can be 

directly mediated by the recognition of DNA double strand breaks and replication blocking lesions. The 

most important sensors of these damages are phosphatidylinositol-3-kinases, and PARP. They 

mediate promoter activation via p53, nuclear factor 'kappa-light-chain-enhancer' of activated B-cells 

(NF-κB) and activator protein 1 (AP-1) (Christmann and Kaina, 2013). NER capacity and XPC 

expression were shown to be increased after irradiation in an earlier thesis (Burger, 2011). In this 

dissertation mitochondrial inhibitor treatment did not induce any changes in XPC gene expression, but 

a significant increase in NER capacity was observed for two of the inhibitors (chapter V). The specific 

mechanisms of this phenomenon remain, however, unsolved. 

In summary, the hypothesis that mitochondrial dysfunction directly contributes to features of UV-

induced skin ageing such as impaired DNA repair or increased MMP-1 expression could not be 

proven. The effects on MMP-1 and TFAM expression, which were observed after irradiation with UVC 

and SSL, were not observed for the treatments with the mitochondrial inhibitors. Although the 

mitochondrial inhibitors had a more serious effect on respiration, irradiations had a more pronounced 

effect on the cells as a whole and could prevent further cell proliferation. It can therefore be concluded 

that MMP-1 upregulation as well as TFAM upregulation are part of a mitochondria-independent 

damage response. Alternatively, a mechanism is conceivable in which not mitochondrial respiration 

dysfunction itself but rather the underlying mtDNA damage might promote ageing-related signaling. 

Also, in more chronic time periods mitochondrial dysfunction could develop a more pronounced effect 

on cellular signaling. 

 

Mitochondria in skin care - protection from UV-induced damage 

In this dissertation, mtDNA copy number was identified as an in vivo biomarker of sun exposure. Such 

biomarkers are important tools in epidemiological studies to research sun-induced pathologies, their 

treatment, and also their prevention. Apart from sun avoidance, sunscreens are currently the first 

choice in skin protection and thus in the protection of skin mitochondria; although there are 

controversies concerning the safety of single compounds, including anti-inflammatory properties and 

the use of nanoparticles (Jansen et al., 2013a). Sunscreen is classified via the sun protection factor 

(SPF). The SPF is determined in vivo. It is a measure how much longer a person can be exposed to 

light without getting sunburn after application of the sunscreen. As erythema is mainly caused by the 

solar UVB spectrum, this value only evaluates the UVB protection. UVA protection is often assessed 

by the persistent pigment darkening standard (PPD), but worldwide standards for UVA are not as 

good harmonized as it is the case for UVB protection. In the EU (without UK), the UVA protection 

factor (UVAPF) divided by SPF must be higher than 0.33 to account as UVA+UVB sunscreen. The 
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ideal sunscreen would provide an even protection over the whole UVA and UVB spectrum 

(Osterwalder and Herzog, 2010).  

“Classic” sunscreens which predominantly protect from UVB and shortwave UVA potentially increase 

people’s sun exposure time and by this longwave UVA exposure. As UVB, UVA is an 

immunosuppressant and able to cause cancer (Halliday et al., 2011). It was shown, that broad range 

sunscreens with UVA protection much better prevent p53 accumulation, damage of Langerhans cells, 

and immune suppression than sunscreens with only UVB protection (Fourtanier et al., 2006). In 

addition, UVA radiation causes mitochondrial dysfunction. As shown in this thesis, the short UV 

wavelengths which directly induce DNA damage are not the major mitochondria damaging parts of 

solar spectrum in terms of mitochondrial dysfunction and mutagenesis. This is in line with reports 

which show that UVA-induced ROS are a major contributor to mitochondrial dysfunction and 

mutagenesis (Berneburg et al., 1999; Krutmann and Schroeder 2009). In terms of mitochondrial 

protection, the development of good UVA protection is, therefore, of capital importance. Here, in vitro 

methods which include data on mitochondrial function can be valuable tools. Very recently an in vitro 

test panel using human dermal fibroblasts to measure the endpoints cell viability, ROS production, 

DNA integrity, and gene expression (MMP-1) was published (Brugè et al., 2014). Based on this thesis, 

further valuable endpoints for such assay systems are changes in mtDNA copy number and the 

mitochondrial respiration profile. 

Despite the indisputable benefits gained from sunscreens, they also can exhibit negative effects on 

public health if they are broadly applied in daily skin care. Vitamin D3 is synthesized in the epidermis 

by “photosynthesis” with an action spectrum which is similar to the erythemal action spectrum but with 

even lower wavelengths being the most important. Especially in winter months, when the sun is on a 

low angle in middle and northern Europe and UVB is disproportionally filtered by the atmosphere 

(Figure 7, general introduction), vitamin D deficit can occur (Holick et al., 1980; Fioletov et al., 2009; 

Grifoni et al., 2013). The use of SPF daily skin care products can strengthen this negative effect. 

Vitamin D deficiency is not only associated with rickets, but also with diseases of the cardiovascular 

system, diabetes, and immune diseases (Holick and Chen, 2008; Gröber et al., 2013). Although it is 

indisputable that UV-protection is of highest importance, in middle and northern amplitudes a 

responsible exposure to the sun might be the better alternative to the daily use of SPF creams most 

time of the year. Instead of sun blockers, active ingredients might better support skin care in these 

products. These ingredients include retinoids, antioxidants such as coenzyme Q10, selenium, 

silymarin, green tea extracts, resveratrol, vitamin C, vitamin E, and different kinds of peptides to 

attenuate enzyme activity and signaling pathways in skin (Chen et al., 2012; Grunebaum and 

Baumann, 2014). In particular, mitochondrially targeted antioxidants such as Q10 or the recently 

presented tiron have the potential be powerful tools to attenuate the negative effects of solar radiation 

on skin mitochondria (Tulah and Birch-Machin, 2013; Oyewole et al., 2014).
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