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1. Introduction 

1.1. The skin – the largest organ in the human body 

The skin is the largest organ in the human body, representing 16 % of the total 

body weight. It is a complex structure with a diverse array of functions. The skin is the 

main barrier between the body and the outside world and protects it from environmental 

influences such as friction, bacterial infections, and UV-radiation. It also plays a role 

as an osmotic barrier, providing protection from water loss. Furthermore, the skin 

serves as a major sensory organ with receptors for touch, heat, and pain. It also 

participates in the synthesis of vitamin D. Another important function of the skin is 

temperature regulation through regulation of the blood flow, sweat production, and 

secretion (1-3). As a structure, the skin can be divided in three main layers: epidermis, 

dermis, and hypodermis (4, 5) as shown in Fig. 1. Each of these layers has not only a 

specific function but also highly specialized subsets of cells.  

 

Fig. 1: The three layers of the skin – epidermis, dermis, and hypodermis– with the most prominent skin 

cells for each layer. The stratum lucidum is present only in areas with a very thick skin such as soles 

and palms (2, 4-6). 
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1.1.1. The Epidermis – keratinocytes on the rise 

The uppermost layer, the epidermis, is mainly populated by keratinocytes. It is 

derived from the ectoderm during embryonal development. In addition to the 

keratinocytes epidermal dendritic cells (Langerhans cells) are also present in this skin 

layer. From top to bottom the epidermis is composed of the sub-layers stratum 

corneum, stratum lucidum, stratum granulosum, stratum spinosum, and stratum 

basale, albeit stratum lucidum being present only in areas with a very thick skin such 

as soles and palms (2, 3, 6).  

The first two sub-layers (stratum corneum and stratum lucidum) consist of 

multiple layers of flattened dead keratinocytes. These cells are terminally differentiated 

and keratinized, without a nucleus or organelles. The cells of the stratum corneum are 

embedded in a lipid matrix, produced by keratinocytes inhabiting the lower sub-layer – 

stratum granulosum. This cell-lipid layer presents the main protection from friction, 

chemical absorption, and water loss (3, 6).  

The stratum granulosum, build by three to five layers of mature keratinocytes, is 

the precursor of the two upper-most sub-layers. The cells in the stratum granulosum 

possess keratohyalin granules containing keratin precursors that are needed for the 

formation of the interfibrillar matrix. These keratinocytes also secrete lipids that are 

required for sustaining the epidermal water barrier (3, 4). During their maturation and 

differentiation process, known as keratinization, their cytoplasmic content increases, 

including the amount of tonofilaments, keratohyalin granules, and lamellar granules. 

As the keratinization progresses, the tonofilaments intercalate with the keratohyalin to 

form a meshwork. Slowly the nuclei and the rest of the organelles disintegrate. The 

content of the lamellar granules is released, coating the cells. The final stage of this 

transformation results in the development of the stratum lucidum and corneum, the 

main function of which is to protect the skin from water loss (3, 7). 

The fourth sub-layer from top to bottom is the stratum spinosum. Similar to the 

stratum granulosum it consists of living keratinocytes. The cells in the stratum 

spinosum are tightly packed and connected by desmosomes and tonofibrils. This 

complex three-dimensional structure ensures the mechanical stability of the epidermis 

(3, 8).  



5 
 

The stratum basale consists of a single layer of cells. These cells are connected 

to the basal membrane via hemidesmosomes, while desmosomes are responsible for 

the cell-cell connections. The cells in the stratum basale undergo mitosis and the 

resulting ‘daughter cells’ migrate upwards to the stratum spinosum, constantly 

replenishing the epidermis (3).  

As in all previous epidermis sub-layers, the main cell population in the basal layer 

are keratinocytes. However, there is also another important cell group residing there – 

the melanocytes. Mature melanocytes are small, dendrite sprouting cells, stemming 

from the neuronal crest. They possess specialized membrane-bound organelles, 

melanosomes, which are responsible for melanin production and containment. The 

ratio between melanocytes and keratinocytes in the stratum basale is usually 1:10. 

Together the two cell types form the so-called “epidermal melanin units” and thus 

taking a joined role in the synthesis, transfer, transport, and degradation of the 

melanosomes. Produced by the melanocytes, the pigment-containing melanosomes 

are transported via the dendritic protrusions to the keratinocytes, where they 

accumulate above the cell’s nucleus, facilitating its photoprotection against ultraviolet 

radiation by acting as an endogenous sunscreen (3, 7, 9-11).  

Below the stratum basale lays the basement membrane. It is a complex sheet-

like structure build by laminin and type IV collagen networks. The basement membrane 

is the junction between the epidermis and the underlying dermis. It plays important role 

in regulating the exchange of growth factors and nutrients between the dermis and 

epidermis, influencing cell proliferation, differentiation, and wound healing (3, 12). 

1.1.2. The Dermis – fibroblasts at their finest 

The second main skin layer is the dermis. It is responsible for the mechanical 

properties of the skin. Stemming from the mesodermal layer during embryonal 

development, its thickness varies in the different regions of the body. The dermis is 

composed of fibroblasts, embedded in a densely packed network of collagen, reticular 

and elastic fibres. This elastic matrix provides physical support for nerves and blood 

vessels. In addition to fibroblasts, macrophages fulfil the important role of immune-

surveillance in this skin layer. The substantial network of capillaries that spans 

throughout the dermis results in the skin being one of the most highly perfused organs 

in the body, resulting in not only enhanced nutrient and antioxidant transport, but also 
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allowing for easy access of the immune cells. Additionally, sweat and sebaceous 

glands, hair follicles and muscles are anchored in the dermis, making it a very complex 

tissue with diverse functions (3).  

As mentioned, the major type of cells, populating the dermis, are fibroblasts. Their 

main function is to produce and secrete proteins and polysaccharides to the 

extracellular space to form the extra-cellular matrix (ECM)(13). In general, ECM is 

responsible not only for the physical properties of connective tissue but also plays an 

important role in tissue morphogenesis, differentiation and homeostasis by 

participating in crucial signalling cascades (14). In addition to their involvement in the 

ECM formation, fibroblasts also participate in wound healing and modulation of 

immune and inflammatory responses. Especially the cross-talk between the immune 

system and the fibroblasts is essential for the maintenance of tissue homeostasis (13).  

Understanding the crucial role that fibroblasts play in ECM-formation has been 

an important issue in dermatological research. It is currently well documented that 

fibroblasts produce and secrete two distinct groups of structural proteins – collagens 

and elastin. The collagen family can be divided into three big sub-populations: fibrillary, 

fibril-associated, and network-forming collagens. In the skin, the most prominently 

secreted collagens are the fibrillary collagens I and III. However, the influence of 

fibroblasts on the ECM is not limited to protein synthesis. They can also re-model 

matrices through organizing, shaping, or degrading structural proteins. For example, 

they can exert mechanical force and re-arrange collagen into fibres or flat sheets 

depending on the tissue properties and requirements. Another way to modulate the 

ECM is by secreting matrix-digesting enzymes called matrix metalloproteinases 

(MMPs) (13). MMPs form a large family of structure-remodeling proteins from which 

several have been extensively studied in connection to cancer development and 

progression and skin photoaging. MMPs are subdivided into five categories: 

collagenases, gelatinases, stromelysins, matrilysins and membrane-type (MT) MMPs 

(15). From them, the collagenases MMP1 and MMP13, the gelatinases MMP2 and 

MMP9, the stromelysin MMP3 and the MT-MMP15 are of particular interest in this 

study. All of them, except MMP13 and MMP15, have been shown to play a role in both 

photocarcinogenesis and photoaging. MMP1 is specialized in collagen type I and III 

degradation, promotes tumor growth in basal cell carcinoma (BCC) and squamous cell 

carcinoma (SCC), and aids invasion in melanoma (15). MMP13 facilitates the 
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metastatic phase in melanoma, BCC, and SCC and plays a role in neo-angiogenesis. 

MMP2 and MMP9 degrade collagen IV and similarly to MMP13 support growth, 

invasion, and neovascularization in skin cancer. MMP3 is not only capable of 

degrading collagen I but also activates other MMPs such as MMP1 and MMP9. Last 

but not least, MMP15 also aids the melanoma invasion (15).  

It is evident that dysregulation and degradation of the collagen matrix can lead to 

disturbance of skin morphology and cancer progression. However, collagen is not 

singularly responsible for matrix properties and stability. The elastic fibres, secreted by 

the fibroblasts, provide flexibility and resiliency to the skin. These fibres consist of 

tropoelastin, associated with microfibrillar proteins such as fibrillins, microfibril-

associated glycoprotein, and associated microfibril protein (13, 16). Particularly fibrillin 

is a major component of the elastic fibres and contributes to the elastic deformation 

capability of the tissue. In the presence of UV-radiation, the fibrillin-content of the skin 

is reduced, leading to increased wrinkling (17, 18). 

In addition to these structural proteins, fibroblasts also produce and secrete 

glycosamino- and proteoglycans. These secreted components attract water and ions, 

resulting in the formation of a hydrated gel. Besides that, some proteoglycans bind to 

cytokines and growth factors, thus influencing cell proliferation and immune response 

(13).  

The last type of fibres, synthesized by the fibroblasts, are the reticular fibres. In 

contrast to collagen fibres (composed of collagen type I), they consist of collagen III in 

association with collagen type V, glycoproteins, and glycosaminoglycans. They build a 

delicate network of thin fibrils, firmly attached to the basal lamina (16).  

Besides the matrix-related structural proteins, fibroblasts also secrete adhesion 

molecules such as fibronectin. It has been shown that the production and deposition 

of fibronectin in the ECM influence skin cell migration, which is an important factor 

during wound healing and carcinogenesis (19). 

1.1.3. The Hypodermis 

The hypodermis lies under the dermis and builds the third and last skin layer. 

Albeit fibroblasts still being present, the most prominent cell type in this layer is the 
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adipocytes (fat cells). The function of the hypodermis is to connect the skin with the 

underlying muscle and bone, provide thermoregulation, insulation, and cushioning(20).  

1.2. The Sun and its light – the good, the bad, and the ugly 

The Sun –the closest star to our planet. Its constant thermonuclear reactions are 

a source of life, heat, and imminent danger to every living being on Earth. Where does 

this danger come from? Is it due to the frequent solar flares that bombard the planet’s 

atmosphere with harmful electromagnetic and corpuscular radiation? The answer is 

much simpler and often overlooked. The sunlight that gives us warmth and catalyses 

many biochemical reactions crucial to animal and plant survival is also potentially 

dangerous to our health (21-23). 

The Sun’s optical radiation, solar radiation (SR), or simply sunlight, can be 

subdivided in the following spectra: ultraviolet radiation (UVR) with a wavelength from 

100 nm to 400 nm, visible radiation (VR) with a wavelength from 400 nm to 780 nm 

and infrared radiation over 780 nm. In particular, UVR can be further differentiated in 

UVC (100-280 nm), UVB (280-315 nm), and UVA (315-400 nm). Additionally, UVA can 

be differentiated into short wave UVA2 (315–340 nm) and longwave UVA1 (340–400 

nm), with UVA1 making up 75 % of the total UVA irradiation relevant for human health 

(23). It must be noted that the solar spectrum reaching the planet’s surface is different 

than the one originally emitted by the sun. Thanks to the Earth’s atmosphere, and 

especially the ozone layer, the sunlight is filtered considerably. Only irradiation over 

290 nm can freely penetrate this protective barrier, which means that UVC and parts 

of UVB radiation get blocked by the ozone layer. With this, the majority of the surface 

solar radiation consists of VR and IR (95 %) and the rest is UVR. Even in the small 

portion of UVR, UVA has the biggest prevalence, being 95 % of the total surface UV 

spectrum. Still, the UVR reaching the earth is actually the main cause of health issues 

in humans (22, 23). Besides the short-term damage in the form of erythema and 

sunburn, there are also long-lasting biochemical and structural consequences of sun 

exposure.  

1.2.1. The benefits of sunlight  

There are two major ways of interaction between solar radiation and living 

organisms – thermal and photochemical, with the latter being most prevalent in UVR. 
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It should be acknowledged that SR yields benefits to the organisms living on Earth. It 

plays crucial role in generating plant biomass via photosynthesis (24) and in vitamin D 

synthesis in animals (25). Furthermore, it provides warmth in the form of IR and last, 

but not least, it gives us light. It has even been suggested that the emergence and 

evolution of life on our planet would have been impossible without the solar 

energy (26). Despite all that, the adverse effects of UVR on human health cannot be 

neglected. 

1.2.2. Ultraviolet radiation and its implications cellular and tissue damage 

Since the major component of surface UVR consist of UVA, this makes it also 

one of the major contributors to cellular damage. Furthermore, compared to UVB, UVA 

has a higher penetration depth, reaching up to the dermis, resulting in a higher amount 

of damage (27). Unlike UVB, UVA is not blocked by the most types of window glass, 

resulting in higher daily exposure to this type of radiation in particular (28, 29). As 

shown in Fig. 2, UVA has a plethora of effects in the cell. It can damage DNA directly 

by inducing cyclobutane pyrimidine dimers (CPDs), especially in thymine-thymine 

dipyrimidine sites (30-32). DNA can be also indirectly damaged via UVA-induced 

reactive oxygen species (ROS), such as singlet oxygen, hydrogen peroxide (H2O2), 

hydroxyl radical (●OH), and superoxide anion (O2
●-) (33, 34). Amongst them, hydrogen 

peroxide can be transported across cellular membranes (35). The presence of radicals 

in the cell can lead to modifications of guanine, resulting in the formation of 8-

hydroxydeoxyguanosine (8-OHdG). This can cause G to T transversions, leading to 

miscoding DNA lesions (34). Furthermore, despite the energy of UVA photons being 

too weak to cause direct DNA-breaks, it has been shown that UVA-induced ROS 

mediate double-strand breaks (36). Interaction between ROS and cellular components 

can additionally lead to protein oxidation (37) and phospholipid peroxidation (38, 39). 

This may lead to protein degradation or dysfunctional proteins, as well as changes in 

the structure, assembly and dynamics of lipid membranes, resulting in dysfunctional 

cells or apoptosis (40).  
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Fig. 2: UVA-induced cellular damage in a mammalian cell. Direct DNA-damage is caused by the 

formation of CPDs, indirect damage – via 8-OHdG and ROS-mediated double-strand breaks. UVA-

generated ROS further lead to the oxidation of proteins (P), as well as phospholipid peroxidation (PLP). 

 

The abovementioned molecular changes have a large-scale influence on the skin 

structure and integrity (see Fig. 3). Prolonged UVR exposure can result in decreased 

fibronectin expression and fragmentation of interstitial collagen, accompanied by 

reduction of fibroblast contractile activity. The least-concerning effect of this matrix 

weakening and degradation is the so-called solar elastosis, resulting in skin thickening 

and wrinkle formation (41-44). Supporting this, it has been shown in hairless mice that 

UVA irradiation decreases the total collagen content in the skin, while the ratio of 

collagen type III to total collagen increases, accompanied by fibronectin increase (45). 

More severe consequences result in UVA-mediated DNA damage. It can result at best 

in enhanced cell death, at worst – in cancer initiation. Mismatches due to base 

modifications (such as but not limited to 8-OHdG) can lead to fixed genomic mutations, 

often referred to as UVA-fingerprint mutation. Cases of such genomic UVA-fingerprints 

have been shown in SCC carcinoma, especially in p53. What is more, these mutations 

have been detected in deeper layers of the skin, which further emphasise the higher 

penetration capability of UVA compared to UVB (46, 47).  
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As mentioned above in the case of tumor suppressor p53, there has been a direct 

correlation between sun exposure and cancer-initiating mutations. As for UVA, its role 

as a skin-cancer-inducing mutagen has achieved more prominence in recent years 

(48-52).  

Besides tumor initiation, UVA also influences tumor progression and migration. 

As already mentioned, it influences the composition and elasticity of ECM. Major 

players in this remodelling are the MMPs. The expression of MMPs increases when 

the cells are irradiated with UVR. This results in increased cell motility and metastasis 

by removing the physical barriers to invasion and modulating cell adhesion (15, 53, 

54).  

 

Fig. 3: Adverse effects of UVA on skin structure and integrity – wrinkle formation, tumor initiation, 

immunosuppression, and tumor invasion in surrounding tissue (55). 

Even before the carcinogenic effects occur, UVR has the ability to suppress 

immune cell responses (56). In general, it is considered that DNA damage, 

isomerisation of urocanic acid, and cell membrane changes are primarily responsible 

for the UVR-mediated immunosuppression. They influence the number of Langerhans 
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cells in the skin, modulate the cytokine expression and affect the T cell populations 

infiltrating the skin. In turn, this results in both local and systemic immunosuppression 

(57). In the case of UVA, it has been reported that it attenuates the antigen-presenting 

capability of dermal fibroblasts in a dose-dependent manner even at doses as low as 

5 J/cm2. This effect seems to be at least to some extent ROS-mediated (58).  

As shown above, UVA irradiation and the resulting ROS production have a 

plethora of effects on a variety of skin cells and cellular structures. They can modify 

healthy skin cells, leading to malignancies. However, the adverse effects of UVA do 

not end with tumor initiation, immune suppression, and ECM remodelling. It has been 

reported that UVA can also influence metabolic processes in tumor cells (53).  

1.2.3. UVA induces and enhances metabolic changes in skin and skin cancer 

Ever since the beginning of the 20th century, cellular metabolism has been under 

extensive investigation. As discussed above, UV-radiation is an environmental risk 

factor that promotes the generation of reactive oxygen species and can harm the cells 

and tissues on a structural level by disrupting cell membranes (59) and degrading the 

extracellular matrix (15, 60). In addition to that, studies have shown that UV-radiation 

is also responsible for a variety of metabolic changes occurring in the skin cells. 

The most well-known metabolic change caused by UV-light is the induction of 

melanin production in melanocytes (61, 62). Unlike UVB, which causes delayed skin 

pigmentation via transcriptional activation of melanin-producing enzymes, UVA-

irradiation results in immediate pigment darkening (63, 64). This UVA-promoted 

pigmentation is facilitated by Ca2+ and retinal signalling and results in melanin 

synthesis 1-4h after irradiation (62). The speed of this reaction reflects the need for 

rapid mitigation of UV-damage to the skin, in which melanin plays a crucial role by 

acting as a natural sunscreen and absorbing 50-75% of UVR (11). 

Melanocytes are not the only cell type to react to irradiation. UV-induced 

metabolic changes have been observed also in keratinocytes. Keratinocytes are the 

skin cells that most exposed to UVR, being the major component of the first vital skin 

layer – the epidermis. UVR exposure results in disruption of the lipid balance in these 

cells, especially influencing the metabolism of phospholipids and ceramides (65).  
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Another important UV-mediated metabolic change can be observed in the 

biosynthesis of dehydroretinol. Retinol (also known as Vitamin A1) and its metabolites 

play a crucial role in epithelial differentiation, cell proliferation, or cell cycle arrest (66). 

A desaturation product of retinol at C3-4, dehydroretinol (Vitamin A2) has been 

observed to play a role in protecting the retina of some gecko species from UV radiation 

(67). In humans, dehydroretinol is produced by keratinocytes and are abundantly 

present in the upper layers of the epidermis (2- and 9-fold higher in the stratum 

granulosum and stratum corneum, respectively, than the amounts in the basal cell 

layer) (68, 69). The correlation between UVR and retinol production has been 

established by the work of Tafrova et al., who managed to show that irradiation with 

both UVA and UVB promote dehydroretinol biosynthesis. Furthermore, they also 

showed that this metabolite successfully reduces UVA/B-induced apoptosis (69). This, 

together with the proposed role of dehydroretinol as potential anti-cancer metabolite 

(70), supports its role in UV-induced skin cancer protection.  

Even fibroblasts in the deeper layers of the dermis are not spared the influences 

of UV-radiation. Both UVA and UVB can modulate phospholipid metabolism in these 

cells (71).  

In addition to influencing the metabolism of healthy skin cells, UVR has also 

further negative effects on skin malignancies. Tumor cells have long been known to be 

metabolically dysregulated, switching their glucose metabolism from oxidative 

phosphorylation to glycolysis with enhanced lactic acid production even in the 

presence of oxygen (also known as Warburg Effect) (72). In this process, most of the 

glucose taken in by the cell is not utilised in the Krebs cycle and oxidative 

phosphorylation for the production of energy (in form of ATP). Instead, the intermediary 

product of glycolysis, pyruvate, is metabolized to lactate. Although still yielding ATP to 

the cell, this process of obtaining energy is inefficient compared to mitochondrial 

respiration, resulting in less ATP per molecule glucose (2 mol ATP from glycolysis, 

compared to 30-34 mol from oxidative phosphorylation) (73-75). Still, this metabolic 

deviation from the standard energy production has its benefits for the tumor cells. First, 

the large amounts of glucose consumed are used as a carbon source to facilitate 

proliferation-associated anabolic processes like DNA, protein, and lipid synthesis. In 

addition, the aerobic fermentation of glucose is 10-100 times faster than its complete 

oxidation in the mitochondria, resulting in similar energy levels to normal respiration, 
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albeit at the cost of increased glucose consumption (76, 77). Another positive result of 

the Warburg effect is the production of lactate. Due to the acidic environment it 

generates, lactic acid has been known to have a strong influence on tumor 

microenvironment. It increases hyaluronan production in fibroblasts, followed by 

elevated expression of CD44, resulting in an environment that promotes growth and 

motility of cancer cells (76, 77). Increased lactate concentrations in the tumor stroma 

can also lead to attenuation of immune responses (76, 78, 79). 

In addition to the already present Warburg effect in tumors, UVA has been shown 

to increase its prevalence in irradiated cancer cells (53). Kamenisch et al. report that 

UVA-irradiation of melanoma cells can lead to increased glucose consumption and 

lactate production. Furthermore, key MMPs such as MMP2 and MMP 9 were 

upregulated in both UVA irradiated and lactic acid-treated samples, supporting the 

connection between the UVA-induced metabolic changes and tumor migration. These 

metabolic changes were also, at least partially, due to ROS production. 

There have been indications of UVA-mediated metabolic changes in normal skin 

cells, showing up-regulation of glucose metabolism-related genes in keratinocytes (80) 

but the research in this field is still incomplete and warrants further investigations.  

1.2.4. Cellular anti-oxidative strategies against UVA-generated ROS 

Since UVA is capable of generating ROS which are harmful to a variety of cellular 

structures, it is logical to assume that the cells have developed means to counter and 

detoxify such toxic compounds (53). Such endogenous antioxidants are of great 

interest both in the field of clinical applications and cosmetics. Using substances that 

the body itself can synthesize in topical or oral formulations can increase product safety 

and patient tolerability. Especially in the field of skin care, substances that can reduce 

the adverse effects of sun exposure are of high demand. 

Indeed, several metabolic products, including the ones derived from the aerobic 

fermentation of glucose, have been reported to fulfil the role of endogenous 

antioxidants.  

One of the most well-studied and described cellular antioxidants is glutathione 

(GSH), due to it being ubiquitous throughout the body. The enzyme glutathione 

peroxidase detoxifies lipid peroxides into alcohols with GSH as a cofactor. The oxidized 
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form of GSH, glutathione disulphide (GSSG), can be “regenerated” back to its original 

form by the enzyme glutathione reductase and by NADPH. This makes GSH readily 

available in large quantities when ROS detoxification is needed (81). 

Lactate, the main product of aerobic glycolysis, albeit not as well studied as GSH, 

has also shown antioxidant potential. Groussard et al. have shown that adding lactate 

to hepatocyte culture leads to a decrease of superoxide anion and hydroxyl radical 

levels in a dose-dependent manner (82). It has also been shown that sodium lactate 

can serve as an antioxidant and food preservative (83) and has been officially allowed 

as such by the European Union under the number E325 (84).  

In addition to lactate, the intermediary product of glycolysis, pyruvate, has also 

been considered a potent antioxidant (85). In the presence of ROS, pyruvate can be 

non-enzymatically decarboxylated to acetate exerting its protective function in the cells 

(86-88). A more recent study has shown that pyruvate successfully scavenges 

hydrogen peroxide from the cell culture medium and exerts protective functions in 

oxidant-treated fibroblasts and embryonic stem cells (89). The connection between 

pyruvate’s scavenger properties and UVR-induced ROS has been established by 

Gupta et al. with emphasis on UVB (90). This study shows that oral and topical 

application of pyruvate significantly reduced and delays UVB-induced erythema in 

guinea pigs and deems it suitable as a novel sunscreen agent.  

Although both lactate and pyruvate seem to have antioxidant properties, there 

have been studies raising concerns about the ability of both compounds to induce 

ROS. Bassenge et al. have shown that increased lactate levels in guinea pig hearts 

lead to increased ROS levels (91). Tauffenberger and associates also show linear 

correlation between increasing ROS levels and increasing lactate concentrations but 

also detects increased ROS production in pyruvate treated samples (92). However, 

considering that lactate helps skin tumors to escape immune-surveillance (78), using 

lactate as an antioxidant for clinical and cosmetic applications seems to be the less 

viable option compared to pyruvate. In addition to that, there are studies showing that 

lactate can promote the expression of MMPs (93, 94), which could further increase the 

effects of photo aging. Therefore, it was decided that the investigation of the potential 

antioxidant properties of pyruvate is of greater interest for possible clinical applications. 

Elaborating on the influences that high pyruvate levels have on cell metabolism would 

be helpful in order to determine pyruvate’s potential implementation as an antioxidant 
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in topical skin care. There have been studies showing that topical application of 

pyruvate in guinea pigs can reduce UVB-induced erythema (90), thus indicating the 

applicability of pyruvate in UV-protection. Therefore, it is important to study in more 

detail how exactly pyruvate would interact with UVA in regard to influencing human 

cells and skin. 

 

1.3. Aim of the thesis 

As shown above, UVR plays an important role in our everyday lives. It modifies 

cellular metabolism and can have adverse health effects, ranging from photoaging to 

cancer development. A better understanding of the metabolic changes, occurring in 

the cells and tissues is the first step in providing adequate prevention and treatment of 

UVR-induced damage.  

This work concentrates on the metabolic changes occurring in non-malignant skin 

cells – keratinocytes, melanocytes, and fibroblasts, with emphasise on UVA. UVA is 

the most abundant type of UVR on the Earth’s surface and is also the one penetrating 

deepest into the skin. The aim of this thesis is to answer the question what are the 

influences of UVA on the metabolism of non-malignant cells of human and murine 

origin. It will also investigate the role of pyruvate as an antioxidant during UV-irradiation 

and elaborate on its functions in modulating the metabolism of cells and skin explants, 

as well as its role on the expression of MMPs.  
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2. Materials and methods 

2.1. Materials 

Table 1 a: Chemicals and Reagents 

Chemical/Reagent Distributor Product 

number 

Used for 

Primer Random p(dN)6 Roche 11034731001 Reverse transcription 

of cDNA 

Nuclease P-1 from 

Penicillium citrinum 

Sigma-Aldrich  N8630 8-OHdG Elisa 

D-(+)-Glucose solution, 

100 g/L in H2O 

Sigma-Aldrich  G8644 Medium preparation 

for cell culture 

2-Deoxy-D-glucose Sigma-Aldrich  D8375 Glycolysis inhibition 

Oxythiamine chloride 

hydrochloride 

Sigma-Aldrich  O4000 Pentose phosphate 

pathway inhibition  

2′,7′-Dichlorofluorescin 
diacetate 

Sigma-Aldrich  D6883 ROS detection 

α-Nicotinamide adenine 

dinucleotide (NADH) 

Sigma-Aldrich  N6879 NBTC vitality test 

Nitrotetrazolium Blue 

chloride (NBTC) 

Sigma-Aldrich  N6876 NBTC vitality test 

Ringer solution  B.Braun 

Melsungen AG 

9517170 NBTC vitality test 

Penicillin-Streptomycin Sigma-Aldrich  P0781 Cell culture 

L-Glutamine Sigma-Aldrich  G7513 Cell culture 

Trypsin-EDTA solution Sigma-Aldrich  T4174 Cell culture 

dNTP New England 

BioLabs 

N0446S Reverse transcription 

Sodium Pyruvate  

100 mM 

Thermo Fisher 11360070 ROS quencher in cell 

culture experiments 

DPBS, no calcium, no 

magnesium 

Thermo Fisher 14190094 Cell culture 
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Table 1 b: Chemicals and Reagents 

Chemical/Reagent Distributor Product number Used for 

Lactate Standard  

40 mg/dl 

Trinity Biotech 826-10 Colorimetric lactate 

detection in cell 

supernatant (product 

discontinued) 

Ethanol absolute for 

analysis 

Labochem 

international 

LC-4045.1 DNA/RNA extraction 

Sulfuric acid Merck  112080 Colorimetric glucose 

detection 

Zinc chloride Roth 3533.1 8-OHdG detection 

Sodium chloride Roth 3957 8-OHdG detection 

Sodium acetate 

anhydrous 

Merck 106236 8-OHdG detection 

Trizma base Sigma-Aldrich T1503-500G 8-OHdG detection 

Magnesium chloride Roth 2186 8-OHdG detection 

Sodium pyruvate-

13C3, 99 atom % 

13C 

Sigma Aldrich 490717 Pyruvate labelling 

experiments  

GLUCOSE-D U-

13C6 99%13C 

Eurisotop  CLM-1396-1 Glucose labelling 

experiments  

Amphotericin B from 

Streptomyces 

Sigma Aldrich A2942 Mouse skin ex vivo 

cultivation 

Trypsin 10x 

concentrated 

Sigma Aldrich  Cell culture (cell 

detachment) 

Tissue-Tek Sacura 4583 Embedding of tissue 

for cryotome cutting  

Braunol B.Braun 

Melsungen AG 

3864154 Isolation of mouse 

keratinocytes 

Aquatex mounting 

agent 

Merck 108562 Mounting of tissue 

sections 

Ciprofloxacin Fresenius Kabi PZN: 3506088 Cell culture, isolation 

of fibroblasts from 

patient samples 
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Table 1 c: Chemicals and Reagents 

Chemical/Reagent Distributor Product 

number 

Used for 

Formic acid 98 %-100 % Merck 533002 NMR, metabolite 

quantification in 1D 

CPMG 

Deuterium oxide  Sigma-Aldrich 293040 NMR, metabolite 

quantification of 

filtered samples in 

1D CPMG and 2D 

HSQC 

di-Potassium hydrogen 

phosphate trihydrate  

Merck 105099 NMR buffer 

Potassium dihydrogen 

phosphate  

Merck 104873 NMR buffer  

2-Mercaptoethanol Sigma Aldrich M3148 RNA extraction 

 

 

 

  



20 
 

Table 2: Assay Kits 

Kit Distributor Product 

number 

Used for 

Glucose (GO) Assay 

Kit 

Sigma-

Aldrich/Merck 

GAGO20 Colorimetric glucose 

detection in cell 

supernatant 

Lactate kit reagent Trinity Biotech 735-10 Colorimetric lactate 

detection in cell 

supernatant 

(product 

discontinued) 

Lactate Assay Kit Sigma-

Aldrich/Merck 

MAK064 Colorimetric lactate 

detection in cell 

supernatant  

OxiSelect™ Oxidative 

DNA Damage ELISA 

Kit  

Cell Biolabs, Inc. STA-320 8-OHdG 

Quantitation 

QIAmp DNA Mini Kit QIAGEN 51306 DNA extraction from 

cells and tissues 

NucleoSpin RNA Macherey-Nagel 740955.250 RNA Extraction from 

cells 

FastStart Essential 

DNA Green Master 

Roche 06924204001 qPCR analysis 

SuperScriptII 

Reverse transcriptase 

Invitrogen/Thermo 

Fisher 

18064-014 Reverse 

transcription of 

cDNA 

EnzyChrom™ 

Pyruvate Assay Kit 

BioAssay 

Systems 

EPYR-100 Pyruvate detection 

in cell supernatant 

AO/PI Cell Viability Kit 

for Luna FL 

Biozym/BioCat 87045/F23001-

LG 

Cell counting, Cell 

viability 

determination 
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Table 3 a: Other consumables 

Consumable  Distributor Product 

number 

Used for 

Cellstar 50 ml tubes Greiner Bio-One 227261 Cell culture 

Cellstar 15 ml tubes Greiner Bio-One 188271 Cell culture 

Corning® 500 mL 

Vacuum Filter/Storage 

Bottle System 

Corning 431097 Filtering of cell 

culture medium 

Serologic Pipet 10 ml SARSTEDT 86.1254.001 Cell culture 

Serologic Pipet 5 ml Greiner Bio-One 606180 Cell culture 

Serologic Pipet 25 ml Greiner Bio-One 760180 Cell culture 

Cell Counting Slides 

for Luna, 1000 Counts 

Biozym/BioCat 872011/L1200

4-LG 

Cell counting 

Costar® 6-well Clear 

TC-treated Multiple 

Well Plates 

Corning 3516  

20 cm petri dish 

Nuclon Delta 

Thermo Scientific 168381 Cell culture, 8-OHdG 

experiments 

Corning® 96-well Flat 

Clear Bottom Black 

Polystyrene TC-

treated Microplates 

Corning 3904 DCFDA-ROS 

detection 

Corning® 96-well 

Clear Flat Bottom 

Polystyrene TC-

treated Microplates 

Corning 3598 Glucose/Lactate 

measurment 

Costar 24-well Cell 

Culture Plateslates 

Corning 3524 Tissue culture 

Falcon 10 cm tissue 

culture dish 

Corning 353003 Cell culture, inhibitor 

experimente 

Primaria Easy Grip 

Cell Culture Dishes 

Corning 353801 Cell culture, isolation 

of fibroblasts from 

patient samples 
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Table 3 b: Other consumables 

Consumable  Distributor Product 

number 

Used for 

Falcon® 25cm² 

Rectangular Canted 

Neck Cell Culture 

Flask 

(T25) 

Corning 353108 Cell culture, isolation 

of fibroblasts from 

patient samples 

Falcon® 75cm² 

Rectangular Canted 

Neck Cell Culture 

Flask 

(T75) 

Corning 353136 Cell culture 

Falcon® 150cm² 

Rectangular Canted 

Neck Cell Culture 

Flask 

(T150) 

Corning 355001 Cell culture 

Steriflip-GP Merck Millipore SCGP00525 Sterile filtering of FCS 

and other medium 

supplements 

EASYstrainer 70 µm Greiner Bio-One 542070 Isolation of mouse 

keratinocytes 

Leica 818 High profile 

Microtome Blades 

Leica 

Biosystems 

14035838926 Cryotome sectioning 

ProbeOn Olus 

Microscope slides 

Fisher Biotech 15-188-52 Cryotome sectioning 

LightCycler 480 

multiwell plate 96, 

white 

Roche 04729692001 qPCR 
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Table 3 c: Other consumables 

Consumable  Distributor Product 

number 

Used for 

Amicon® Ultra-4 

Centrifugal Filter Unit 

Merck Millipore UFC801024 Sample 

centrifugation/protein 

removal from NMR 

samples 

NMR glass tubes Bruker  NMR measurements 

 

Table 4: Cell culture medium and supplements 

Cell culture 

medium/supplements 

Distributor Product 

number 

Used for 

CM-1Freeze medium CLS 800125 Freezing cells for 

liquid nitrogen 

storage 

DMEM Gibco Thermo Fisher 11880036 Fibroblasts 

DMEM 1g/L Glucose PAN Biotech P04-01159 Fibroblasts 

DMEM wo Glucose, 

wo Pyruvate 

PAN Biotech  P04-01548 Fibroblast and Mouse 

skin experiments 

Dermal Cell Basal 

Medium 

ATCC  PCS-200-030 Mouse keratinocytes 

and human 

melanocytes 

Keratinocyte Growth 

Kit 

ATCC PCS-200-040 Culturing of murine 

keratinocytes 

Adult Melanocyte 

Growth Kit 

ATCC PCS-200-042 Culturing of human 

melanocytes 

Epi Life Keratinocyte 

medium  

Thermo Fisher MEPI500CA Human Keratinocytes 

Human Keratinocyte 

Growth Supplement 

Thermo Fisher S0015 Human Keratinocytes 

Fetal+ High 

Performance Serum 

anprotec AC-SM-0161 Cell culture 
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Table 5: Cells 

Cells Distributor Product number 

Human Epidermal 

Keratinocytes, 

adult (HEKa) 

Thermo Fisher C0055C 

Murine 

Keratinocytes 

Self-isolated from donor mice (129 

SV/EV) 

- 

Human Epidermal 

Melanocytes, 

adult (HEMa) 

ATCC PCS-200-013 

NIH 3T3 Provided by Stefan Reich, AG 

Medenbach, University Regensburg 

- 

Re5 Fibroblasts Self-isolated from patient at University 

Hospital Regensburg 

- 

WT01 Fibroblasts  Provided by Dr. Kamenisch, Self-

isolated from patient at University 

Hospital Tuebingen 

- 
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Table 6 a: Devices 

Devices Distributor Used for 

Sellamed 1200 Lamp Sellas 

Medizinische 

Geräte GmbH 

UVA irradiation 

Luna FL Automated Cell 

Counter 

Logos Biosystems, 

Inc. 

Cell counting, Cell viability, cell 

size determination 

NanoDrop 2000/2000C Thermo Scientific Determining DNA/RNA 

concentration in lysates (cells 

and skin) 

Varioskan Flash Thermo Scientific Colorimetric and fluorimetric 

measurements of glucose, 

lactate, pyruvate and ROS 

Heraeus Multifuge 3SR Kendro Laboratory 

Products 

Centrifugation of cells for cell 

culture experiments 

PCV-2400 Combined 

Centrifuge/Vortex Mixer 

Grant-bio Centrifugation of Eppendorf 

cups.  

miniSpin Centrifuge  eppendorf Centrifugation of Eppendorf 

cups.  

Centrifuge 5415R eppendorf Centrifugation of Eppendorf 

cups.  

Vortexer VWR International Mixing of samples 

Thermo Mixer Compact eppendorf DNA extraction 

LightCycler 96  Roche qPCR 

Gel chamber Bio-Rad Electrophoresis of qPCR 

product 

Power Pac 3000 Bio-Rad Electrophoresis of qPCR 

product 

Mini Shaker VWR Mixing of 96-well plates 

Water bad VWB 12 VWR Cell culture 

CO2 incubator CB 220 (E6) Binder Culturing of cells 
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Table 6 b: Devices 

Devices Distributor Used for 

CO2 incubator  

Hera Cell 

Thermo Scientific Culturing of mouse skin explants  

Cell culture bench 

Herasafe KS 

Thermo Scientific Sterile handling of cells  

Microscope Labovert FS Leitz Microscopic imaging of cells 

Camera Leica MC 170 HD Leica Microscopic imaging of cells 

MJ Research PTC-200 

Gradient Thermal Cycler 

MJ Research Reverse transcription  

Axiostar Plus Microscope Zeiss Microscopic imaging of tissue 

sections 

AxioCam ICc 1 Camera Zeiss Microscopic imaging of tissue 

sections 

1556 Akku Electric Razor Moser Shaving of mouse skin 

NMR-Spectrometer Bruker NMR measurements 
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Table 7: Programs 

Programs Distributor Used for 

GraphPad Prism 8.3.1 GraphPad Statistical analysis  

LightCycler 96 SW 1.1 Roche qPCR analysis 

NanoDrop 2000/2000C Thermo Scientific Determining DNA/RNA 

concentration in lysates (cells 

and skin) 

Excel Microsoft Data calculation 

Power Point Microsoft Picture design 

SkanIt RE for Varioskan 

Flash 2.4.5  

Thermo Scientific Colorimetric and fluorimetric 

measurements of glucose, 

lactate, 8-OHdG and ROS 

LAS V4.13 Leica Cell culture imaging  

Axiovision Zeiss Microscopic imaging of tissue 

sections 

Chenomx Processor Chenomx Inc. Processing of NMR data 

Chenomx Profiler Chenomx Inc. Evaluation of NMR data 

TopSpin Bruker Processing of NMR data 

AMIX Bruker Evaluation of NMR data 

Cytoscape 3.7.2 Cytoscape 

Consortium 

Mapping of metabolic network  
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Table 8: Special buffers 

Buffer Composition Used for 

P1-Buffer 20mM Sodium acetate 

5mM Zinc chloride 

50mM Sodium chloride 

pH 5.2 

8-OHdG ELISA 

PhosA-Bufer 10mM Tris HCl, pH 8 

5mM Magnesium chloride 

5mM Zinc chloride 

8-OHdG ELISA 

NMR-Buffer (pH 7.4; 

0.1 M) 

8.02 ml 1 M K2HPO4 

1.98 ml 1M KH2PO4 

Fill up to 100 ml with H2O dest. 

30 mg Borat  

25 ml D2O containing TSP  

NMR 
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2.2. NMR-Spectroscopy – background and applications 

2.2.1. Principles of NMR-spectroscopy 

In the complex structure of a molecule, every atom consists of a nucleus and an 

electron cloud. The nucleus contains positively charged protons and neutrons that 

possess no charge. The behaviour of the charged nucleus in an externally applied 

magnetic field is the foundation upon which the nuclear magnetic resonance (NMR) 

spectroscopy is performed. NMR is a non-invasive technique that does not require 

sample separation or derivatization and yields results even with small sample 

concentrations down to the low micromolar range, making it the perfect tool for a high-

throughput metabolic analysis of biological samples (95). 

2.2.1.1. Characterisation of the atomic nucleus 

If one assumes that an atomic nucleus is spherical and rotates around its axis, 

then it should possess a nuclear angular momentum P (96). However, the nucleus is 

not a homogeneous entity but, as mentioned above, consists of protons and neutrons 

who also possess their own spin. The nuclear spin angular momentum is a vector 

quantity with magnitude given by equation (i) in which I (I = 0, ½, 1, 3/2 and up to 7) is 

the angular momentum quantum number and h the Plank’s constant. For each 

nucleus, I is, in turn, a vector combination of the proton and neutron spins. When a 

nucleus possesses even numbers of both protons and neutrons, their spins are 

“paired”, resulting in I = 0 and subsequently a nuclear spin angular moment that also 

equals zero. Only nuclei with a nuclear spin angular momentum unequal to zero (i.e. I 

≠0) are NMR active (96, 97). 

(i) 

�⃗� =
ℎ

2𝜋
√𝐼(𝐼 + 1) = ħ√𝐼(𝐼 + 1) 

Since the magnetic moment is connected to the spin angular momentum, namely 

it is proportional to the angular momentum P and the gyromagnetic ratio γ, it can be 

described as follows: 
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(ii) 

µ⃗ = �⃗� . 𝛾 

Normally in a three-dimensional space (described by x-, y- and z-axes), the 

protons of the nucleus have no specific orientation. However, if a strong magnetic field 

B0 is applied to the particle along one of the axes (for example z), this leads to the re-

orientation of the magnetic fields of the particles along the applied field.  

Another important attribute of the proton should be also taken into consideration, 

namely the directional quantum number mI. Under non-magnetized conditions, the 

nuclei have no specific orientation. In an applied magnetic field B0, the directional 

quantum number can assume values mI = I, I-1,…, -I. Especially 1H and 13C nuclei with 

I = ½, mI has only two possible values (+1/2 and -1/2), meaning the nuclei can be either 

parallel or anti-parallel to the magnetic field. Each of these orientations has its own 

energy levels, with the anti-parallel one possessing a higher energy state than the 

parallel one (see Fig. 4).  

 

Fig. 4: Energy levels of a ½-spin nucleus in an applied magnetic field B0. (Graph from Gerothanassis et 

al. 2002 (96).) 

This difference in energy is described by the magnetic and angular momentum 

of the particle in the applied magnetic field by combining equation (i) with the values 

for the nuclear quantum number m (m = +/- ½ for 1H protons): 
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(iii) 

𝑃𝑧
⃗⃗  ⃗ =  ħ𝑚 

(iv) 

𝐸𝑚 = −𝛾𝑃𝑧𝐵𝑜 

The difference between the two energy states for orientations parallel and anti-

parallel to the field can be thus expressed as: 

(v) 

∆𝐸 = 𝛾ħ𝐵𝑜 

As evident from equation (v) ∆𝑬 is proportional to the strength of the applied 

magnetic field, with stronger magnets resulting in higher energy difference between 

the states. The higher ∆𝑬 the larger the population difference between parallel and 

antiparallel orientation of the nuclei. This population difference will then be exploited in 

the respective NMR experiment to induce an electric signal in the receiver coil. The 

stronger the detected signal, the more exact the measurement. A stronger signal can 

also be achieved by choosing nuclei with a higher gyromagnetic ratio and high natural 

abundance, making 1H a highly popular NMR target.  

In addition to the differences in alignment and energy between the particles, the 

applied magnetic field results in a gyroscopic movement of the magnetic field of the 

nucleus known as Larmor precession. The precession frequency ν0 is described by the 

following equation: 

(vi) 

𝜈0 = |𝛾|𝐵0/2𝜋 

However, since the nucleus is shielded from the external magnetic field B0 by the 

electron cloud enveloping it, the magnetic field that it experiences differs from the one 

actually applied. Therefore, the precession frequency should be corrected for the 

electron shielding σ (98):  
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(vii) 

𝜈0 = |𝛾|
𝐵0

2𝜋
(1 − 𝜎) 

The nuclear precession results in an angle θ between the nuclear magnetic 

moment µ and the applied magnetic field B0 (see Fig. 5 A). If in addition to B0 a second 

weaker magnetic field B1, perpendicular to the B0-µ plane is applied, usually supplied 

by radio frequency (rf) magnetic waves, a torque is exerted on the magnetic moment 

µ, followed by an increase in θ (Fig. 5 B). When the frequency of the secondary field 

B1 is equal to the Larmor precession frequency of the nucleus, it results in the transition 

of the proton from one energy level to another. This condition is described as 

resonance.  

 

Fig. 5: (A) Precession of the magnetic moment µ in an applied external magnetic field B0. (B) Influence 

of a rotating weak magnetic field B1 (perpendicular to the B0-µ plane) on the precession of the magnetic 

moment µ. The generated force F results in increasing θ, the angle between µ and B0. (Graphs modified 

from Gerothanassis et al. 2002 (96).) 

To be able to use this resonance for NMR spectroscopy, the secondary rf-field is 

applied until the proton, initially rotating around the z-axis along the primary magnetic 

field B0, tilts by 90° and starts rotating in the x-y-plane. Consequently, in a receiver coil 

mounted in the x,y-plane an electric signal called free induction decay (FID) will be 

induced. With no additional rf-field applied, the particles tend to return to their initial 
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orientation in a process known as relaxation. There are two different components in 

nuclear relaxation – longitudinal (spin-lattice) relaxation and transversal (spin-spin) 

relaxation, both occurring during distinct time periods. The longitudinal relaxation 

represents the energy exchange between the spin states and the surrounding medium. 

It is described by the time T1 needed by the protons to reach equilibrium magnetization, 

returning to their initial orientation before the application of the rf-field. In summary, the 

spin-lattice relaxation influences the lifetime of the spin energy populations. The spin-

spin relaxation, or transverse relaxation, on the other hand, represents the energy 

exchange between the different nuclear spins themselves. Described by time T2 it 

determines the duration of the FID signal. During the spin-spin relaxation, a process 

called ‘fanning’ occurs, diminishing the strength of the received signal, despite the 

magnetic moments of the population still being aligned with the x-y-plane. The strength 

of the detected signal is proportional to the total magnetic moment of the sample, which 

is, in turn, linear to the total number of nuclei re-oriented by the rf-pulse (99). This can 

also be used for metabolite quantification since stronger signals correlate to a higher 

abundance of the corresponding compound in the sample.  

The interactions between the different atoms in a molecule can influence the 

relaxation times, providing more information about the molecular structure and 

chemical interactions. There are two effects that are mainly used to identify different 

compounds in a complex solution – chemical shift and spin-spin coupling.  

2.2.1.2. The chemical shift 

As mentioned above, due to the shielding of the electron cloud, the effective 

magnetic field influencing the nucleus differs from the applied one The precession 

frequency of the proton depends on the electron shielding, which implies that the 

resonance frequency required to achieve it also depends on the shielding, as illustrated 

in equation (vii). Not only the electrons directly surrounding the nucleus of interest (for 

example 1H) but also the surrounding atoms in a chemical group exert influence on the 

shielding of the proton. Therefore, 1H protons in OH- and CH3-groups for example have 

different electron shielding and precession frequencies, resulting in different resonance 

frequencies. These differences in resonance, compared to the expected values for an 

unshielded proton, are known as chemical shifts δ (100). Chemical shifts are presented 

in parts per million (ppm) and are described by the equation:  
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Where 𝜔𝑇𝑀𝑆  stands for the precession frequency of a reference compound 

(Trimethylsilylpropanoic acid (TSP)) which gives a single signal at a position where 

usually no other signals are expected, 𝜔𝑥 is the precession frequency of the substance 

of interest,  𝜔0 is the precession frequency of the rotating frame, and σ is the 

corresponding shielding. It is considered that the position of the reference signal has 

δ = 0 (96, 100).  

2.2.1.3. Spin-spin coupling 

Another important aspect to take into account when characterizing a measured 

compound is the spin-spin coupling. It arises due to interactions between neighbouring 

nuclei in a molecule. The magnetic field created by each nucleus influences the overall 

magnetic field experienced by the rest of the nuclei and thus modifies their resonance 

frequencies. There are two major coupling effects that can influence the NMR-

readout – the scalar and the dipole coupling.  

The interactions between nuclei facilitated by the bonding electrons are 

represented by the scalar or J-coupling constant nJax, where n indicates the number of 

covalent bonds separating two nuclei a and x. Since the scalar coupling is independent 

of the applied magnetic field, it is expressed in hertz (Hz) and not in ppm. The magnetic 

field from the nucleus influences the surrounding electron cloud, which in turn 

influences the electron cloud around the neighbouring proton, thus further relaying the 

influence of the first nucleus. The strength of the scalar coupling is dependent on the 

number of bonds separating two interacting nuclei but not on the molecule’s orientation 

(96, 100).  

A molecule experiencing scalar coupling shows a distinct pattern in its NMR 

spectrum. This pattern depends on the chemical shift between the nuclei and the 

number of interacting spins. Nuclei, possessing the same magnetic environment, as in 

the case of the 1H nuclei of a CH3Cl molecule, are called equivalent and yield a single 

signal in an NMR spectrum. The number of signals depends on the number of non-
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equivalent groups in a molecule. For example, in ethanol (CH3CH2OH) there are three 

distinct groups – methyl, methylene, and hydroxyl, resulting in three separate signal 

groups. The number of multiplets in a group, on the other hand, depends on the 

number of the neighbouring nuclei (n), leading to splitting the signal into n+1 peaks. 

This means that the methyl group of ethanol will have a triplet signal due to the 

neighbouring methylene group (i.e. nuclei in methylene being n=2).  

2.2.1.4. Fourier transformation 

As discussed in 2.1.3. every nucleus and functional group in a molecule have 

specific characteristics allowing them to be identified in an NMR spectrum. However, 

the initial read-out from am NMR spectrometer (i.e. the measured FID) is a sinusoid 

function of time where there is no clear distinction between the different functional 

groups of a compound. Since the FID signal cannot be directly used for identification 

or quantitation of the measured sample, the readout is mathematically transformed 

using the so-called Fourier transformation (100). As mentioned, the FID acquired by 

the spectrometer is a function of time, with the intensity being measured at discrete 

time intervals. The Fourier transformation processes the FID into a frequency magnetic 

resonance function as shown in Fig. 6 (100-102). 

 

Fig. 6: Fourier transformation of FID into a resonance function spectrum. (Graph adapted from Trindade 

and Lourol 2020 (102).) 

2.2.2. 1D and 2D NMR 

Using the NMR technique, it is possible not only to identify different compounds 

in a complex mixture such as cell lysate or supernatant but also to quantify them using 

the area under the spectral curve. Since the majority of organic compounds are rich in 

hydrogen, using 1H-NMR is an appropriate choice for performing sample analysis. 
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There are two major approaches to acquire an NMR spectrum – performing a one-

dimensional (1D) or multi-dimensional screening (95, 99, 103). 

In the 1H-1D-NMR, as described above, the hydrogen nuclei are excited by a 

radiofrequency pulse, the resulting signal is measured and Fourier transformation is 

performed thereafter. This results in a spectrum with a single frequency-axis, i.e. 1D-

spectrum. A multi-dimensional NMR relies on additional frequencies generating 

multiple 1D-spectra that are later used to create a multi-dimensional ‘map’ of the 

screened compounds. In this work, a two-dimensional (2D) NMR was performed on 

selected samples. 

Both 1D and 2D-NMR have their advantages and disadvantages. Using a single 

radio frequency-domain makes the 1D-NMR very fast and suitable for high-throughput 

measurements. However, conventional 1D-NMR has its limitations. Many biological 

samples, such as milk, blood, urine, or even some cell culture media, contain a high 

amount of protein. Such macromolecules need to be removed from the sample by 

ultrafiltration to achieve narrow and well-defined peaks. Broad NMR-peaks hinder peak 

discrimination and hide the signals of smaller molecules, leading to a low resolution of 

the spectrum. To resolve this, the typically fast transverse relaxation of proteins is used 

in combination with a Carr-Purcell-Meiboom-Gill sequence (CPMG), yielding a ‘clean’ 

1D spectrum(104). Another problem of 1D-NMR is signal overlap. Since a single 

frequency-axis is used to excite the nuclei, molecules with similar resonance 

frequencies end up with signals stacking over each other. This makes the identification 

of certain metabolites difficult in a simple 1D-NMR(105). 

In order to overcome signal overlap, a multi-dimensional NMR is a good 

alternative to 1D measurements. The principle used in these multiple acquisitions lies 

for example in the polarization transfer between J-coupled nuclei. In this case, the 

polarization from the more “sensitive” 1H-nuclei is transferred to the “less sensitive” 13C 

nuclei and is then re-transferred back to 1H. In the case of 2D-NMR, series of FIDs are 

acquired and combined to a “data matrix” and two orthogonal Fourier-transforms are 

performed on this data matrix resulting in a spectrum with two frequency axes. The first 

axis, also called “direct dimension”, usually represents the 1H chemical shift. The 

second axis, or “indirect dimension”, can be comprised of either 1H shifts or of 

heteronuclear shifts (i.e. 13C), depending on the experiment (95, 106). In this work, a 

heteronuclear single quantum coherence spectroscopy (HSQC) was used on a subset 
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of samples. The HSQC method uses the chemical shift of the 13C nuclei for the “indirect 

dimension”. Since the natural abundance of 13C atoms is low, only 1/100 of the 

molecules give a response, which makes 2D-HSQC-NMR perfect for labelling 

experiments. The downside of this method is time. Since multiple 1D-spectra have to 

be acquired in order to obtain a good 2D-matrix, the measurement duration per sample 

increases (95).   
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2.3. Methods 

2.3.1. Culturing of human and murine skin cells 

All cells were cultured at 37 °C and 5% CO2. Human WT01 (107) and Re5, and 

murine (NIH 3T3) fibroblasts were cultured in DMEM medium containing 10 % FCS, 

1g/L (5.5 mM) glucose, 1 mM pyruvate, and 2 mM L-glutamine. For adult human 

keratinocytes HEKa special keratinocyte medium from GIBCO was used containing 

1g/L (5.5 mM) glucose. Mouse keratinocytes were kept in an ATCC keratinocyte 

medium containing 1 g/L Glucose, 0.52 mM pyruvate, 6mM L-glutamine. For the adult 

human melanocytes HEMa special ATCC melanocyte medium with 1g/L (5.5 mM) 

Glucose, 0.52 mM pyruvate, 6mM L-glutamine was used.  

2.3.2. Isolation of human fibroblasts 

Skin biopsy sample was obtained from the University Hospital Regensburg (Ethic 

vote number 14101 0001) and given the designation Re5. Due to the small sample 

size, it was not possible to use a standard isolation protocol (see 2.3.3). Therefore, the 

skin biopsy was put whole on a Primaria cell culture dish, containing a single drop of 

DMEM-Cipro (1 g/L glucose (5.5 mM), 10% FCS, 1% Penicillin/streptomycin, 1% 

Ciprofloxacin) and incubated for 30 min at 37 °C to ensure that the skin sample sticks 

on the dish surface. Afterward, 3 ml DMEM-Cipro was added to the skin sample. It was 

cultivated at 37 °, 5% CO2 until cell-outgrowth was enough for a transfer to a T25 cell 

culture flask. Subsequently, the cells were transferred to a T75 flask, cultured in DMEM 

without Ciprofloxacin, and used for further experiments.  

2.3.3. Isolation of mouse keratinocytes 

Keratinocytes were isolated from 129 Sv/Ev WT mouse tails. After sacrificing the 

mice the tails were put for 1-2 min in Braunol solution for disinfection and were 

subsequently washed with PBS. Afterward, the tails were dipped for ca. 1 min in 70% 

ethanol and washed again with PBS. The skin was then separated from the tail using 

a scalpel and tweezers and cut into small pieces. The pieces were placed in a 6-well-

plate and incubated in trypsin/PBS solution (dilution 1:2) overnight at 4 °C. The next 

day the dermis and epidermis were separated and keratinocytes were isolated from 

the epidermis.  
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The epidermis was cut into even smaller pieces with a scalpel so that they could 

pass through a 10 ml pipette. The pieces were re-suspended in DMEM, transferred to 

a falcon tube, and centrifuged for 5 min at 1200 rpm. The supernatant was discarded; 

the pellet was reconstituted in ATCC keratinocyte medium and pipetted over a 70 µm 

cell strainer into a new falcon tube. The cell strainer was washed 1x with ATCC 

keratinocyte medium. The flow-through was centrifuged for 5 min at 1200 rpm. The 

supernatant was discarded and the cell pellet was re-suspended in ATCC keratinocyte 

medium and plated on a 6-well plate. A single skin cell sample was distributed equally 

between 3 wells. Cells were cultured for 5 days at 37 °C with 5% CO2. Afterward, the 

irradiation protocol was started as described below (see 3.2.6.).  

2.3.4. Isolation and culturing of murine skin ex vivo 

129 Sv/Ev WT mice were sacrificed and their backs shaved. The back skin was 

cut out and stretched evenly. 8 mm in diameter skin punches were taken and 

immediately transferred on a 24-well plate containing 2ml standard DMEM containing 

10 % FCS, 1 g/L glucose, 1 mM/100 µM pyruvate, 2 mM L-glutamine, and 1% 

Amphotericin B (2,5 µg/ml end concentration). In the first experimental setup, the skin 

was irradiated directly after isolation. In the second experimental setup, the punches 

were pre-incubated for one day. Afterward, the punches were transferred to a fresh 

24-well plate, containing 2 ml standard DMEM. Afterward, the irradiation was started 

as described in 2.3.5. 

2.3.5. Irradiation protocols for skin cells and explants 

2.3.5.1. Irradiation of cells 

The irradiation of skin cells was performed as follows. For human Re5 and murine 

fibroblasts, as well as human keratinocytes, 5x104 cells per well were seeded on a 6-

well plate and left to grow overnight. Human fibroblasts WT01 were seeded at density 

2x104 cells/well, due to differences in growth speed, compared to Re5. Mouse 

keratinocytes were cultured as described in 2.3.3 before irradiation. Human 

melanocytes were seeded at a density of 2x104 cells per well on a 6-well-plate. The 

cells were left to grow for 3d before the irradiation was started. 

The standard irradiation protocol is shown schematically in Fig. 7.  
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Fig. 7: Graphic representation of the standard irradiation protocol performed on skin cells. 

At the beginning of irradiation, the medium was aspirated from each well. Cells 

were irradiated in 1ml PBS. The amount of UVA per single irradiation was set at 6 J/cm2 

and provided by a Sellamed-Lamp (emission spectrum 340-420 nm, see Fig. 8). This 

particular dose was chosen since it closely correlates with the solar exposure received 

after an hour outdoor activity in the northern hemisphere (Potsdam, 

Hohenpeissenberg) (108). The cumulative daily irradiation dose of 18 J/cm2 also lies 

below the pathologic minimal erythema dose for UVA which is around 37 J/cm2 (109). 

The PBS was then aspired and 5 ml fresh medium was added to each well after the 

first irradiation. Before all subsequent irradiations, the medium was aspirated and 

collected in separate falcons and returned to the corresponding wells afterward. Three 

irradiations per day were performed. There was a 4h resting period between single 

irradiations with ON rest after the last daily irradiation. The duration of total irradiation 

was 4 days. Before the first irradiation of day 3, 1 ml fresh medium was added to each 

well to compensate for any medium loss. Early on day 5, the supernatant was collected 

for further analysis and the cells were counted. 
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Fig. 8: Spectral profile of Sellamed 1200 lamp used in all irradiation experiments. (Graph modified from 

Sellamed manual). 

2.3.5.2. Irradiation of mouse skin 

The irradiation for the skin explants was shorter than the one for cells with only 2 

days of irradiation (see Fig. 9). This was necessary in order to prevent necrosis from 

culturing the skin biopsy for too long ex vivo. For the initial stages of the ex vivo 

experiment skin punches (8mm diameter) from 129 Sv/Ev WT mice were taken and 

cultured in standard DMEM (1g/L glucose, 1mM pyruvate, 2mM L-glutamine) with 

additional Amphotericin to prevent fungal contamination. Irradiation was performed 

immediately after the skin isolation for 2 days 3-times per day with 6J/cm2 UVA per 

single irradiation, provided by Sellamed-Lamp. The culture medium was irradiated 

together with the skin biopsy contrary to the standard cell-irradiation protocol. This was 

necessary due to technical difficulties and increased danger of contamination in case 

the biopsy was transferred to PBS before each irradiation cycle.  
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Fig. 9: Irradiation protocol for mouse skin ex vivo. 

In the second experimental setup, an additional pre-incubation step overnight 

was added before the beginning of irradiation. At the end of both experiments, the 

supernatant was collected for further use. The metabolic changes were detected via 

CPMG-NMR analysis. Since the skin punches were of equal size and no significant 

medium loss was detected, no normalization to volume or weight was performed during 

the data evaluation.  

2.3.6. Colorimetric detection of glucose 

To determine the glucose consumption an enzymatic assay was performed using 

Glucose Assay Kit from Sigma (GAGO20). The principle of the detection is described 

in Fig. 10. 
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Fig. 10: Colorimetric detection of glucose using a Glucose Oxidase/Peroxidase reaction as shown in the 

Sigma-Aldrich manual for GAGO20 kit. 

The supernatant samples were diluted 1:20 in water. As a reference, fresh 

medium (without cells) was diluted 1:50 in water. A single point standard was prepared 

by diluting 5 µl stock glucose solution (provided in the kit) in 95 µl water to a final 

concentration of 50 µg/ml. Afterward, all supernatant samples, medium samples, 

standard, and blank (water) were pipetted in duplicates on a clear flat-bottom 96-well 

plate (25 µl sample per well). To each well 50 µl assay solution was added and the 

plate was incubated for 30 min at 37°C in the dark. Subsequently, 50 µl sulfuric acid 

was added to each well to stop the reaction and the plate was measured at 540 nm 

with Varioscan Flash.  

To calculate the glucose concentration Formula (ix) was used.  

(ix) 

𝑚𝑔
𝑚𝑙⁄ = (

(𝐴540  𝑆𝑎𝑚𝑝𝑙𝑒 − 𝐴540 𝐵𝑙𝑎𝑛𝑘) ∗ 0,05

𝐴540 𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 − 𝐴540 𝐵𝑙𝑎𝑛𝑘
) ∗ 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 

A540 is the mean of the absorption measured for each duplicate sample, standard 

or blank.  

The concentration of glucose at the beginning of the experiment (mg/mlstart) was 

calculated from the values for fresh medium (without cells). To calculate the total 

amount of glucose the concentration per milliliter was multiplied with the volume of 

supernatant determined at the end of the experiment (Vend). Since there was medium 

loss during the experiment due to the frequent medium transfer before and after 
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irradiation, the volume at the beginning of the experiment was set as a mean of the 

end volumes of all samples (MVend). The milligrams of consumed glucose (mgcons) were 

calculated by subtracting the amount of glucose at the end of the experiment from the 

amount of glucose at the beginning, as shown in Formula (x). 

(x) 

𝑚𝑔𝑐𝑜𝑛𝑠 = (((
𝑚𝑔

𝑚𝑙⁄ )
𝑠𝑡𝑎𝑟𝑡

∗ 𝑀𝑉𝑒𝑛𝑑 [𝑚𝑙]) − ((
𝑚𝑔

𝑚𝑙⁄ )
𝑒𝑛𝑑

∗ 𝑉𝑒𝑛𝑑 [𝑚𝑙])) 

In the end, the amount of glucose was normalized to the number of cells in million 

(N) and re-calculated in mmol, yielding a final amount of consumed glucose in 

mmol/106 cells (see Formula (xi)). 

(xi) 

𝑚𝑚𝑜𝑙
106 𝑐𝑒𝑙𝑙𝑠⁄ =  ((

𝑚𝑔𝑐𝑜𝑛𝑠

𝑁
)/180) 

The final results were plotted using GraphPad Prism 7.02. 

2.3.7. Colorimetric detection of lactate 

The detection of lactate in the supernatant was performed with two different 

colorimetric kits. The initial one was provided by Trinity Biotech. The product was 

discontinued during the experimental phase, which led to the implementation of an 

alternative kit from Sigma-Aldrich. Control tests showed that both kits yielded almost 

identical results when used on the same sample. Therefore, there was no 

discrimination between samples measured with Trinity Biotech and Sigma-Aldrich 

during the evaluation.  

Protocol for Lactate kit (Trinity Biotech) 

The samples for lactate measurement were not diluted. A single point standard 

was used during the measurements. 2 µl from each supernatant sample, medium 

sample, standard (40 mg/dl stock from Trinity Biotech), and blank (water) were pipetted 

in duplicates on a clear flat-bottom 96-well plate. To each well, 200 µl lactate reagent 
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was added and the plate was incubated for 10 min at 37 °C in the dark. Thereafter, the 

absorption was measured at 540 nm with Varioscan Flash.  

The lactate concentration was calculated using Formula (xii). 

(xii) 

𝑚𝑔
𝑚𝑙⁄ = ((

(𝐴540  𝑆𝑎𝑚𝑝𝑙𝑒 − 𝐴540 𝐵𝑙𝑎𝑛𝑘)

𝐴540 𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 − 𝐴540 𝐵𝑙𝑎𝑛𝑘
) ∗ 40) /100 

A540 is the mean of the absorption measured for each duplicate sample, standard 

or blank.  

Similar to the calculation for glucose consumption shown in 2.3.6 the calculation 

of lactate production was first normalized to sample volume. Vend is the supernatant 

volume at the end of the experiment, MVend is the mean of the end volumes of all 

samples, used to compensate for medium loss during irradiation, and mg/mlstart is the 

concentration of lactate in the fresh medium (without cells). The lactate (mgprod) was 

calculated by subtracting the amount of lactate at the beginning of the experiment from 

the amount of lactate at the end, as shown in Formula (xiii). 

(xiii) 

𝑚𝑔𝑝𝑟𝑜𝑑 = (((
𝑚𝑔

𝑚𝑙⁄ )
𝑠𝑡𝑎𝑟𝑡

∗ 𝑀𝑉𝑒𝑛𝑑 [𝑚𝑙]) − ((
𝑚𝑔

𝑚𝑙⁄ )
𝑒𝑛𝑑

∗ 𝑉𝑒𝑛𝑑 [𝑚𝑙])) 

The total amount of lactate production was normalized to the number of cells in 

million (N) and re-calculated in mmol, yielding a final amount of produced lactate in 

mmol/106 cells (see Formula (xiv)). 

 

(xiv) 

𝑚𝑚𝑜𝑙
106 𝑐𝑒𝑙𝑙𝑠⁄ =  ((

𝑚𝑔𝑝𝑟𝑜𝑑

𝑁
)/90) 

The final results were plotted using GraphPad Prism 8.3.1.  
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Protocol for Lactate kit (Sigma-Aldrich) 

The supernatant samples were diluted 1:40 in water, the fresh medium was 

measured undiluted. A standard curve was used to determine the sample 

concentration. The standard solution was prepared to a working concentration of 1 

nmol/µl as stated in the kit-manual and 0/1/2/3/4/5 µl were pipetted in duplicates on a 

clear flat-bottom 96-well plate, yielding 0/1/2/3/4/5 nmol/well standard. The final 

volume per well was filled up to 25 µl.  

For the detection reagent, a master mix was prepared for each sample, 

containing 23 µl Assay Buffer, 1 µl Enzyme Mix, and 1 µl Probe. Each supernatant 

sample and medium sample were pipetted in duplicates (25 µl per well). To each well, 

25 µl from the master mix were added and the plate was incubated for 30 min at room 

temperature protected from light. The absorbance was measured at 570 nm with 

Varioscan Flash. To calculate the nmol in the unknown sample (Sa) the plotted 

standard curve was used (see Formula (xv)).  

(xv) 

𝑆𝑎 = (𝐴 ∗ 𝑀𝑆) + 𝐵 

In Formula (xv) MS is the mean absorbance of a sample duplicate, A is the slope 

of the standard curve, and B is the intercept with the y-axis. From this, using 

Formula (xvi) the concentration in mg/ml was calculated. 

(xvi) 

𝑚𝑔
𝑚𝑙⁄ = (((𝑆𝑎/25) ∗ 90)/1000) ∗ 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 

To calculate the total amount of lactate production in mmol/106 cells Formula (xii) 

and (xiv) were used. In the end, the results were plotted using GraphPad Prism 8.3.1. 

2.3.8. NMR sample preparation and analysis 

After the UVA treatment, the supernatant from the cell samples as well as control 

media without cells was preserved at -80 °C before further preparation. For the NMR 

analysis, the samples were separated into two main categories – 1. Unfiltered samples 

for CPMG-measurement (1D-NMR); 2. Filtered samples for 2D-NMR (HSQC). 
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The preparation of the unfiltered samples was performed as follows. After thawing 

and thoroughly vortexing the samples for 30 s each, the samples from the 13C-labelling 

experiments were filtered through a 10 kD Amicon filter for 1 hour at 4 °C and 4000 G 

to remove proteins (the Amicon filters were pre-washed with water for 30 min at 4000 G 

prior to use). The rest of the measured samples were not filtered. Instead, formic acid 

was spiked into each sample to a final concentration of 2.05 mM. Following that, 400 

µl from each sample and 250 µl NMR-Buffer (for composition see Table 8: Special 

buffers) containing 6.025 mM TSP, and pipetted in glass NMR-vials. 

Unfiltered samples were used for 1D-CPMG-NMR and formic acid was used as 

a reference for quantitation. 

Filtered samples were used for 1D-CPMG- and 2D-HSQC-NMR. In both cases, 

TSP was used as a reference for quantitation. 

The data acquired from the NMR-spectrometer were then processed with 

TopSpin 3.1 to adjust the baseline, phase and reference and then imported in 

Chenomx 8.6 for final quantitation of the metabolites. The concentration of metabolites 

in the cell supernatants (cs) and in the fresh medium (cmed) were used together with 

the sample volume (vols) and the end number of cells to calculate metabolism per 

million cells. For that equation (xvii) was used. 

(xvii) 

𝑚𝑚𝑜𝑙
106 𝑐𝑒𝑙𝑙𝑠 =  

(𝐶𝑚𝑒𝑑∗𝐴𝑉𝐸𝑅𝐴𝐺𝐸 𝑣𝑜𝑙𝑠[𝐿])−(𝐶𝑠∗𝑣𝑜𝑙𝑠[𝐿])

106 𝑐𝑒𝑙𝑙𝑠

⁄  

A modification of equation (xvii) was used for calculating the amount of labelled 

metabolites in a sample in section 2.3.9). 

2.3.9. Treating cells with pyruvate and glucose (labelled/unlabelled) 

Pyruvate labelling:  

The cells were plated on 6-well plates at density 5x104 cells per well in 2 ml 

standard DMEM medium(1 mM) and incubated overnight at 37 °C. The following day 

a complete medium exchange was performed with DMEM containing 1 mM of 13C-
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Pyruvate (Sigma Aldrich; 490717). Standard 4-day irradiation was performed as 

described in 2.3.5.  

Glucose labelling:  

The cells were plated on 6-well plates at density 5x104 cells per well in 2 ml 

standard DMEM with and without Pyruvate (0 mM/1 mM) and incubated overnight at 

37 °C. The following day a complete medium exchange was performed with DMEM 

containing 1 g/L (5.5 mM) C13-Glucose (Eurisotop; CLM-1396-1) and unlabelled 

Pyruvate (0 mM/1 mM). Standard 4-day irradiation was performed as described in 

2.3.5.  

Labelling detection and calculation:  

For calculating the amount of labelled compounds, the ratio of labelled to 

unlabelled sample was used. In particular, metabolites, with the exception of lactate 

and glucose, were measured using 2D-HSQC NMR. After performing base line and 

phase correction, the resulting peaks were imported in the AMIX software where an 

automatic peak-picking was performed. The spectra of the labelled and unlabelled 

samples were overlayed and metabolites with increased signals after labelling were 

noted. The peak volume (PV) of the labelled metabolites and the corresponding ones 

from the unlabelled samples were calculated. Afterward, the ratio of the PV for the 

metabolites was divided by the PV of the TSP reference signal to compensate for 

pipetting errors of the samples. The resulting metabolite/TSP-ratios of the labelled 

samples were then divided by the corresponding metabolite/TSP-ratios of the 

unlabelled controls, resulting in the labelling coefficient LC(% labelling from total 

metabolite detected) – complete labelling would result in an LC of 100, half-labelling 

would result in an LC of 50 and so on. The labelling coefficient was then used to 

calculate the absolute values of the labelled compounds. Since the labelling itself is 

not supposed to influence the uptake of the labelled compound (pyruvate or glucose) 

by the cells, the unlabelled samples measured in Cenomx were used as an output 

value for the calculation (differences due to slight variations in the end volume and the 

number of cells between experiments were deemed negligible). The output values 

were multiplied with the labelling factor divided by 100 and the absolute amount of 

labelled substance was then calculated as described in 2.3.8. by modifying equation 

(xvii) as follows: 
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(xviii) 

𝑚𝑚𝑜𝑙

106 𝑐𝑒𝑙𝑙𝑠 =  
((𝐶𝑚𝑒𝑑∗𝐴𝑉𝐸𝑅𝐴𝐺𝐸 𝑣𝑜𝑙𝑠[𝐿])∗(𝐿𝐶 100⁄ ))−((𝐶𝑠∗𝑣𝑜𝑙𝑠[𝐿])∗(𝐿𝐶 100⁄ ))

106 𝑐𝑒𝑙𝑙𝑠

⁄  

 

As for calculating the amount of labelling in glucose and lactate, an additional 

Chenomx database for labelled compounds was downloaded and the samples were 

calculated as described in equation (xvii) in section 2.3.8.  

2.3.10. RNA extraction 

RNA extraction from the treated cells was performed via NucleoSpin RNA-

isolation kit. All buffers listed below were contained in the kit. 

The UVA treated cells (for irradiation protocol see 2.3.5.) were trypsinized, 

counted, and re-suspended in 350 µl buffer RA1 and 3.5 µl 2-Mercaptoethanol per 

sample to initiate cell lysis. The mixture was vortexed and 350 µl/sample of 70% 

ethanol were added and homogenized by pipetting several times. The samples were 

thereafter loaded on RNA-binding columns and centrifuged at 13000 rpm for 1 min. 

350 µl from buffer MDB were added to each column and the samples were centrifuged 

again at 13000 rpm for 1 min. DNase reaction mixture was then prepared by diluting 

the stock solution 1:10 in DNase reaction buffer. 95 µl of the working solution was 

added to each column and the samples were incubated for 15 min at room 

temperature. After the end of incubation, 200 µl from RAW2 buffer was added to each 

column, followed by 1 min centrifugation at 13000 rpm. For the second wash, 600 µl 

buffer RA3 was added to the samples and the columns were again centrifuged for 1 

min at 13000 rpm. Lastly, 250 µl RA3 was added to each column, followed by 2 min 

centrifugation at 13000 rpm. To elute the RNA 60 µl RNase-free water was pipetted to 

each column and centrifuged at 13000 rpm for 1 min. The samples were stored at -20 

°C until further use. 
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2.3.11. Reverse transcription and qPCR analysis 

The concentration of RNA in the samples (for isolation see 2.3.10.) was 

determined via NanoDrop. For the reverse transcription, 500 ng RNA per sample was 

used. A master mix was prepared for the reverse transcription, containing 1 µl random 

primer, 4 µl 5x buffer, 1 µl dNTPs, 1 µl DTT, and 2 µl water per sample. Up to 10 µl 

RNA was added to the mix and the rest of the volume up to 19 µl was filled with water. 

The RNA was stretched for 10 min at 70 °C. Afterward, 1 µl Superscript enzyme was 

added to each sample at room temperature followed by 45 min incubation at 42 °C and 

subsequently 10 min at 70 °C. At the end of the reverse transcription, the samples 

were cooled and stored at 4 °C. 

For the qPCR analysis following each sample contained 10 µl SybrGreen, 0.5 µl 

forward primer, 0.5 µl reverse primer, 8 µl water, and 1 µl cDNA. For the negative 

control, 1µl water was used instead of cDNA. 20 µl from each sample were pipetted in 

duplicates on a Roche 96-well LightCycler plate. Optimal annealing temperatures were 

determined for each gene of interest as shown in Table 9. 

Table 9: Product size and annealing temperatures of the tested genes. 

Gene of 

interest 

Primer sequence: forward/reverse Size of 

product 

Annealing 

temperature  

MMP1 TCACCAAGGTCTCTGAGGGTCAAGC/ 

GGATGCCATCAATGTCATCCTGAGC 

324 bp 65°C 

MMP2 CCCCAAAACGGACAAAGAG/ 

CTTCAGCACAAACAGGTTGC 

88 bp 54°C 

MMP3 CAAAACATATTTCTTTGTAGAGAGGACAA/ 

TTCAGCTATTTGCTTGGGGAAA 

91 bp 54°C 

MMP9 GAACCAATCTCACCGACAGG/ 

GCCACCCGAGTGTAACCATA 

67 bp 57°C 

MMP13 CCAGTCTCCGAGGAGAAACA/ 

AAAAACAGCTCCGCCGCATCAAC 

85 bp 60°C 

MMP15 ACGGTCGTTTTGTCTTTTCA/ 

GTCAGCGGCTGTGGGTAG 

85 bp 57°C 

TIMP1 TGGATAAACAGGGAAACACTG/ 

GATGGACTCTTGCACATCAT 

142 bp 54°C 

b-Actin CTACGTCGCCCTGGACTTCGAGC/ 

GATGGAGCCGCCGATCCACACGG 

385 bp 54-65°C 
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The LightCycler was programmed for 45 cycles of amplification. The end results 

were calculated with LightCycler 96 software and presented as a ratio to the 

housekeeper (b-actin).  

 

2.3.12. DCFDA-ROS detection 

Cells were seeded on a 10 cm dish at density of 5x105 cells per dish in DMEM 

with or without pyruvate. The cells were cultured for 2 days at 37 °C. Afterward, the 

dishes were washed 1x with DMEM without FCS. From that point all remaining steps 

were performed in the dark. The cells were stained with 100 µM DCFDA (from a 10mM 

stock dissolved in DMSO), dissolved in DMEM without FCS. The staining was 

performed for 35 min at 37°C in the dark. Some cells were left unstained to be later 

used as background control. After the end of incubation, the cells were washed 2x with 

medium without FCS. They were thereafter trypsinized, counted, and seeded on two 

black clear bottom 96well plates at density 1x104 cells per well in a total volume of 

100µl per well. One plate was left as 0J un-irradiated control and the other wan was 

immediately irradiated with a single dose of 6J UVA to induce ROS. After the 

irradiation, both plates were incubated for 30 min at 37 °C in the dark. Fluorescence 

was measured via Varioscan at Ex/Em 485 nm/530 nm.  

For the evaluation of the measurements, the values for the unstained cells were 

subtracted from the DCFDA stained cells to exclude background noise.  

2.3.13. DNA extraction 

In order to retrieve DNA for subsequent 8-OHdG experiments, UVA treated cells 

and controls (for standard irradiation protocol see 2.3.5.), cultured on 20 cm petri 

dishes at a seeding density of 8x105, were trypsinized, centrifuged, and re-suspended 

in 200 µl/sample PBS. From then on, a QUIamp Mini Kit was used for the isolation 

(proteinase K, as well as all buffers mentioned, were included in the kit). The DNA 

extraction was performed as follows.  

To each sample, 20 µl proteinase K were added and mixed thoroughly. Afterward, 

200 µl from buffer AL were pipetted to the mixture and the samples were mixed by 

pulse-vortexing for 15 sec. Immediately after that the samples were incubated at 56 °C 
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for 10 min and briefly centrifuged to remove condensation from the lid. The samples 

were loaded on the spin columns and centrifuged at 8000 rpm for 1 min. The flow-

through was discarded and 500 µl buffer AW1 was added to the columns, followed by 

centrifugation at 8000 rpm for 1 min. The flow-through was again discarded. 500 µl 

buffer AW2 was added to each sample and centrifugation at 13000 rpm for 3 min was 

performed, followed by an additional centrifugation step of 13000 rpm for 1 min to 

remove the excessive buffer from the column. The flow-through was discarded and the 

columns were placed in clean collection tubes. 60 µl buffer AE was added to each 

sample and the columns were incubated for 5 min at room temperature. Subsequently, 

the samples were centrifuged for 1 min at 8000 rpm and the eluate was stored at -20 

°C for further use. 

2.3.14. Detection of 8-OHdG as a sign of UVA-induced DNA damage 

The method used to detect oxidative DNA damage in UVA-irradiated cells was 

based on the OxiSelect™ ELISA Kit. This kit is a competitive enzyme immunoassay 

for the detection and quantitation of 8-OHdG in DNA samples. 

To prepare for the assay the stock substrate-solution was first diluted to a working 

concentration of 1 μg/mL in PBS (dilution 1:1000). Afterward, the provided multiwell 

plate was coated with 100µl working solution per well and incubated overnight at 4 °C. 

At the end of the incubation, the 8-OHdG coating solution was removed and washed 

1x with dH2O. The plate was blotted on some paper towels to remove excess fluid and 

200μl of Assay Diluent was added to each well. The plate was blocked for 1h at room 

temperature and subsequently transferred to 4°C until further use. 

Sample preparation was conducted according to the following protocol. Sample 

DNA concentration was measured by NanoDrop (for DNA extraction see 2.3.13.). The 

concentration was then adjusted to a total of 20µg DNA in 83µl (dilution of the samples 

was performed with PCR-grade water). The DNA samples were incubated at 95 °C for 

5 min and rapidly chilled on ice to stretch and convert the DNA into single strands. To 

digest the DNA into nucleosides 1.5µl/sample nuclease P1 (earlier reconstituted in P1 

buffer at a stock concentration of 3.36 U/µl) and 9.5µl/sample 200mM sodium acetate 

were added. The samples were incubated for 2h at 37 °C. Subsequently, 1µl/sample 

alkaline phosphatase (earlier reconstituted in PhosA buffer at a stock concentration of 

10.1805 U/µl) and 15µl from the 0.69M Tris HCl buffer (pH 7.5) and further incubated 
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for 1h at 37 °C. At the end of the incubation, the samples were centrifuged for 5 min at 

8000 rpm and the supernatant was collected for further use.  

The assay diluent was removed from the ELISA plate and 50µl per well from the 

8-OHdG standard (for concentration and preparation see Table 10) and unknown 

samples were pipetted in duplicates.  

Table 10: Pipetting plan and concentrations of 8-OHdG standard 

Standar

d  

8-OHdG Standard 

(μl)  

Assay Diluent 

(μl)  

8-OHdG (ng/ml)  

1  10  990  20  

2  500 of 1  500  10  

3  500 of 2  500  5  

4  500 of 3  500  2,5  

5  500 of 4  500  1.25  

6  500 of 5  500  0.625  

7  500 of 6  500  0.313  

8  500 of 7  500  0.156  

9  500 of 8  500  0.078  

10  0  500  0  

 

The plate was incubated for 10 min at room temperature on an orbital shaker. 50 

μl of the diluted anti-8-OHdG antibody (dilution 1:500) were added to each well and the 

plate was further incubated at room temperature for 1h on an orbital shaker. At the end 

of incubation, the plate was blotted on some paper towels to remove excess fluid and 

washed 3x with 200µl/well washing solution (dilution 1:10). 100 μl of the secondary 

antibody-enzyme conjugate (dilution 1:1000) were added to all wells, followed by 1h 

incubation on an orbital shaker. The plate was washed again 3x with 200µl/well 

washing solution. 100µl per well from the substrate solution was added and incubated 

for approximately 1 min, after which the reaction was stopped by adding 100µl stop 

solution into each well. The absorbance of the microwell plate was measured with a 

Varioscan Flash plate reader at 450 nm. 

For data analysis, the values from the standard were plotted in GraphPad Prism 

and the unknown values for the samples were extrapolated from the resulting curve.  
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2.3.15. NBTC-vitality-test 

Nitroblue tetrazolium chloride (NBTC) is a redox indicator. It is reduced by cell-

bound NADH-diaphorase that has activity only in viable cells. This leads to the 

production of blue granular precipitate in living cells that can be microscopically 

distinguished from unstained dead cells. The NBTC staining of mouse skin explant was 

performed as follows. 

After irradiation (for protocol see 2.3.5.), the murine skin punches were shock-

frozen in liquid nitrogen. The samples were then embedded in tissue-tek and cut via 

cryotome 8 µm thick slices. To perform the vitality staining a master mix containing 1 

ml NADH (stock 2.5 mg/ml), 2.5ml NBTC (stock 2 mg/ml), 1 ml PBS (pH 7.4) and 0.5 

ml ringer solution. From the master mix, 60 µl was pipetted on each section and the 

sections were incubated for 15 min at room temperature. Afterward, the reaction was 

stopped in PBS and the samples were covered using Aquatex mounting medium. The 

resulting staining was evaluated microscopically via Axiostar Plus Microscope and 

images were taken using AxioCam camera coupled with Axiovision software.  

 

2.3.16. Two in one cell count and viability test 

To determine the number of cells, as well as their viability, a LUNA-FL Dual 

Fluorescence Cell Counter in combination with Acridine orange/Propidium iodide 

(AO/PI) staining was used. Acridine orange (AO) and propidium iodide (PI) are nucleic 

acid binding dyes. AO can permeate both live and dead cells and intercalates with 

DNA, generating green fluorescence. PI can only enter dead cells that have poor 

membrane integrity. It then generates red fluorescence in all dead nucleated cells. In 

addition, in cells containing both AO and PI the green fluorescence is quenched and 

the cells still fluorescent red. With this, all live nucleated cells fluoresce green and all 

dead nucleated cells fluoresce red, allowing for a clear distinction between viable and 

non-viable populations.  

To perform the actual cell-count 18 µl of cell suspension were mixed with 2 µl 

AO/PI dye. From this mixture, 10 µl was pipetted on LUNA cell counting slides and 

measured in fluorescence modus with LUNA-FL.  
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3. Results 

3.1. UVA-irradiation induces increase glucose consumption and lactate 

production in a variety of non-malignant skin cells 

Since previously published data (53) show that UVA-irradiation changes the 

metabolic profile of human melanoma cells, it is important to elaborate on the metabolic 

changes in the cells surrounding the tumor – the tumor stroma, and more precisely 

keratinocytes, melanocytes, and fibroblasts.  

As mentioned previously, fibroblasts and keratinocytes, as part of the tumor-

surrounding tissue, play important role in immune modulation and skin-homeostasis. 

These cells, although not malignant themselves per se, can act together with cancer 

cells and produce substances promoting tumor spread and metastasis (110, 111).  

To better understand what metabolic changes occur in non-malignant cells after 

UVA-irradiation, healthy skin cells (keratinocytes, melanocytes, and fibroblasts) from 

both human and murine origin were irradiated with 6J/cm2 UVA for four days as 

described in 2.3.5. Changes in glucose and lactate metabolism were measured. 

3.1.1. Keratinocytes 

The first important cell-subset of the skin is the keratinocyte population. They, 

together with the melanocytes, build the upper skin layer, the epidermis, and are the 

first ones to receive damage from UVA-radiation.  

 

3.1.1.1. Murine keratinocytes 

Murine keratinocytes (mKera) were isolated from 129 Sv/Ev WT mouse (tail) and 

re-suspended in ATCC Keratinocyte medium (1g/L Glucose, 0.52mM pyruvate, 6mM 

L-glutamine) in accordance with 2.3.3. Standard 4d irradiation was performed after 

culturing the keratinocytes for five days on 6-well-plates. 

Before commencing with irradiation, a test plate was trypsinized and counted to 

determine the number of viable cells per well in the experiment. From the three 

independent experiments, the number of cells per well was approximately 3.6x104. 
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Irradiation with UVA resulted in growth retardation as seen in Fig. 11. The cells 

showed no major morphologic changes post-irradiation. The end number of cells in the 

irradiated samples was half of the one in the un-irradiated counterparts (see Fig. 11 B). 

The irradiated keratinocytes showed less viability than the un-irradiated samples. 

According to the statistical analysis performed on the samples, the 4.3 % difference in 

viability between the two irradiation conditions was significant. Its biological relevance, 

however, could be seen as disputable. The overall viability for both irradiated and un-

irradiated samples did not fall below 85 %. The number of cells did not fall below the 

level at the beginning of the experiment. 

 

Fig. 11: (A) Cell morphology and viability of mouse keratinocytes after 4d irradiation (magnification 20x). 

No major morphological changes could be detected. Dotted line indicates the amount of cells seeded. 

(n=3, Statistical analysis Student’s t-test. For significances: (ns) P > 0.05; (*) P < 0.05; (**) P < 0.005). 

The results of the colorimetric measurements of glucose consumption and lactate 

production are shown in Fig. 12. UVA irradiation increases the consumption of glucose 

and the production of lactate in irradiated murine keratinocytes, compared to un-

irradiated control.  
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Fig. 12: Metabolic data (measured from supernatant) of mouse keratinocytes after 4d irradiation. UVA 

irradiation increases glucose consumption and lactate production in healthy skin cells similar to the 

metabolic changes detected human and murine fibroblast cells. The glucose to lactate ratio showed no 

significant changes between irradiated and un-irradiated cells with ratios of 1.3 for the 0J and 1 for the 

6J samples. Dash-line represents an ideal glucose to lactate conversion of 2 associated with aerobic 

glycolysis. (n=3, Statistical analysis Student’s t-test. For significances: (ns) P > 0.05; (*) P < 0.05; (**) P 

< 0.005; (***) P < 0.0005; (****) P < 0.0001). 

In the case of un-irradiated cells, 1mol glucose is converted to approximately 

1.4 mol lactate. On the other hand, although consuming more glucose, the irradiated 

cells converted it to lactate at a ratio of approximately 1mol glucose to 1mol lactate 

(Fig. 12 and Table 12). Although un-irradiated cells showed a clear tendency of higher 

conversion ratios of 1.4 compared to a ratio of 1 in the irradiated samples, the 

difference between both irradiation conditions was not statistically significant.  

 

3.1.1.2. Human keratinocytes 

Adult human keratinocytes (HEKa) were purchased from Gibco and cultured in a 

special Gibco Keratinocyte medium. Cells were seeded on 6-well plates and standard 

irradiation protocol was performed according to 2.3.5.  
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As shown in Fig. 13 A, the irradiation leads to slight rounding of the cells and an 

increase in size compared to un-irradiated controls. Growth retardation could also be 

observed. The number of viable cells at the end of irradiation was half of the one in the 

untreated control. There is also a significant decrease in cell viability after irradiation 

with a 5.4 % reduction in viability when compared to un-irradiated samples. 

Nevertheless, the cells still proliferated slowly and did not fall below the number initially 

seeded on the plates.  

 

Fig. 13 (A) Cell morphology and viability of human adult keratinocytes after 4d irradiation (magnification 

20x). Cells tend to become rounder in shape after UVA application. (B) cell count and viability at the end 

of irradiation. There is a decrease in the number of viable cells by 50 % after UVA treatment when 

compared to un-irradiated controls. The overall cell viability also seems to decrease with irradiation. . 

Dotted line indicates the amount of cells seeded. (n=7, Statistical analysis Student’s t-test. For 

significances: (***) P < 0.0005). 

UVA irradiation increases the consumption of glucose and the production of 

lactate in irradiated human keratinocytes, compared to un-irradiated Fig. 14. The 

conversion of glucose to lactate is close to the one observed in murine keratinocytes 

with a lactate-to-glucose ratio of 1.6 for un-irradiated and 1.5 for irradiated cells (see 



59 
 

Fig. 12). Similar to murine keratinocytes, there was no significant difference in the 

lactate-to-glucose ratio between irradiated and un-irradiated samples.  
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Fig. 14: Metabolic data (measured from supernatant) of human adult keratinocytes after 4d irradiation. 

UVA irradiation increases glucose consumption and lactate production in healthy skin cells similar to the 

metabolic changes detected in human and murine fibroblasts and murine keratinocytes. The lactate-to-

glucose ratio showed no significant changes between irradiated and un-irradiated cells with ratios of 1.4 

for both the 0J and 6J samples. Dash-line represents an ideal glucose to lactate conversion of 2 

associated with aerobic glycolysis. (n=7, Statistical analysis Student’s t-test. For significances: 

(ns) P > 0.05; (***) P < 0.0005). 

 

3.1.2. Melanocytes 

As mentioned previously, melanocytes are responsible for melanin production 

and protecting the skin from solar irradiation. Earlier research has established 

melanocytes as possible precursors of melanoma (112, 113). Besides representing a 

possible increase in melanin production as a defence mechanism against UVA 

irradiation, metabolic changes in melanocytes occurring after the UVA treatment could 

potentially be seen as indicators for pre-malignant reprogramming of the cell’s 
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biomass-synthesis and energy balance. This point is important as changes in energy 

metabolism have been recognized as one of the hallmarks of cancer (114). 

Adult human melanocytes (HEMa) were purchased from ATCC and cultured in 

ATCC-Melanocyte medium (1g/L Glucose, 0,52 mM pyruvate, 6mM L-glutamine). The 

cells were seeded at a density of approximately 2x104 cells/well on a 6-well-plate. The 

cells were left to grow for 3d before the irradiation was started. Afterward, the irradiation 

was performed as described in 2.3.5. 

As seen in Fig. 15 A UVA irradiation did not result in any distinguishable 

morphologic changes. There is also no significant difference in the end number of 

viable cells after irradiation, although there is a tendency of fewer cells present after 

UVA treatment (Fig. 15 B). There were also no significant changes in overall viability 

between treated and untreated samples.  

 

Fig. 15: Cell morphology and viability of adult human melanocytes after 4d irradiation (magnification 

20x). No morphologic changes were visible after irradiation. Dotted line indicates the amount of cells 

seeded. (n=3, Statistical analysis Student’s t-test. For significances: (ns) P > 0.05). 
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As seen in Fig. 16, UVA irradiation results in increased glucose consumption and 

lactate production compared to untreated controls. The conversion of glucose to 

lactate is not complete. The amount of consumed glucose is more than the lactate 

produced at the end of treatment with a lactate to glucose ratio of 0.8 for both irradiated 

and un-irradiated samples. Like both human and murine keratinocyte samples, human 

melanocytes also showed no significant difference in the lactate-to-glucose ratios 

between UVA-treated and untreated samples. 
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Fig. 16: Metabolic data (measured from supernatant) of adult human melanocytes after 4d irradiation. 

UVA irradiation increases glucose consumption and lactate production in healthy skin cells similar to the 

metabolic changes in both human and murine fibroblasts and keratinocytes. The lactate-to-glucose ratio 

showed no significant changes between irradiated and un-irradiated cells with ratios of 0.8 for both the 

0J and the 6J samples. Dash-line represents an ideal glucose to lactate conversion of 2 associated with 

aerobic glycolysis. (n=3, Statistical analysis Student’s t-test. For significances: (ns) P > 0.05; 

(**) P < 0.005). 
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3.1.3. Fibroblasts 

Fibroblasts are the major component of the dermis and the tumor stroma. 

Furthermore, they are responsible for the correct function and stability of the 

extracellular matrix (ECM). It has been shown that UV-radiation influences the 

morphology of fibroblasts and their ability to produce collagen, thus influencing the 

integrity and elasticity of the ECM and thus the skin (115). Additionally, UV-radiation 

increases the production of matrix metalloproteinases in fibroblasts. This UV-induced 

production of matrix metalloproteinases can re-model the ECM and lead to skin 

photoaging or it can increase tumor cell migration and invasion.  

 

3.1.3.1. Murine fibroblasts 

After irradiating murine NIH 3T3 fibroblasts for four days with 6J/cm2 UVA, the 

cells showed obvious morphologic changes. As shown in Fig. 17, UVA irradiation 

resulted in a decrease in cell number, due to either apoptosis or dis-regulation in cell 

proliferation. 

 

Fig. 17: (A) Cell morphology of murine fibroblasts NIH 3T3 after 4d irradiation and (B) Number of viable 

cells and overall cell viability at the end of irradiation. Loss of membrane-protrusions and rounding of 
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the cellular body occur after repeated cycles of UVA irradiation (A) (magnification 20x). The irradiated 

cell population is only a third of their non-irradiated counterparts but both treatments show the same 

levels of overall viability (B). Dotted line indicates the amount of cells seeded. (The images are 

representative of four independent experiments (n=4), Statistical analysis Student’s t-test. For 

significances: (****) P < 0.0001). 

The cell culture medium of both irradiated and non-irradiated samples was 

unperturbed and showed no dead and floating cells. Still, cell death could not be 

completely excluded, since the rounded cells visible in Fig. 17 A after irradiation could 

be early apoptotic cells that still had not detached. Therefore, at the end of irradiation, 

the cells were collected and counted using AO/PI dye in accordance with the method 

described in 2.3.16. As evident from the results in Fig. 17 B after four days of UVA 

irradiation, the total number of cells in the treated samples is only about a third of the 

cell amount in un-irradiated samples. Still, the cells irradiated with UVA have no 

significant difference in viability when compared with their untreated counterparts. In 

addition to this, the cells continue to proliferate since the number of cells at the end of 

the experiment does not fall below the number of cells initially plated (5x104 cells per 

well), but on the contrary increases. This signals the possibility of retardation in cell 

proliferation rather than apoptosis as the main reason for the difference in the end 

number of cells between irradiated and un-irradiated samples.  
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Fig. 18: Metabolic data (measured from supernatant) of murine fibroblasts NIH 3T3 after 4d 

irradiation.UVA irradiation increases glucose consumption and lactate production in healthy skin cells 

similar to the metabolic changes detected in human melanoma cells(53). The lactate-to-glucose ratio 

showed no significant changes between irradiated and un-irradiated cells with ratios of 0.9 for both the 

0J and the 6J samples. Dash-line represents an ideal glucose to lactate conversion of 2 associated with 

aerobic glycolysis. (n=4, Statistical analysis Student’s t-test. For significances: (ns) P > 0.05; 

(****) P < 0.0001). 

After the irradiation, the supernatant of the cells was collected and a colorimetric 

determination of the glucose and lactate concentrations was performed in accordance 

with the protocol described in 2.3.6. and 2.3.7. The number of viable cells was used to 

normalize the photometrically acquired results to compensate for the already 

mentioned discrepancy in the end number of cells between treated and untreated 

samples. As seen in Fig. 18, UVA irradiation increases the consumption of glucose 

and the production of lactate in irradiated fibroblasts, compared to un-irradiated control. 

But only part of the consumed glucose is metabolized to lactate, as glycolysis should 

have resulted in approximately 1mol glucose yielding 2mol lactate (116). In the case 

of NIH 3T3, the lactate-to-glucose ratio for both irradiated and un-irradiated samples 
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was around 0.9. These results indicate that fibroblasts use glucose for other metabolic 

pathways, for example respiration, and not only glycolysis. 

3.1.3.2. Human fibroblasts 

Besides murine fibroblasts, human skin fibroblasts were also irradiated with UVA 

in accordance with the standard irradiation protocol of 6J/cm2 UVA three times per day 

for the duration of four days (see 2.3.5.). The WT01 fibroblasts were foreskin-isolates 

provided by Kamenisch et al. (107, 117). The Re5 fibroblasts were isolated from donor 

skin in accordance with the protocol in 2.3.2.  

Compared to the murine fibroblasts both WT01 and Re5 showed slightly more 

elongated morphology after irradiation, especially Re5, unlike the rounded shapes 

observed in murine cells (Fig. 17a). Still, similar to the murine samples, there are fewer 

cells after irradiation. A slight retardation in proliferation could also be observed, similar 

to the murine cells.  

 

Fig. 19: Cell morphology of human fibroblast Re5 and WT01 after 4d irradiation(magnification 20x). No 

differences in cell morphology in UVA irradiated cells compared to untreated cells could be detected. 

The images are representative of three independent experiments (n=3).  
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Similar to NIH 3T3, human fibroblasts retain their viability post-irradiation (Fig. 

20). In contrast to their murine counterparts, however, the effect of radiation was less 

pronounced in human fibroblasts but still the number of cells at the end of the 

experiment was 50% reduced compared to the untreated controls. 

 

Fig. 20: Number of viable cells and overall cell viability at the end of irradiation of human fibroblasts Re5 

(A) and WT01 (B). The irradiated cell population is only half of their non-irradiated counterparts but both 

treatments show the same levels of overall viability. Similar to Re5, the irradiated cell population is only 

half of the number of cells in the un-irradiated samples but both treatments show the same levels of 

overall viability. (n=3, Statistical analysis Student’s t-test. For significances: (***) P < 0.0005; (****) P < 

0.0001). 

From the data, it is evident that UVA increases the consumption of glucose and 

the production of lactate in irradiated fibroblasts (Fig. 21), compared to un-irradiated 

control. However, the conversion of glucose to lactate in Re5 cells is almost complete, 

yielding almost 2mol lactate for 1mol glucose. This indicates glycolysis as a major 

metabolic pathway activated after UVA-irradiation.  
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Fig. 21: (A) Metabolic data (measured from supernatant) of human fibroblast Re5 after 4d irradiation. 

UVA irradiation increases glucose consumption and lactate production in healthy skin cells similar to the 

metabolic changes previously detected in human melanoma cells (53). There is an almost complete 

conversion of glucose to lactate in the irradiated samples. (B) Cell metabolic data (measured from 

supernatant) of human fibroblast WT01 after 4d irradiation. UVA irradiation increases glucose 

consumption and lactate production in healthy skin cells similar to the metabolic changes detected in 

Re5. (C) The lactate-to-glucose ratio for both WT01 and Re5 showed no significant difference between 

irradiated and un-irradiated samples. The glucose conversion to lactate in WT01 was incomplete with a 

lactate to glucose ratio of 0.5. Re5, on the other hand, showed a conversion of glucose to lactate with a 

ratio of approximately 1.5. Dash-line represents an ideal glucose to lactate conversion of 2 associated 

with aerobic glycolysis. (n=3, Statistical analysis Student’s t-test. For significances: (ns) P > 0.05; 

(*) P < 0.05; (**) P < 0.005; (***) P < 0.0005). 

C 
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Interestingly, WT01 shows incomplete metabolization of glucose to lactate, as 

there is less lactate produced compared to the consumed glucose, with a conversion 

ratio of glucose to lactate of 0.6. In addition to that, WT01 cells seem to have a higher 

consumption of glucose in their un-irradiated state compared to Re5. At the same time, 

despite their higher consumption levels of glucose (double than what was observed in 

Re5), the lactate-to-glucose ratio of WT01 is less than the ratio in Re5. Re5 had a 

lactate-to-glucose ratio of 1.7 for both irradiated and un-irradiated samples. Despite 

these distinctly different metabolic profiles, both human fibroblast lines showed no 

significant differences in the lactate-to-glucose ratios between irradiated and un-

irradiated samples.  

The differences in proliferation speed for all irradiated human and murine cells 

are summarized in Table 11. In general, all irradiated calls showed proliferation 

retardation to some degree when compared to un-irradiated controls. HEMa and WT01 

cells showed the least reaction to irradiation from all cells, with a proliferation-

retardation ratio of 1.3. The murine NIH 3T3 showed the fastest proliferation rate of all 

cells. Re5 was the cell line that was influenced by UVA irradiation the most, having its 

doubling time increased by a factor of 2 compared to the untreated controls.  

Table 11: Doubling times (in hours) and doubling time ratios of irradiated and un-irradiated cells. 

Cells Doubling time [h] 0J Doubling time [h] 6J 6J/0J ratio 

mKera 45, +/- 11 118, +/- 27 1.9 

HEKa 45, +/-10 77, +/- 26 1.7 

HEMa 61, +/- 12 77, +/-17 1.3 

NIH 3T3 21, +/- 1 33, +/- 4 1.6 

WT01 42, +/- 10 59, +/- 20 1.3 

Re5 50, +/- 4 102, +/- 14 2 

A summary of the metabolic changes for all tasted skin cells is depicted in 

Table 12. The correlation between glucose consumption and lactate production before 

and after irradiation is represented by the lactate-to-glucose ratio. A ratio over 1 

indicates higher lactate production than glucose consumption. Ratios below 1 show 

that cells consume more glucose than what is invested in lactate production. A ratio of 

2 would theoretically depict a perfect glucose to lactate conversion since 

stoichiometrically 1mol glucose could yield a maximum of 2mol lactate.  

From all tested cells, HEKa, mKera, and Re5 showed a lactate-to-glucose ratio 

over 1. In the case of mKera und HEKa, UVA irradiation resulted in decreasing the 
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ratio compared to the untreated samples, indicating a reduction in lactate release after 

UVA treatment. However, this decrease was not statistically significant.  

HEMa, NIH 3T3, and WT01 had lactate-to-glucose ratios under 1. There were no 

major changes in the ratios between the irradiated and un-irradiated samples for all 

tested cells.  

Table 12: Lactate to glucose ratio in non-malignant skin cells before and after UVA treatment 

Cells Lactate/Glucose 
0J 

Lactate/Glucose 
6J 

mKera 1.4 1.0 

HEKa 1.6 1.5 

HEMa 0.8 0.8 

NIH 3T3 0.9 0.9 

WT01 0.6 0.6 

Re5 1.7 1.7 

 

Since Re5 cells showed the greatest proliferation retardation after irradiation, 

were easy to cultivate and showed very high lactate to glucose ratios before and after 

irradiation, they were chosen as the cell type for all subsequent experiments.  

 

3.2. Medium pyruvate and its influence on fibroblast morphology and 

proliferation 

As seen in 3.1, UVA induces changes in the glucose metabolism of non-

malignant cells. However, it must be noted that cell culture conditions can hardly be 

compared to the physiological environment of the cells in human tissues. This is not 

limited only to the monolayer growth conditions on culturing plates but also 

encompasses the additives supplemented to the medium to facilitate cell proliferation.  

One such additive is pyruvate. Being present at concentrations of 50-120 µM in 

human blood (118), pyruvate is supplemented to cell culture mediums, including 

DMEM, in concentrations several times higher than the physiological level. Since 

pyruvate can act as an additional source of carbon for the cells besides glucose (119), 

its presence in the culture medium might influence and falsify the acquired metabolic 

data presented in this work before and after irradiation. Furthermore, there have been 
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indications that pyruvate has antioxidant properties (85), which could also influence 

the reaction of the tested cells towards ROS-inducing UVA-irradiation. 

In order to keep the cells in an environment as close as possible to their milieu, 

human fibroblasts Re5 were cultured in medium without pyruvate. Their viability, 

morphology, and proliferation speed were tested to ensure that the subtraction of 

pyruvate has no major detrimental effects on the cells.  

As shown in Fig. 22, the morphology of the cells remained unchanged by the lack 

of pyruvate compared to control cells cultured in complete DMEM containing 1mM 

pyruvate. Only the treatment with UVA radiation had influence on cell morphology, 

leading to slightly more elongated shapes compared to un-irradiated cells, but the 

elongation was not influenced by the presence or absence of pyruvate in the medium.  

 

Fig. 22: Cell morphology of human fibroblasts Re5 after 4d irradiation with and without pyruvate in the 

culturing medium. 
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In regards to the cell viability, as seen in Fig. 23, pyruvate had again no influence 

on the cells independent of irradiation status.  
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Fig. 23: Number of viable cells at the end of 4d UVA irradiation – comparison of cells cultured in DMEM 
containing 1mM or 0mM pyruvate. There are clear differences in the number of viable cells at the end 
of the experiment between irradiated and un-irradiated samples. There are no significant differences in 
the end number of cells or viability between different pyruvate treatments that have been similarly 
irradiated. 

Table 13 shows the doubling times for Re5 fibroblasts treated with and without 

pyruvate. In general, the lack of pyruvate tends to slightly increase the doubling times 

of both irradiated and un-irradiated cells compared to cells cultured with the 

supplement. However, the doubling ratio remains the same with and without pyruvate 

when comparing 0J and 6J samples.  

Table 13: Doubling times (in hours) and doubling time ratios of irradiated and un-irradiated Re5 
fibroblasts in the presence of pyruvate 

Cells Doubling time [h] 0J Doubling time [h] 6J 6J/0J ratio 

Re5 50, +/- 4 102, +/- 14 2 

Re5 -pyr 58, +/- 9 114, +/- 51 2 

 

3.3. 13C- Glucose and 13C-Pyruvate labelling show lactate, acetate, and alanine 

as major components of pyruvate and glucose metabolism secreted after UVA-

irradiation 

As seen in 3.2, the absence of pyruvate from the medium had no effect on 

fibroblast morphology, vitality or proliferation. However, this does not imply that there 

are no changes occurring on a metabolic level. This is especially true since pyruvate 

can be used by the cell as an additional carbon source besides glucose.  
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The data presented in Fig. 21 (section 3.1.3) show that UVA results in increased 

glucose consumption and lactate production in human Re5 and WT01 fibroblasts. 

These changes occur in culture medium containing 1mM pyruvate. This pyruvate 

concentration is much higher than the physiological levels in human blood. Therefore, 

in order to elaborate the influence on this medium additive on glucose metabolism, a 

13C-labelling experiment was performed on Re5 fibroblasts. Three different labelling 

media were used for the experiment – 1) DMEM containing 13C-labelled glucose 

(5.5mM) and no pyruvate; 2) DMEM containing 13C-labelled glucose (5.5mM) and 1mM 

un-labelled pyruvate; 3) DMEM containing 13C-labeled pyruvate and 5.5mM un-

labelled glucose. The exact labelling procedure is described in detail in 2.3.9.  

In brief, Re5 fibroblasts were seeded at density 5x104 cells per well on a 6-well 

plate in DMEM (1g/L glucose without pyruvate). Cells were cultured overnight (ON). 

The next day a complete medium exchange (5ml medium/well with 1mM 13C-pyruvate 

was performed and the standard 4d irradiation protocol was implemented (see 2.3.5.). 

For the glucose labelling, the cells were divided in two groups – cells cultured with 

0mM or 1mM pyruvate. A 4d irradiation was performed as per 2.3.5. Afterward, the 

supernatant was collected and NMR analysis was performed (1D and 2D-HSQC). All 

samples were filtered before the measurement to remove proteins. To compare with 

the labelling, samples with 1mM pyruvate (unlabelled) were also filtered and assayed. 

The labelled/unlabelled ratio was determined by comparing peak volumes of labelled 

and unlabelled samples determined in 2D-HSQC.  

Both glucose and pyruvate labelling resulted in labelled lactate. As seen in Fig. 

24 B, in the case of 13C-glucose cells cultured in the absence of pyruvate secrete 

labelled lactate in the same amount as the lactate detected in the corresponding 

unlabelled samples. For the cells cultured with 1mM pyruvate and 13C-glucose, the 

labelled lactate constituted roughly two-thirds of the total unlabelled lactate detected 

after irradiation. The remaining one-third of the lactate for these samples was derived 

from pyruvate, as seen from the 13C-pyruvate labelling data presented in Fig. 24 B. 
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Fig. 24: (A) Glucose consumption and (B) lactate production after 13C-labelling in human epidermal 
fibroblasts Re5 after 4d of UVA-treatment (3x per day, 6J/cm2 per treatment). Cells labelled with 13C-
glucose (1g/L (5.5mM)) were cultured with 1mM pyruvate or without pyruvate. Cells labelled with 13C-
pyruvate (1mM) were cultured in medium containing 1g/L (5.5mM) glucose. Cells culture in the absence 
of pyruvate derive their labelled lactate entirely from glucose. Cells kept in medium containing 1mM 
pyruvate had both glucose and pyruvate as sources for labelled lactate in a 2:1 ratio (glucose : pyruvate). 
(n=3) 

Besides lactate, the 13C-glucose treatment showed labelling in pyruvate, acetate, 

and alanine, indicating these three metabolites, together with lactate, as the main 

products of glycolysis. 13C-pyruvate also resulted in labelled acetate and alanine but 

not in labelled glucose, which is indicative of absent gluconeogenesis. The data for 

acetate and alanine presented in Fig. 25 A and B respectively, show that, unlike 

alanine, acetate does not come exclusively from glucose and pyruvate metabolism. 

The amount of labelled acetate secreted from cells cultured with 13C-glucose and 1 mM 

pyruvate after irradiation is only a third of the total released acetate in the unlabelled 

medium after UVA-treatment. On the other hand, the amount of labelled acetate 

derived from pyruvate is a third of the total released acetate in the unlabelled medium 

after irradiation (see Fig. 25). This is indicative of alternative pathways involved in the 

acetate generation. Another important point worth mentioning is that UVA treatment 

resulted in increased metabolic activity compared to untreated cells. Both the 

consumption of glucose and the release of lactate, acetate, and alanine was higher in 

irradiated samples than in unirradiated counterparts. 

With the exceptions of the abovementioned metabolites and the labelling agents 

themselves, no other labelled compounds were detected, meaning that from the 
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secreted metabolites in the supernatant of human fibroblasts Re5 only acetate, alanine 

and lactate are derived from pyruvate. 

 

Fig. 25: (A) Acetate and (B) alanine production as detected by 13C-labeling in human epidermal 
fibroblasts Re5 after 4d of UVA-treatment (3x per day, 6J/cm2 per treatment). Cells labelled with 13C-
glucose (1g/L (5.5mM)) were cultured with 1mM pyruvate or without pyruvate. Cells labelled with 13C-
pyruvate (1mM) were cultured in medium containing 1g/L (5.5mM). The total amount of labelled acetate 
from derived from 13C-glucose and 13C-pyruvate is ca. 30% less than the total amount of unlabelled 
pyruvate after irradiation. Alanine secreted in the medium is derived completely from glucose and 
pyruvate. (n=3) 

The metabolisation of pyruvate is presented in Fig. 26. The 13C-pyruvate 

labelling showed higher pyruvate consumption in the labelled samples compared to 

the unlabelled controls. As for the results from 13C-glucose labelling, the cells cultured 

in DMEM containing 1mM pyruvate had very high levels of pyruvate production, 

compared with pyruvate consumption in the unlabelled samples. Lastly, fibroblasts 

irradiated in 13C-glucose medium without pyruvate released labelled pyruvate in the 

supernatant. Its amount was approximately a tenth from the labelled pyruvate released 

by cells cultured in DMEM with 13C-glucose and 1mM pyruvate. 
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Fig. 26: Data of pyruvate metabolism as detected by labelling Re5 fibroblasts with 13C-Pyruvate and 
13C-Glucose after 4d of UVA-treatment (3x per day, 6J/cm2 per treatment). (n=3). Cells labelled with 13C-
glucose (1g/L (5.5mM)) were cultured with 1mM pyruvate or without pyruvate. Cells labelled with 13C-
pyruvate (1mM) were cultured in medium containing 1g/L (5.5mM). The cells show a dynamic 
metabolism described by pyruvate consumption and release with glucose being the main source for 
pyruvate synthesis (as seen from the data collected from cells cultured with 13C-Glucose in the absence 
of external pyruvate source). (n=3) 

 
 

3.4. UVA-induced metabolic changes in Re5 human fibroblasts are not limited 

to an increase in glucose consumption and lactate production 

As shown in 3.1. irradiating non-malignant skin cells with repeated doses of UVA 

leads to clear changes in their glucose metabolism. Much like the results presented by 

Kamenisch and associates (53), irradiation resulted in increased glucose consumption 

and lactate production. In Re5 human fibroblasts, the glucose metabolization to lactate 

was similar to the Warburg-like effect observed in cancer cells (53) with glucose to 

lactate conversion of almost 1:2 (lactate-to-glucose ratio of about 1.7) (see Table 12).  

To clarify whether the irradiation results in other metabolic changes, supernatants 

from Re5 fibroblasts were measured with an NMR-spectrometer. In addition to the 

irradiation, the cells were cultured in the presence of 1mM pyruvate (standard DMEM) 

and in medium containing no pyruvate, which is closer to the physiological pyruvate 

levels detected in blood. Like that, the influence of the medium-contained pyruvate on 

the cell metabolism in comparison to the natural, almost pyruvate-free skin milieu could 

be further studied.   

The NMR analysis was performed using the CPMG-protocol without filtering the 

samples in accordance with the method described in 2.3.8. The formic acid peak was 

used as a reference to determine the absolute concentration of the measured 

metabolites instead of TSP. This was necessary due to the un-filtered proteins from 
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the medium intercalating with TSP and resulting in a broader peak unsuitable as 

quantification reference. 

The results shown in Fig. 27 and Fig. 28. represent the metabolites that could be 

detected in both samples cultured with and without pyruvate, and showed significant 

differences between bot UVA and pyruvate treatments.  

Significant changes in the cell metabolism after UVA-irradiation could be seen in 

samples cultured without pyruvate compared to the pyruvate-cultured ones (1mM 

pyruvate in the culturing medium). After UVA-treatment, there is an increase in glucose 

consumption and increase in the production of glutamate and pyroglutamate in cells 

cultured without pyruvate, compared to irradiated cells cultured with pyruvate (Fig. 27). 

Lactate also shows a significant increase in samples without pyruvate. Cells cultured 

without pyruvate tend to metabolize glucose, lactate, glutamine, glutamate, and 

pyroglutamate to a higher amount compared to the corresponding controls. Even cells 

that have not been UVA irradiated show these tendencies of increased metabolic 

activity in the absence of pyruvate, although mostly not statistically significant (see Fig. 

27). 

Despite the observed overall increase in glucose consumption and lactate 

production after removing pyruvate from the culturing medium, the lactate-to-glucose 

ratios did not change significantly between the different pyruvate culturing conditions. 

UVA had again no influence on the lactate-to-glucose ratios (Fig. 27). 
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Fig. 27: NMR-measured metabolic changes in the supernatant of Re5 after 4d irradiation with and 
without pyruvate in the culturing medium. For these metabolites, the absence of pyruvate in the cell 
culture medium tends to increase metabolic activity, leading to increase of consumption or production 
of the respective metabolite. The dash-line represents an ideal glucose to lactate conversion of 1 to 2, 
associated with aerobic glycolysis. ((n=3), Statistical analysis Two-way ANOVA with Bonferroni’s 
multiple comparison test. For significances: (ns) P > 0.05; (*) P < 0.05; (**) P < 0.005; (***) P < 0.0005; 
(****) P < 0.0001).  

 

Contrary to that, acetate and alanine production, as well as cystine consumption 

significantly decreased in irradiated cells cultured without pyruvate, compared to cells 

cultured in a pyruvate-containing medium during irradiation. Pyruvate metabolism itself 

also unsurprisingly changes depending on the medium used. Cells cultured in 1mM 

pyruvate consumed pyruvate from the medium in contrast to the pyruvate secretion 

observed in cells cultured in DMEM without pyruvate. Comparing irradiated and un-

irradiated cells, samples that received 1mM pyruvate in combination with UVA 

treatment consume larger amounts of pyruvate than their un-irradiated counterparts. 

What is also interesting is that cells cultured without pyruvate tend to secrete less 

pyruvate in the medium after irradiation compared to their corresponding un-irradiated 

controls, which is similar to acetate, alanine, and cystine. 
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Fig. 28: NMR-measured metabolic changes in supernatant of Re5 after 4d irradiation with and without 
pyruvate in the culturing medium. For these metabolites the absence of pyruvate in the cell culture 
medium tends to decrease metabolic activity. (Statistical analysis: Two-way ANOVA with Bonferroni’s 
multiple comparison test. For significances: (ns) P > 0.05; (*) P < 0.05; (**) P < 0.005; (***) P < 0.0005; 
(****) P < 0.0001). (n=3) 

 

The NMR-measured supernatants yielded an interesting metabolic fingerprint for 

cells cultured with and without pyruvate. Besides the metabolites that could be stably 

detected in both treatments, some compounds were present only in cells treated with 

1mM pyruvate or cultured in the complete absence thereof. 

The data shown in Fig. 29 represent metabolites stably detected only in 

supernatants of cells cultured in the presence of pyruvate. UVA irradiation resulted in 

increased metabolic activity of the cells. There was increased consumption of 

isoleucine, histidine, lysine, serine, sarcosine and valine, compared to un-irradiated 

samples. These metabolites could not be stably detected in samples without pyruvate, 

with some samples having metabolite consumption and some release between three 

biological replicates. 
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Fig. 29: NMR-measured metabolic changes in the supernatant of Re5 after 4d UVA treatment. The 

metabolic changes were stably detected only in samples cultured with 1mM pyruvate. (Statistical 

analysis: Two-way ANOVA with Bonferroni’s multiple comparison test. For significances: (ns) P > 0.05; 

(*) P < 0.05; (**) P < 0.005; (***) P < 0.0005; (****) P < 0.0001). (n=3). 
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In the samples from cells cultured without pyruvate only proline and asparagine 

levels were significantly changed after irradiation (Fig. 30). There is an increase in the 

secretion of these two amino acids in the culture medium. 

 

Fig. 30: NMR-measured metabolic changes in supernatant of Re5 after 4d UVA treatment. The 

metabolic changes were stably detected only in samples cultured without pyruvate. ((n=3), Statistical 

analysis: Two-way ANOVA with Bonferroni’s multiple comparison test. For significances: (*) P < 0.05). 

 

Some previous studies have considered pyruvate to be a potent antioxidant. 

There have been publications of its enzymatic decarboxylation to acetate as a way to 

detoxify ROS (87). Although there have been publications about the anti-oxidative 

capacity of pyruvate in the presence of H2O2 and as an anti-oxidant in UVB-treated 

guinea pigs (see I.1.), there have been no extensive studies of the influence of pyruvate 

its influence on cell metabolism during UVA-irradiation. 

To see whether pyruvate exerts its antioxidant properties in UVA irradiated cells, 

firstly the amount of pyruvate and acetate was compared in the different samples (see 

Fig. 31). In cells cultured with pyruvate, the latter was consumed from the medium with 

the consumption increasing after UVA treatment. At the same time, acetate was 

released in the supernatant and its secretion was also increased after irradiation. For 

cells cultured without pyruvate, both pyruvate and acetate were secreted into the 

culture medium. UVA irradiation decreased pyruvate production but increased the 

secretion of acetate resulting in pyruvate to acetate ratio of 1:1.  
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Fig. 31: Comparing the ratio of pyruvate to acetate in samples with/without pyruvate (0mM/1mM) after 

treatment with 0J or 6J/cm2 UVA. The levels of secreted pyruvate decrease compared to increased 

acetate secretion. ((n=3), Statistical analysis: Two-way ANOVA with Bonferroni’s multiple comparison 

test. For significances: (ns) P > 0.05; (*) P < 0.05; (**) P < 0.005; (***) P < 0.0005; (****) P < 0.0001). 

 

3.5. UVA induces metabolic changes in the medium of ex vivo cultured murine 

skin 

As shown above, human fibroblasts showed significant metabolic changes after 

UVA irradiation, coupled with pyruvate-dependent changes in gene expression and 

ROS production. However, the skin is a much more complex system than a simple 

monocellular culture. Therefore, metabolic analysis of ex vivo cultured mouse skin was 

the next-closest experimental setup to a human in vivo skin model. Since there was 

the possibility of necrosis of the skin-explant due to prolonged cultivation ex vivo the 

irradiation protocol was reduced from 4d to 2d irradiation.  

The skin was harvested from 129 Sv/Ev WT mice as described in 2.3.4. The 

irradiation was started immediately after skin isolation as described in 2.3.5.2. After the 

irradiation, the culture medium (containing 5.5mM glucose and 1mM pyruvate) was 

collected and metabolic changes were measured via NMR (1D-CPMG). Control 

medium samples (medium treated with 0J/6J UVA without skin) were subtracted from 

each skin-supernatant sample. The results of the metabolic analysis are shown in the 

graph below. A Student-t-test, followed by a 10% and 1% FDR-analysis was 
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performed. No normalization to volume or sample weight was performed since all 

samples were of identical size. 

The NMR analysis yielded a complex metabolic profile for the skin supernatant 

depicted in Fig. 32 and Fig. 33. The metabolites shown in Fig. 32 correspond to the 

ones observed in Re5 fibroblast’s supernatant from Fig. 27 and Fig. 28.  

Contrary to expectation, there was no detectable change in glucose consumption 

or lactate production between irradiated and non-irradiated samples. This contradicts 

with the in vitro data from the skin cell culture shown in 4.2. and 4.3. Similar to the data 

obtained from cultured fibroblasts, an increase in acetate production could be seen in 

the irradiated skin samples. The glutamate and cystine metabolism remained similar 

between fibroblasts and skin samples. Pyruvate consumption, however, showed 

differences between the skin punches and the cultured fibroblasts – in fibroblasts UVA 

irradiation results in increase consumption, compared to untreated control. In the ex 

vivo skin setup, the irradiated samples showed lower pyruvate consumption compared 

to untreated controls. Alanine metabolism also showed differences between cells and 

whole skin. In the irradiated fibroblasts there was an increase in alanine production 

after irradiation but in skin alanine production decreased after UVA treatment. 

Glutamine, present in cell supernatants, could be detected in the ex vivo mouse skin, 

but compared to an increase in glutamine consumption of irradiated fibroblasts there 

was no significant difference between irradiated and un-irradiated samples (see Fig. 

36 A). Pyroglutamate also showed different behaviour between skin and fibroblasts 

samples. Irradiated fibroblasts had increased release of pyroglutamate in the 

supernatant but the skin punches consumed it from the medium with irradiated skin 

consuming less pyroglutamate compared to un-irradiated control.  
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Fig. 32: Metabolic changes in the supernatant of ex-vivo cultured mouse skin after 2d of UVA irradiation 

(3x treatment per day, 6 J/cm2 per treatment). The skin samples were cultured in DMEM 1 g/L (5.5mM) 

glucose and 1mM pyruvate. (n=7) 

Not all metabolites detected in the skin explant culture could also be stably 

detected in all cell culture samples. For example, histidine, which was detected only in 

cells cultured with 1mM pyruvate, could also be detected in the skin samples (Fig. 33). 

In this case, the consumption of histidine increased with irradiation in fibroblasts but 

decreased in the skin supernatant. 
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Fig. 33: Metabolites detected mainly in the supernatant of of ex-vivo cultured mouse skin after 2d of 

UVA irradiation (3x treatment per day, 6 J/cm2 per treatment) but not present in cell culture or only 

detectable in cell culture under some conditions. The skin samples were cultured in DMEM 1 g/L 

(5.5mM) glucose and 1mM pyruvate. (n=7) 

 

Arginine, betaine, choline, fumarate, proline, succinate, tryptophan, threonine, 

and urocanate could be detected only in skin samples (Fig. 33) but not in fibroblasts. 

From them, arginine consumption and fumarate, sarcosine, and threonine release in 

the medium increased with irradiation. On the contrary, betaine, proline and urocanate 

production and choline, histidine, succinate, and tryptophan consumption decreased 

after UVA treatment (Fig. 33). 



85 
 

Isoleucine, lysine, serine, and valine could not be detected in the skin 

supernatant, despite being present in fibroblast samples. 

The detected metabolites and their behaviour in the presence of UVA make up a 

metabolic profile different than the one described for Re5 fibroblasts. A false discovery 

rate test (FDR) was performed for all discovered metabolites using GraphPad Prism. 

For FDR 10 %, which would allow for only 10 % of false-positive results, all changes 

were designated as “true discovery”. If FDR was set to tolerate only 1% of false 

discoveries, changes in choline, proline, and threonine, fall out (see Table 14a and b).  

Table 14a: Calculating 10 % FDR for ex vivo cultured mouse skin (1D-CPMG-NMR 
samples) 

Metabolite Discovery? P value q value 

Acetate Yes 0,0001 0,0002 

Alanine Yes 0,0001 0,0002 

Arginine Yes 0,0001 0,0002 

Betaine Yes 0,0034 0,0044 

Choline Yes 0,0211 0,0237 

Cystine Yes 0,0001 0,0002 

Fumarate Yes 0,0017 0,0028 

Glutamate Yes 0,0001 0,0002 

Histidine Yes 0,0023 0,0035 

Proline Yes 0,0312 0,0312 

Pyroglutamate Yes 0,0031 0,0043 

Pyruvate Yes 0,0001 0,0002 

Sarcosine Yes 0,0001 0,0002 

Succinate Yes 0,0048 0,0058 

Threonine Yes 0,0303 0,0312 

Tryptophan Yes 0,0001 0,0002 

Urocanate Yes 0,0001 0,0002 
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Table 14b: Calculating 1 % FDR for ex vivo cultured mouse skin (1D-CPMG-NMR 
samples) 

Metabolite Discovery? P value q value 

Acetate Yes 0,0001 0,0002 

Alanine Yes 0,0001 0,0002 

Arginine Yes 0,0001 0,0002 

Betaine Yes 0,0034 0,0044 

Choline No 0,0211 0,0237 

Cystine Yes 0,0001 0,0002 

Fumarate Yes 0,0017 0,0028 

Glutamate Yes 0,0001 0,0002 

Histidine Yes 0,0023 0,0035 

Proline No 0,0312 0,0312 

Pyroglutamate Yes 0,0031 0,0043 

Pyruvate Yes 0,0001 0,0002 

Sarcosine Yes 0,0001 0,0002 

Succinate Yes 0,0048 0,0058 

Threonine No 0,0303 0,0312 

Tryptophan Yes 0,0001 0,0002 

Urocanate Yes 0,0001 0,0002 

 

Since the amount of 1mM pyruvate standardly used in the cell culture is far from 

the physiological levels, a variation of the mouse skin experiment was performed with 

adjusted pyruvate values. Optimization of the culturing protocol for murine skin was 

also performed. The skin was pre-incubated in DEMEM for 1d to saturate it with 

glucose due to the lack of glucose metabolism change observed in the previous 

experimental setup. The culturing medium was similar to the one used in the previous 

experiment with the exception of the pyruvate concentration – 200 µM pyruvate, 

corresponding to the values found in murine blood (120, 121) instead of 1mM 

contained in the standard DMEM formulation. An additional condition of skin punches 

cultured in increased glucose concentration (2 g/L (11mM) instead of the usual 1 g/L 

(5.5mM)) was also added to ensure glucose saturation of the samples. 

After the pre-incubation, the skin punches were irradiated as described in 2.3.5.2. 

and the supernatant was collected for NMR-analysis. 

Due to the prolonged ex vivo cultivation, an NBTC-(nitroblue tetrazolium 

chloride)-vitality-test was performed on frozen samples to determine the amount of 

necrotic tissue (see Fig. 34). The samples tested were from the middle section of an 

8mm skin punch, where the highest levels of necrosis were expected due to nutrient 
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deficiency. The staining itself was performed as described in 2.3.15. With this assay, 

necrotic cells should not show any colour compared to stained vital tissue. As seen in 

the four representative slides in Fig. 34, no necrosis was detected in any sample at the 

end of the experiment, showing that the tissue was vital during the performed 

treatments. Colourless areas in the dermis are due to the fact that NBTC does not stain 

collagen. 

 

Fig. 34: NBTC viability staining of ex-vivo cultured mouse skin after UVA irradiation (3x 6J/cm2 for 2 

days) of tissues cultured with 1-2 g/L glucose and 200μM pyruvate. No necrotic areas were detected 

under these culturing conditions. As a control for necrosis, a skin section was treated 15 min with 4% 

formaldehyde solution in order to produce non-viable tissue.  

Similar to the previous ex vivo experiment, 1D-CPMG-NMR was performed in 

order to determine the metabolic changes in the supernatant. Control medium samples 

(medium treated with 0J/6J UVA without skin) were subtracted from each skin-

supernatant sample. The results of the metabolic analysis are shown in Fig. 35. No 

statistical analysis was performed due to the fact that only 2 mice were used in the 

experiment, yielding an insufficient sample number.  
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Fig. 35: Metabolic changes in supernatant of ex-vivo cultured mouse skin after UVA irradiation (3x 

6J/cm2 for 2 days). The issues were cultured with 1-2 g/L glucose and 200μM pyruvate and pre-

incubated for 1 day in the corresponding media before the start of irradiation. Changing the culturing 

conditions of the skin punches showed distinctive changes in the metabolic profile compared to the ones 

cultured in 1mM pyruvate and 1g/L (5.5 mM) glucose (see Fig. 33).  

Despite pre-incubation, neither glucose and nor lactate showed any changes 

before and after irradiation. Pyruvate had a very distinct profile, different from the 

previous skin experiment (1mM pyruvate). Irradiated samples showed production, but 
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un-irradiated ones consume pyruvate from the medium. This process, however, did 

not seem to be glucose-dependent, since different glucose concentrations did not 

change the overall behaviour of this metabolite. Acetate production decreased in a 

glucose-dependent manner in irradiated samples. Compared to that, there was an 

increase in acetate release by UVA-treated skin in the previous experiment (1mM 

pyruvate). This behaviour is also contrary to the one exhibited by fibroblasts in cell 

culture (see Fig. 28) who experienced an increase in acetate production after 

irradiation.  

The metabolic profile of alanine, histidine, cystine, proline, betaine, and 

urocanate remained similar, independent of different pyruvate concentrations in the 

two skin experiments (200µM/1mM pyruvate) (Fig. 35 and Fig. 32), but urocanate and 

histidine showed a glucose-dependent decrease in production and consumption 

respectively after UVA irradiation. For these metabolites, higher glucose levels in the 

medium lowered their overall values independent of irradiation. Choline and 

pyroglutamate, on the other hand, showed higher levels in the presence of 2 g/L 

glucose. Compared to the previous skin experiment (1mM pyruvate), UVA-irradiation 

increased pyroglutamate consumption instead of decreasing it. As for choline, it too 

exhibited a reversed metabolic behaviour after irradiation in this experimental setup 

compared to the previous one. Mouse skin, cultured in 200µM pyruvate had increased 

choline consumption after irradiation compared to decrease in consumption in the 

corresponding samples cultured in 1mM pyruvate. 

Threonine und tryptophan could be detected in both 1mM and 200µM pyruvate 

cultured samples. Threonine was released into the medium but UVA had no major 

influence on its secretion in the 200µM-pyruvate samples. Tryptophan, however, 

showed completely different behaviour under lower pyruvate conditions compared to 

the 1mM samples. The metabolite was consumed from the medium when 1mM 

pyruvate was present but released when the pyruvate concentration was reduced to 

200µM. This secretion was also UVA dependant.  

As seen in Fig. 35, arginine consumption shows significant glucose dependency. 

Skin samples irradiated with 1 g/L (5.5mM)glucose and 200µM pyruvate in the medium 

have overall higher histidine consumption than the ones cultured under the same 

pyruvate conditions but in a high-glucose medium. There is a tendency that the 

samples cultured with 1 g/L (5.5mM) glucose and 200µM pyruvate consume more 
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arginine without irradiation. This is contrary to the behaviour of the irradiated skin in 

the first experiment (as shown in Fig. 33) who were cultured in 1 g/L (5.5mM) glucose 

and 1µM pyruvate. Interestingly, despite lowering the overall consumption, keeping the 

skin explants in DMEM with 2 g/L (11 mM) glucose and 200µM pyruvate showed similar 

irradiation behaviour as in the first skin setup, with increased consumption after UVA 

treatment.  

Glutamate and glutamine, present in both cell culture and in the high-pyruvate 

(1mM) skin experiment, could also be detected here (see Fig. 36Fehler! 

Verweisquelle konnte nicht gefunden werden. B). glutamine showed only slightly 

increased consumption in samples cultured with 1 g/L glucose after irradiation, but not 

in 2 g/L (11mM) glucose. Glutamate, on the other hand, did not show any UVA-

dependant metabolic changes.  

Glycine could only be detected in the samples cultured in 200µM pyruvate. The 

irradiated cells showed a decrease in glycine secretion in the medium compared to un-

irradiated controls. Glucose levels did not seem to influence this process much. 

Sarcosine too showed a completely different profile compared to the first skin 

experiment (Fig. 33Fehler! Verweisquelle konnte nicht gefunden werden.). Un-

irradiated samples released sarcosine in the supernatant, irradiated ones consumed it 

from the medium. Glucose also influences the production to consumption ratio of 

control to irradiated skin. When cultured in 1 g/L (5.5mM) glucose un-irradiated 

samples produced roughly the same amount of sarcosine as the irradiated skin 

released in the medium. Increasing the glucose levels of the medium resulted in 

shifting the balance and having drastically more sarcosine being consumed after UVA-

treatment compared to the production in the corresponding untreated skin.  
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Fig. 36: (A) glutamine consumption, detected in the medium of ex vivo cultured murine skin (DMEM, 

1mM pyruvate, 1g/L glucose). (B) Glutamine consumption and glutamate secretion, detected in the 

medium of ex vivo cultured murine skin (DMEM, 200 µM pyruvate, 1 – 2 g/L glucose). 

A summary of all metabolic changes detected in fibroblast culture and ex vivo 

mouse skin is shown in Table 15. From all detected metabolites, cysteine is the only 

one which consumption is upregulated in both cell culture and skin explants after UVA 

treatment. Other metabolites that have at least partial overlaps between fibroblast 

monoculture and skin samples are glutamine, glutamate and acetate. The rest of the 

metabolites show clearly differential profile between cell culture and ex vivo culture.   
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Table 15: Comparison of metabolic profiles between supernatants of human fibroblasts (Re5) and 
mouse skin explants cultured in DMEM with 1 g/L glucose and 1mM/200µM/0mM pyruvate 

Metabolite Re5 cells  
1 mM pyr, 
1 g/L (5.5mM) 
glucose 
6vs0J (n=3) 

Re5 cells  
0 mM pyr,  
1 g/L (5.5mM) 
glucose  
6vs0J (n=3) 

Mouse skin 
1 mM pyr, 
1 g/L (5.5mM) 
glucose 
6vs0J (n=7) 

Mouse skin 
200 µM pyr,  
1 g/L (5.5mM) 
glucose  
6vs0J (n=2) 

Glucose C+ C+ C= C= 

Lactate P+ P+ P= P= 

Pyruvate C+ P- C- P+ (0J C/6J P) 

Glutamine C+ C+ C= C+ 

Glutamate P+ P+ P+ P- (ns) 

Pyroglutamate P+ P+ C- C= 

Cystine C+ C+ C+ C+ 

Sarcosine C+ C+ P+ C+ (0J P/6J C) 

Alanine P+ P+ (ns) P- P- 

Serine C+ nd C- (ns)  C= 

Isoleucine C+ nd C= (ns) C+ (0J P/6J C) 

Valine C+ nd C= nd 

Histidine C+ nd C-  C- 

Lysine C+ nd P= nd 

Proline nd P+ P- P- 

Asparpgine nd P+ P= P- 

Acetate P+ P+ P+ P- 

Arginine nd nd C+ C- 

Betaine nd nd P- P- 

Choline nd nd C- C+ 

Fumarate nd nd P+ nd 

Succinate nd nd C- nd 

Threonine nd nd P+ P+ (ns) 

Tryptophan nd nd C- P+ 

Urocanate nd nd P- P- 

Glycine nd nd P- (ns) P- 

Table legend 

 Overlap between at least one skin experiment and cell culture 

 Overlap between skin only 

 Overlap between cell culture only 

P+ Production increases after irradiation 

P- Production decreases after irradiation 

P= Production remains unchanged after irradiation 

C+ Consumption increases after irradiation 

C- Consumption decreases after irradiation 

C= Consumption remains unchanged after irradiation 

nd No data (no consistent behavior between replicates or simply not 
detected 

ns Not significant (there is visible difference between treatments, but no 
statistical significance 
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3.6. UVA induces reactive oxygen species (ROS) and DNA-damage in human 

fibroblasts 

As seen in sections 3.1, 3.3, and 3.4, UVA irradiation induces changes in the 

metabolism of various non-malignant cells obtained from both human and mice. It is 

possible that such metabolic changes are in response to damages inflicted on the cells, 

since glucose is needed as an energy source to facilitate damage repair.  

UVA is known to be an important source of ROS (33). To test whether the low 

doses of 6J/cm2 UVA used in the experiments described above are sufficient to 

generate significant increase in ROS levels, human fibroblasts Re5 were treated with 

a single dose of 6J/cm2 UVA and ROS formation was detected via DCFDA staining. 

Since the most reactive oxygen species have a very short half-life, ranging from 10-3 

to 10-9 sec (122), the UVA-induced ROS was not expected to accumulate during a 

prolonged period of irradiation. Therefore, the cells were stained with DCFDA 30 min 

before irradiation, and the measurement of the generated ROS was performed no 

longer than 30 min after the irradiation, giving enough time for the samples to reach 

maximum fluorescence.  
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Fig. 37: A single irradiation with 6J/cm2 UVA is sufficient to induce ROS in significantly higher amounts 
compared to untreated controls. (n=3, Statistical analysis Student’s t-test. For significances: 
(****) P < 0.0001). 

As seen in Fig. 37, even a single irradiation dose is sufficient to induce high 

amounts of reactive oxygen species compared to un-irradiated controls. In the 

following step, it was important to see whether the produced ROS was able to damage 

DNA, and especially result in 8-OHdG modifications which are typically found in UVA 

irradiated cells (123). Since the levels of 8-OHdG are low compared to the overall dG 
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amount in a nucleated cell (124), it was deemed reasonable to perform the 8-OHdG 

detection not after a single irradiation but at two later time points – after 2d irradiation 

(equal to 6x6J/cm2 applied) and 4d irradiation (equal to 12x6J/cm2 applied). Like that, 

base modifications could accumulate and be more easily and accurately detected.  
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Fig. 38: Levels of 8-OHdG measured after 2d and 4d UVA irradiation. After 2d, there is a significant 
increase in 8-OHdG levels in the irradiated samples compared to the controls. After 4d of irradiation, the 
tendency remains that irradiated cells have more 8-OHdG, but the difference between irradiated and 
un-irradiated samples is no longer statistically significant. (n=3; Statistical analysis: Two-way ANOVA 
with Bonferroni’s multiple comparison test. For significances: (ns) p > 0.05; (**) p < 0.005). 

As observed in Fig. 38, there is a significant increase in 8-OHdG levels after 2d 

in the irradiated samples compared to the controls. After 4d of irradiation, the tendency 

remains that irradiated cells have more 8-OHdG, but the difference between irradiated 

and un-irradiated samples is no longer statistically significant. However, there is still 

significant increase observed between the un-irradiated samples of d2 and d4. There 

is also a tendency that irradiated cells at d4 have slightly higher, albeit not significant, 

8-OHdG levels than their counterparts on d2.  

3.7. The additional role of pyruvate as antioxidant in cell culture medium 

The data presented in sections 3.3. and 3.4. show that UVA irradiation induces 

changes in the metabolism of human fibroblasts. It increases the consumption of 

metabolites involved in antioxidative defence mechanisms like cystine and serine 
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(participating in the glutathione metabolism) (125, 126), but also promotes the release 

of compounds that promote ROS-detoxication into the medium like alanine (127).  

Probably one of the most important compounds showing UVA-induced regulation 

is pyruvate (Fig. 26 and Fig. 31). Pyruvate is an important additive in cell culture and 

part of many commonly used culturing mediums. Its main purpose is as an additional 

source of carbon for the cells together with glucose but studies have shown that it can 

also function as a quencher for reactive oxygen species. It has been published that 

pyruvate can be non-enzymatically decarboxylated to acetate in the presence of ROS. 

In 1987 O'Donnell-Tormey and associates have shown that equimolar amounts of 

pyruvate and hydrogen peroxide (H2O2) neutralized each other (85). The end product 

of this reaction is acetate (87).  

This process was confirmed in the experiment depicted in Fig. 39. A For the 

experiment, 100µM sodium pyruvate was mixed with 100µM of H2O2 in water. The 

concentration of 100µM pyruvate was chosen for several reasons. First, according to 

laboratory data, the range of blood pyruvate in humans can vary between 

approximately 50µM and120 µM depending on the glucose uptake and body-type 

(118). In order to replicate the experiment of O'Donnell-Tormey et al. equimolar 

amounts of pyruvate and H2O2 had to be used. The production of acetate was then 

detected by 1D-NMR (see Fig. 39. A). In untreated samples, there is almost no acetate 

detectable. With the addition of H2O2, the acetate content of the samples rises and the 

pyruvate amount decreases, leading to 1:1 pyruvate to acetate ratio. 

To test whether this enzymatic decarboxylation can be also applied in UVA 

irradiated samples, 100µM sodium pyruvate in water were irradiated 6 x 6 J/cm2. The 

results are shown in Fig. 39. B. Two days of UVA irradiation leads to degradation of 

pyruvate and the release of acetate. Initially before treatment, almost no acetate could 

be detected, similar to the data seen in Fig. 39. A. After irradiation, the ratio of pyruvate 

to acetate is approximately 2:1, which deviates from the 1:1 ratio observed in the H2O2 

treatment. 
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Fig. 39: Non-enzymatic decarboxylation of pyruvate (100µM initial concentration) to acetate in the 
presence of ROS. (A) NMR-data of water samples containing equimolar amounts of pyruvate and H2O2 

(100µM each). After the addition of H2O2, the pyruvate concentration dropped down by 50% and an 
increase in acetate concentration is observed. The increase in acetate roughly matches the pyruvate 
decrease. (B) NMR-data of water samples after 2d of UVA irradiation. Similar to the H2O2 treated 
samples, irradiation results in decrease of pyruvate levels (initial concentration 100µM) and increase of 
acetate concentration compared to untreated controls. ((n=3), Statistical analysis: Two-way ANOVA with 
Bonferroni’s multiple comparison test. For significances: (****) P < 0.0001). 

The experiment shown above elaborates on the potential of UVA to non-

enzymatically decarboxylate pyruvate to acetate. This could potentially have an 

influence on different cellular processes, including metabolism, since the presence of 

pyruvate in the cell culture medium could potentially influence the cells’ reaction to 

irradiation. Since the in vitro experiments described further below were performed in 

the complex environment of a cell culture medium, it was of interest to see the 

behaviour of pyruvate and acetate in regular DMEM (1mM pyruvate and 10 % 

inactivated FCS).  

The complete DMEM medium was irradiated without cells for two days 

(6 x 6 J/cm2). The samples were then collected and measured 1D-NMR-CPMG without 

filtering the serum proteins beforehand. As seen in Fig. 40, Fehler! Verweisquelle 

konnte nicht gefunden werden.the amount of measured acetate almost doubles 

compared to the untreated samples. The levels of pyruvate also drop down to half of 

their initial value after receiving UVA treatment. What is interesting is that, compared 

to the data in Fig. 39, the amount of acetate at the end of irradiation is significantly 

more than the pyruvate remaining.  
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Fig. 40: NMR-data of medium samples containing 1mM Na-Pyruvate after UVA treatment. Shown are 
data for the concentrations of pyruvate and acetate in the tested medium samples before irradiation (0J) 
and after 2d of UVA irradiation (6J). Acetate levels increase after irradiation compared to a decrease in 
pyruvate. ((n=3), Statistical analysis: Two-way ANOVA with Bonferroni’s multiple comparison test. For 
significances: (***) P < 0.0005; (****) P < 0.0001). 

All the data above strongly imply that the pyruvate contained in cell culture 

medium can react with ROS. Since it is known that UVA can induce ROS and there 

are publications showing that pyruvate has the qualities of an antioxidant, it would be 

crucial to determine its influence on cell metabolism during irradiation. This is above 

all important, since many cell culture media contain high amounts of pyruvate (for 

example DMEM contains 1mM pyruvate) which is a deviation of the natural abundance 

of pyruvate in blood which is between 50µM and 120µM (118).  

The following experiments aim to determine what the influence of pyruvate in the 

cell culture is compared to an experimental setup closer to the natural abundance of 

pyruvate in the human skin. Since the skin and blood levels of pyruvate overlap (128) 

and cells in culture are able to reach pyruvate equilibrium close to measured blood 

values (85), all following experiments were performed with either 1mM or 0mM 

pyruvate. This was supposed to establish whether the lower amounts of pyruvate in 

the skin compared to cell culture result in more severe cellular damage and disruption 

of diverse metabolic pathways, including but not limited to glucose metabolism.  

3.8.  Pyruvate as an antioxidant in UVA-irradiated cells 

The data presented inn 3.7 prove that pyruvate is able to be converted 

nonenzymatically to acetate in the presence of ROS (H2O2) or a ROS-inducer such as 
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UVA. However, to definitely prove the role of pyruvate as a ROS-quencher in the 

presence of UVA, the ability of this metabolite to directly scavenge ROS during cell 

irradiation was tested by implementing a DCFDA-ROS-detection assay. Furthermore, 

an assay for the UVA-induced base modification 8-hydroxydeoxyguanosine (8-OHdG) 

was performed in order to test the ability of pyruvate to prevent UVA-mediated DNA 

damage. The acquired data were then compared to the results shown in Fig. 37 and 

Fig. 38 and presented in Fig. 41 and Fig. 42 respectively.  

3.8.1. Pyruvate acts as UVA-induced ROS-quencher in fibroblasts 

To determine whether Pyruvate can act as ROS quencher in the cell culture, Re5 

fibroblasts were pre-incubated for 2 days in medium containing 0mM or 1mM sodium 

pyruvate and subsequently stained with DCFDA in accordance with 2.3.12.  

Presented in Fig. 41 are the results from the ROS-measurements. Even in the 

absence of irradiation, the amount of ROS in the samples without pyruvate is 

significantly higher than the corresponding controls with pyruvate. The ROS levels 

again rise with irradiation compared to un-irradiated samples. The ROS in the 

irradiated samples without pyruvate is almost double the one in samples with 1 mM 

pyruvate.  

 
Fig. 41: Influence of pyruvate on ROS-production in cells irradiated with UVA measured by DCFDA-

ROS-detection assay. The staining was performed directly before the start of UVA-application and the 

ROS detection was conducted one hour after irradiation (n=3, Statistical analysis: Two-way ANOVA with 

Bonferroni’s multiple comparison test. (***) P < 0.0005). 
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3.8.2. Pyruvate and its influence on 8-OHdG formation 

Since it was proven that pyruvate reduces ROS levels in the presence of UVA 

(Fig. 41), it was important to see whether it has direct protective effects on the cells. It 

is known from published data that UVA irradiation can cause DNA mutations through 

modifying guanosine to 8-hydroxydeoxyguanosine (8-OHdG). Using the method 

described in 2.3.14., cells cultured with and without pyruvate were irradiated for 2d and 

4d and the generation of 8-OHdG in these samples was measured. 
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Fig. 42: Influence of pyruvate on DNA-damage in cells irradiated with UVA. The presence of pyruvate 

tends to reduce the amount of ROS in the 2d treatment but has no significant effects during long-term 

irradiation (4d). (n=4, Statistical analysis: Two-way ANOVA with Bonferroni’s multiple comparison test. 

For significances: (ns) P > 0.05; (*) P < 0.05; (**) P < 0.005). 

 

As shown in Fig. 42, the absence of pyruvate results in significantly increased 8-

OHdG levels in 0J samples after 2d of treatment. Two days of UVA irradiation also 

show increase in DNA damage in 6J samples without pyruvate compared to the ones 

containing 1mM pyruvate. Interestingly, the 0J –pyr samples showed an almost equal 

amount of 8-OHdG as the 6J –pyr samples after 2d of treatment. 

As for the data obtained after 4d of UVA irradiation, it seems that the 8-OHdG 

levels have reached a plateau. There was no difference between cells treated with and 

without pyruvate but irradiated cells still retain the tendency to have more DNA-damage 

than their un-irradiated counterparts.  
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3.9. Treating fibroblasts with UVA and pyruvate influences not only ROS 

production cell metabolism, but also the expression of key matrix 

metalloproteinases 

The results from the preceding experiments have shown that UVA has adverse 

effects on human cells, generating reactive oxygen species that can lead to damaging 

DNA modifications such as 8-OHdG. In addition to that, UVA changes the metabolism 

of irradiated human fibroblasts. The presence of pyruvate in the culture medium at 

levels 10-times higher than physiological reduces the detrimental effects of UVA 

irradiation. Following up from this, it was interesting to see whether the presence of 

pyruvate in the cell culture changes another crucial parameter influenced by UVA – 

MMP expression.  

MMPs are amongst the crucial players involved in both photoaging and tumor 

progression (15, 129). To test whether pyruvate can modulate MMP expression in the 

context of UVA irradiation, human fibroblasts Re5 were treated using standard 

irradiation protocol (see 2.3.5.). Following that, the cells were trypsinized, counted, and 

collected for RNA isolation as described in 2.3.10. The amount of total RNA extracted 

was measured by Nanodrop and 500 ng per sample were used for reverse transcription 

(see 2.3.11.). Afterward, a qPCR with a ROCHE Sybr-Green system was performed in 

accordance with 2.3.11. to determine the changes occurring in MMP expression after 

treatment. The expression of the genes of interest (MMPs and TIMP1) was normalized 

to the expression of the housekeeper b-Actin and the data is presented below as ratio 

to the housekeeper.  

Fig. 43 shows that not only UVA irradiation, but also pyruvate treatment, can 

modulate the mRNA expression of MMP1 and MMP3. No significant difference was 

observed between pyruvate-treated and untreated cells without UVA for both MMP1 

and MMP3. Contrary to already published data (60, 130, 131) MMP1 and MMP3 did 

not show a significant increase after UVA irradiation if the samples were treated with 1 

mM pyruvate. The absence of pyruvate in the medium significantly increased their 

mRNA expression by at least two-fold compared to the corresponding UVA-samples 

with pyruvate. 
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Fig. 43: Changes in MMP1 and MMP3 expression after 4d UVA-irradiation in cells cultured wit 1 mM or 

0 mM pyruvate. Increase in gene expression was observed for both genes in 0 mM Pyruvate samples 

after irradiation. ((n=3), Statistical analysis: Two-way ANOVA with Bonferroni’s multiple comparison test. 

For significances: (ns) P > 0.05; (*) P < 0.05; (**) P < 0.005; (***) P < 0.0005; (****) P < 0.0001). 

From the other MMPs tested, none showed pyruvate-dependant expression 

changes. There was no difference between treatments in the expression of MMP9 and 

MMP13 (as shown in Fig. 45). After the UVA-irradiation MMP2 and MMP15, as 

depicted in Fig. 44, had significantly elevated mRNA levels compared to un-irradiated 

controls. There were no differences in expression between cells cultured with pyruvate 

and the ones without, independent of the irradiation received. Still, there was a 

tendency for increased mRNA levels in irradiated samples not treated with pyruvate. 

 

Fig. 44: Changes in MMP2 and MMP15 expression after 4d UVA-irradiation in cells cultured wit 1 mM/0 

mM pyruvate. Despite there being a tendency that 0 mM pyruvate enhances gene expression the 

changes in the mRNA levels were not significantly influenced by the presence of pyruvate in the medium. 

((n=3), Statistical analysis: Two-way ANOVA with Bonferroni’s multiple comparison test. For 

significances: (ns) P > 0.05; (*) P < 0.05; (**) P < 0.005; (***) P < 0.0005; (****) P < 0.0001). 
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Fig. 45: Changes in mRNA expression of MMP9 and MMP13 after irradiation in cells cultured with 1 

mM/0 mM pyruvate. No significant changes were observed after irradiation and pyruvate treatment. The 

mRNA levels detected were extremely low. (Statistical analysis Two-way ANOVA with Bonferroni’s 

multiple comparison test. For significances: (ns) P > 0.05). 

Besides the MMP-expression the changes in TIMP1, a metalloproteinase 

inhibitor, were also tested. According to previously published data by Hantke et al. 

(132) TIMP1 expression should decrease with an increase in MMP expression. 

However, as seen in Fig. 46, Re5 fibroblasts repeatedly irradiated with 6J/cm2 UVA 

showed an increase in TIMP1 compared to un-irradiated controls. Despite pyruvate 

having no significant influence on the TIMP1 expression, there was a tendency for 

higher mRNA levels in samples cultured without pyruvate.  
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Fig. 46: Changes in TIMP1 expression after 4d UVA-irradiation in cells cultured wit 1 mM pyruvate or 

without pyruvate. ((n=3), Statistical analysis: Two-way ANOVA with Bonferroni’s multiple comparison 

test. For significances: (ns) P > 0.05; (*) P < 0.05). 
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4. Discussion 

The aim of this work was to investigate the influences of UVA irradiation on the 

metabolism of non-malignant skin cells, with emphasis on fibroblast metabolism. It 

provides new evidence for the importance of pyruvate, a compound widely present in 

different types of cell culture medium and a known antioxidant, in modulating not only 

cell metabolism during UVA irradiation, but also in eliciting changes in MMP 

expression. Table 16 summarizes the effects of UVA and pyruvate in human fibroblasts 

observed in this work. Furthermore, this work provides a metabolic comparison 

between cell culture (monolayer) and skin cultured ex vivo (complex, multi-layered 

structure), which is crucial in order to establish the potential for data transferability 

between the two systems.  

Table 16: UVA and pyruvate influence on different cellular processes. 

Process -Pyruvate UVA  UVA -Pyruvate  
(compared to UVA) 

Cell viability No No No 

Cell 
proliferation 

No Yes; ↓ Yes; (same as UVA) 

Cell 
morphology 

No Yes Yes (same as UVA) 

Glucose/ 
Lactate 
metabolism 

Yes; glucose 

consumption ↑,  

lactate – not significant  

Yes; glucose  
consumption/lactate 
production ↑ 

Yes; glucose 

consumption ↑,  

lactate - not significant  

Other 
metabolic 
changes 

Glutamate/ 
pyroglutamate  
(not significant) 

Glutamate/ 

pyroglutamate ↑ 

Glutamate/ 

pyroglutamate ↑↑ 

Acetate ↓,  

alanine  
(not significant) 

Acetate/alanine ↑ Acetate/alanine ↓ 

Cystine  
(not significant) 

Cystine ↑ Cystine ↓ 

ROS  Yes; ↑ Yes; ↑ Yes; ↑↑ 

DNA damage  
(8-OHdG) 

Yes; ↑ Yes; ↑ No; tendency of 
increase  
(not significant) 

MMP 
expression 

No MMP2/15 ↑ MMP1/3 ↑ 

TIMP 1 
expression 

No; tendency of 
increase  
(not significant) 

Yes; ↑ No; tendency of 
increase  
(not significant) 
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4.1. Changes in morphology and proliferation of human skin cells after UVA 

irradiation treatment 

Repeated irradiation of non-malignant cells with repetitive sub-erythemal doses 

of UVA (109) resulted in morphologic changes in the irradiated population compared 

to the untreated control in both human and murine fibroblasts. These usually spindle-

like cells became rounded (NIH 3T3; Fig. 17) or slightly elongated (Re5 and to a lesser 

extend WT01; Fig. 19). There have been publications on the capability of UVA to 

regulate the expression of cytoskeletal proteins (115, 133), which is most likely the 

cause of this phenomenon.  

The morphologic changes of human fibroblasts seen in 3.1.3. are in accordance 

with the observations made by Yamaba and associates in 2016 (115), where they show 

that UVA-irradiated fibroblasts have changes in morphology due to disturbance of actin 

elongation and polymerization. On the other hand, human keratinocytes HEKa were 

slightly more rounded after irradiation compared to their untreated counterparts. The 

cells seemed to increase in size, probably due to cytoskeletal changes similar to the 

ones reported in fibroblasts. Since there is a strong connection between cell shape and 

function (134, 135), changes in cell morphology are likely to result in functional 

disturbances, such as impaired collagen production, and result, on a macroscopic 

level, in ECM-modifications and photoaging (115).  

The most likely reason for the cytoskeletal re-modelling occurring after UVA 

irradiation was connected to the production of ROS. The data collected from human 

fibroblasts Re5 showed that even a single dose of UVA (6J/cm2) is enough to generate 

four times more ROS than in un-irradiated controls (Fig. 37). ROS is known to influence 

the actin component of the cytoskeleton (136) so it was logical to assume that this is 

also the case in these experiments. However, the data obtained from cells cultured 

without pyruvate contradict this theory. The presence of pyruvate in the cell culture 

medium has been shown to have ROS-scavenging properties not only in published 

literature (85), but also in the experiments performed for this work (Fig. 39, Fig. 40, and 

Fig. 41). The absence of pyruvate from the cell culture medium lead to increase in ROS 

production in both UVA irradiated and un-irradiated cells (Fig. 41). Subsequently, it 

was expected that this would result in even greater morphological changes. However, 

the morphology of the cells did not change drastically from the absence of pyruvate in 

the medium (Fig. 22). This leads to two possible conclusions. Either pyruvate alone is 
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not enough to protect the cytoskeletal structures from ROS, or UVA exerts direct 

effects on the cytoskeleton without the involvement of ROS. Considering the later 

possibility, there is data indicating that cellular proteins are capable of absorbing UVA 

directly, thus supporting the theory of an UVA-mediated ROS-independent cytoskeletal 

deformation (137, 138). 

To be able to further elaborate on the observed morphologic discrepancies 

between different cell types, as well as the role of UVA and pyruvate on cytoskeletal 

modifications, the expression of cytoskeletal proteins such as actin and tubulin, but 

also of actin-modulating proteins like cofilin or formin (139) with and without UVA 

irradiation and different anti-oxidant treatments should be performed.  

In addition to changes in morphology, the treatment of cells with UVA resulted 

mostly in proliferation retardation but not in a decrease of cell-viability (Table 11). This 

proliferation retardation was probably due to UVA inflicting DNA and other cellular 

damage. It has been well studied that cells stop their proliferation to repair damaged 

DNA in order to prevent passing down mutations to the daughter cells (140). Seeing 

as the cells continue their proliferation, albeit slower, it is evident that the inflicted 

damage is enough to elicit a proliferation delay but not complete cycle arrest.  

The absence of pyruvate from the medium did seem to slightly increase the 

overall doubling times of human fibroblasts Re5 but the doubling time ratio of 6J to 0J 

treatments remained unchanged (Table 13). This overall retardation in proliferation can 

be explained with the intended application of pyruvate as an additive to the cell culture. 

In the context of medium composition, the main role of pyruvate is as an additional 

source of carbon for the cell’s energy metabolism (119). It is to be expected that after 

removing pyruvate from the medium formulation, the cells would experience 

proliferation retardation due to being presented with one less source of energy.  

It seems that pyruvate, although having antioxidant capabilities, is unable to 

rescue irradiated fibroblasts neither on morphological nor on proliferative level.  

4.2. Changes in glucose metabolism of healthy skin cells and skin explants 

after UVA irradiation 

Despite having on influence on cell viability, the data presented in 3.1 show 

clearly that UVA influences the glucose metabolism of fibroblasts, keratinocytes, and 
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melanocytes of both human and murine origin. Irradiation of the cells leads to an 

increase in glucose consumption and lactate production, compared to untreated 

controls. This finding is important since there has been no comprehensive study of the 

metabolic reactions of non-malignant skin cells to irradiation. In 2014 Marionnet et al. 

published an article showing an increase of glucose-metabolism-related genes in 

UVA1 irradiated keratinocytes but, contrary to the findings of this work, saw no changes 

in glucose metabolism relevant genes in fibroblasts (80). Furthermore, the UVA doses 

used in this publication were considerably higher than the chronic low UVA-exposure 

used in experimental setups of the current work (single irradiation dose of 20-40J/cm2 

(80) compared to 6J/cm2 per irradiation and a maximum of 18J/cm2 per day for the 

current experiments). Also, the single doses used by Marionnet et al. were almost 

equal or even greater than the pathologic minimal erythema dose measured for UVA 

(109) compared to sub-erythema doses used in this work. It could be argued that 

results obtained under pathologic conditions can be hardly representative of the typical 

metabolic profile after moderate sun exposure.  

4.2.1. UVA influences glucose metabolism independent of cell type and donor 

species 

The behaviour of non-malignant cells after UVA application observed in this work 

closely correlates to the one described by Kamenish et al. in 2016 for malignant cells 

(53). Initially, it was expected that the UVA-induced changes in glucose metabolism 

are specific only for skin tumor cells, but the findings described in this work provide 

better understanding on cellular behaviour after irradiation.  

A molar conversion of glucose to lactate of 1:2 is typical for tumor cells and is the 

result of aerobic glycolysis. The process was first described by Otto Warburg in 1927, 

gaining the name Warburg Effect (72). It was interesting to see whether non-malignant 

cells that have shown increase in glucose metabolism post-irradiation, tend to exhibit 

Warburg-like glucose-to-lactate conversion after UVA treatment. From all tested cells, 

the human fibroblasts Re5 had a ratio closest to the expected glucose to lactate 

conversion of 1:2 (lactate-to-glucose ratio of 1.7), followed by the human keratinocytes 

HEKa (ratio of 1.5) (see Table 12). The rest of the tested cells had lactate-to-glucose 

ratio of 1 or below. It seems that cells that show Warburg-like lactate-to-glucose ratios 

(Re5, HEKa) are predisposed to such type of metabolism even without irradiation and 

the application of UVA results only in more pronounced metabolic effects without 
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shifting the glucose to lactate balance. This is in line with the observation that the 

Warburg effect is often associated with high proliferation in tumor cells and in UVA 

irradiated non-malignant cells, the proliferation rate was decreased. Therefore, it is 

likely that the increased glucose metabolism in non-malignant cells occurs for different 

reasons than proliferation. The observed increase of glucose consumption and lactate 

production can thus be connected to increased metabolism as means to prevent and/or 

repair occurring cellular damage rather than being indicative of proliferation. This 

theory is in accordance with the observations of Lemons et al. showing that quiescent 

fibroblasts have similar metabolic rates to fast proliferating ones (141). The explanation 

for such behavior is that the quiescent cells maintain an active PPP to produce NADPH 

but do not require nucleic acid synthesis (142). Instead, the NADPH is implemented in 

the redox defense or fatty acid synthesis (141). Indeed, the uniform reaction to UVA 

radiation shown by different types of skin cells from different species, coupled with the 

fact that lactate alongside pyruvate has been suggested as an antioxidant (84), 

strongly indicates that the observed metabolic changes are connected to combating 

UVA-induced oxidative damages. 

Seeing that UVA induces changes in the lactate metabolism, a logical question 

would be why such metabolic change occurs and what could its benefits or adverse 

effects be. The results listed in 3.6 show that UVA treatment of Human fibroblasts Re5 

resulted in the generation of ROS. The increase of harmful reactive molecules could 

explain the elevated lactate concentration post irradiation observed in the colorimetric 

metabolic profile and the labelling experiments, as lactate is suggested to possess 

antioxidant properties (82, 83).  

In addition to its antioxidant capabilities, this glycolysis product has been known 

to fulfil other roles in the skin. On one side, lactate, or rather lactic acid, improves the 

barrier function (143) and the turnover of the skin (144), and has antibacterial 

properties by decreasing skin pH (145). On the other side, lactate has another function, 

namely immunosuppression (78, 146, 147). In the context of tumor cells, lactic acid 

has been shown to attenuate T-cell responses via hindering their lactate transport and 

thus resulting, amongst other things, in disturbance of T-cell metabolism and function 

(77, 78, 148). As such, increased lactate secretion in non-malignant cells can be seen 

as evidence for the importance of the skin-tumor microenvironment as a co-player in 

the tumor-mediated immune evasion. However, speaking of the tumor 
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microenvironment, it should be noted that the cells inhabiting it are not the same as 

regular cells from the surrounding tissue. There have been many studies on the topic 

of fibroblast-modification by the tumor, turning them into cancer-associated fibroblasts 

(149, 150). So logically, a change of glucose metabolism similar to cancer in cells 

residing in the tumor stroma should not be that surprising. However, none of the cells 

in this study were derived from tumor stroma. It could be argued that NIH 3T3, being 

an immortalized cell line (151), have characteristics closer to cancer cells. Although 

true in this particular case, all other cells used were primary cells, and in the case of 

mKera even freshly isolated specifically for the irradiation experiment.  

Nevertheless, the immune attenuation provided by lactate is not always a 

negative thing. In healthy skin, suppressing the immune system could be beneficial in 

order to prevent unwanted immune responses like skin photosensitivity observed in 

patients with auto-immune diseases (152). Indeed, it has been shown that UV 

radiation, especially UVB, can induce systemic immunosuppression (153, 154), which 

is in accordance with such a hypothesis. In addition to this, in 1999 Iwao and 

associates showed that the immune response attenuation after UV-irradiation is, at 

least, partially due to the generation of ROS (58). This might seem contradictory since 

it was mentioned earlier that lactate can act as an antioxidant itself (82), so increased 

lactate secretion should reduce ROS levels. However, there are some critical points 

when considering lactate as a viable antioxidant option for the cells as it is able to 

generate ROS itself and activate ECM degradation (91-93, 146). In their publication, 

Bassenge and associates show that increased lactate levels in guinea pig hearts lead 

to increased ROS levels (91). Another more recent work from Tauffenberger et al. also 

shows linear correlation between increasing lactate concentrations and increasing 

ROS levels (92).  

When discussing glucose and lactate metabolism in the context of UVA, ROS-

generation, and antioxidant defence, the role of pyruvate as a medium additive must 

be considered, since it too possesses antioxidant properties (85, 89, 91). Despite not 

influencing cell viability, morphology, or proliferation when absent from the medium, 

pyruvate, as an intermediary product of aerobic glycolysis (155), could influence the 

metabolic profile of irradiated cells. In this work, it was observed that the absence of 

pyruvate from the culture medium increases glucose consumption with and without 

UVA. As for lactate release, there was a statistically significant increase after removing 
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pyruvate from the medium for both irradiated and un-irradiated samples, with the 

largest difference being detected in the un-irradiated pair (+/-pyruvate). It is possible 

that lactate, as mentioned before, plays some role as an antioxidant. However, it is 

also possible that the cells expel excess lactate in order to reduce the amount of ROS-

generating molecules in the cytoplasm (91).  

4.2.2. No changes in glucose and lactate metabolism detected in murine skin 

after irradiation 

Since lactate plays such an important role in the skin during UV-irradiation, it was 

expected that metabolic changes would also be detected in the medium of irradiated 

skin samples. 

Compared to a cell monolayer, the metabolic data for the skin explants shown in 

Fig. 32 and Fig. 35 present a different picture with regard to glucose consumption and 

lactate production, mainly, glucose and lactate levels did not change between 

irradiated and un-irradiated states. There are two possible explanations for this 

occurrence.  

Firstly, it is possible that two days of irradiation were not enough to induce any 

changes in the glucose consumption of the skin samples. The second explanation is 

that the skin explants are attempting to modulate the lactate concentration in the 

medium to reach typical blood values and thus regulate also their glucose metabolism. 

As shown in previously published data, mice have high blood lactate values of 4.5-

4.6mM (156). This amount closely correlates with the amount of lactate released in the 

medium by skin explants (Fig. 32 and Fig. 35). From these figures, it is also evident 

that almost all of the consumed glucose is converted to lactate. Therefore, it is possible 

that in skin explants the establishment of a blood-like extracellular lactate levels takes 

precedent before any UVA-related metabolic rearrangements. Still, since there are 

differences between plasma/medium concentrations of lactate and interstitial fluid 

levels (157-159), the lactate amount in the skin itself with and without UVA irradiation 

needs to be examined.  



110 
 

4.2.3. 13C-labelling in human fibroblasts shows that only alanine, acetate, and 

lactate are derived from glucose/pyruvate  

Considering the importance of glucose and lactate not only for the cell energy 

metabolism but also for the skin homeostasis and barrier function (143, 144), it was 

interesting to see the metabolic data from the 13C-labelling experiment with glucose. 

Furthermore, pyruvate as a cell culture additive and intermediary product of glycolysis 

(155), as well as an antioxidant (85, 89, 91), was also labelled in order to detect its 

derivate metabolites.  

It should be noted here that the absolute values for glucose and lactate detected 

during the labelling experiments, and later during the NMR-profiling of unlabelled 

samples, deviated from the ones obtained in the colorimetric measurements. The 

colorimetric data presented in section 3.1.3 show glucose uptake and lactate release 

for Re5 fibroblasts at levels almost two times higher than the ones observed in the 

NMR-measurements. This occurrence is due to the presence of proteins in the 

culturing medium in the form of FCS. Metabolites like glucose and lactate are known 

to bind to serum proteins (160, 161). Protein-bound metabolites are hard to detect by 

NMR and therefore the total yield for glucose and lactate differs between the 

colorimetric detection (where proteins contain in the medium play no role) and NMR. 

Since glucose and lactate also have different binding affinities to proteins (160, 161), 

it also explains why the lactate-to-glucose ratios for Re5 differ between the colorimetric 

and the NMR measurements (ratios of 1.7 and 1.4 respectively, see Fig. 21 and Fig. 

28). 

The data from the labelling experiments showed that acetate, alanine, and lactate 

are derived from pyruvate. As for the glucose treatment, it resulted in labelled acetate, 

alanine, lactate, and pyruvate. This is in accordance with the available data for 

compounds involved in the glycolytic pathway of glucose metabolization (126). The 

distribution of labelled glucose explains the observation that, in the absence of 

pyruvate the, cells release insignificantly higher amounts of lactate after irradiation 

compared to irradiated samples with pyruvate even under increased glucose 

consumption – the glucose derived pyruvate is not metabolized solely to lactate but 

also contributes to alanine and acetate synthesis.  
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An important point to note is that there were no labelled metabolites detected who 

were part of the Pentose Phosphate Pathway (PPP) or Citrate cycle (126). This leads 

to the conclusion that the glucose resources, and pyruvate as an additional source of 

carbon, when present in the medium, are not utilized in respiration (162) or DNA-

synthesis/repair (163, 164).  

Another interesting finding from the labelling experiments is the consumption-

secretion dynamic of pyruvate. Cells cultured with pyruvate consumed it from the 

medium. At the same time, they released some glucose-derived pyruvate in the 

extracellular milieu, which is in accordance with the findings of O'Donnell-Tormey (85). 

Combining this with the data from the metabolic profiling of the Re5 cells (see Fig. 28) 

shows that cells cultured in the presence of pyruvate have both higher consumption 

and release rates of the metabolite after irradiation. The observed higher pyruvate 

production than detected consumption is most likely an artefact, especially when 

compared with the secretion data obtained from the 13C-glucose labelling without 

pyruvate. The detected secretion in the presence of pyruvate is almost ten times higher 

than the one observed in medium without pyruvate. However, it is likely that the high 

amounts of unlabelled compound contained in the standard DMEM formulation (1mM) 

enhance the labelling readout and give falsely increased secretion levels.  

As for the fact that cells treated with 1mM 13C-pyruvate have higher uptake of the 

compound compared to ones cultured in 1mM unlabelled pyruvate. This could be a 

combination of a measurement and calculation artefact, since the difference in the 

HSQC signals for unlabelled pyruvate in the medium and cell supernatant (which were 

used for calculating the concentration of labelled samples), was very small. The low 

natural abundance of 13C atoms could lead to reduced sensitivity of the HSQC 

measurement for unlabelled pyruvate (95), and subsequently result in inaccuracy while 

calculating the labelled pyruvate concentration. However, there are also some 

indications that some isotopic ions and molecules with higher molecular mass have 

faster diffusion rates than their lighter counterparts (165). This, coupled with the high 

extracellular concentration of the metabolite might have resulted in an increase in 

uptake (166).  

It should be noted that the levels of pyruvate present in the cell culture medium 

(1mM) are much higher than the ones usually detected in blood (between 50µM and 

120µM) (118). However, UV radiation is capable of increasing blood flow into the skin 
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(167), leading in turn to a local increase in pyruvate concentration (168). Therefore, it 

is possible that skin pyruvate levels have a drastic local increase and reach levels 

much higher than the ones usually detected in the blood and not so far from the 1mM 

medium additive used in the cell and skin experiments. 

As for the fibroblasts kept in the absence of pyruvate, only about a half to a third 

of the detected pyruvate production came from glucose (see Fig. 26). This is indicative 

of alternative sources for pyruvate synthesis, such as glutamine, and more exactly its 

derivative PEP (126). 

The observed pyruvate dynamic in cell culture can be explained with its 

suggested role in the skin. Pyruvate was shown to have antioxidant properties by being 

able to non-enzymatically decarboxylase to acetate (85, 89), a reaction also supported 

by findings in this work (Fig. 31, Fig. 39, and Fig. 40).  

When observing murine skin punches cultured in medium containing un-

physiological concentrations of 1mM pyruvate or 200µM , which is closer to the blood 

values detected in murine blood (120, 121), the detected metabolic profile of pyruvate 

was very different from the one seen in cell culture (Table 15). In the case of samples 

cultured in DMEM with 1mM pyruvate, the uptake of pyruvate by the skin explants 

significantly decreased after irradiation. If the phenomenon was connected to a 

blockage of the monocarboxylate transporter (MCT) due to the strong medium 

acidification by the high extracellular lactate release (169) there should not have been 

a difference between irradiated and un-irradiated samples, since lactate levels 

remained unchanged in skin explants before and after irradiation. However, it is 

possible that the net pyruvate consumption is influenced by the pyruvate release from 

the skin sample. As seen in Fig. 35, skin explants, much like cell culture fibroblasts, 

are capable of releasing pyruvate into the medium. Since changes in the glucose 

consumption ratios have not been detected in the medium, it is likely that the glucose 

used for pyruvate production comes from reserves in the interstitium (170).  

Acetate is another important metabolite, a product of the non-enzymatic 

decarboxylation of pyruvate in the presence of ROS (87). It shows labelling from both 

glucose and pyruvate. When adding up the labelled values it is evident that the two 

aforementioned metabolites are not the only sources of acetate. An alternative source 

could be newly-synthesized alanine that is being converted to pyruvate and afterward, 
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to acetate via alanine transaminase (171) or serine-derived pyruvate via serine 

dehydratase (146).  

What remains the same between cell culture and skin explants (1mM pyruvate) 

is that irradiation induces an increase in acetate release (Table 15) which can be seen 

as an indicator of ROS detoxification. Contrary to that, the release of acetate by skin 

reconstructs cultured in 200µM pyruvate-medium decreased after irradiation. There 

are two possible explanations for this observation. Firstly, it is possible that not all of 

the pyruvate is used for non-enzymatic decarboxylation and subsequent acetate 

production. Pyruvate can also be used for the synthesis of alanine – another possible 

antioxidant (126, 127). However, alanine release also decreases after irradiation (Fig. 

35). Off course, it is possible that alanine is retained in the skin to facilitate antioxidant 

defense there and remain trapped in the interstitium instead of being released in the 

medium. Secondly, it is also possible that acetate is being retained in the skin or even 

re-absorbed in the tissue to serve as a source of Acetyl-CoA (172) in order to fuel the 

tissue energy metabolism and subsequent initiation of other ROS-detoxification 

pathways.  

As mentioned, alanine is another metabolite that was detected during the 

labelling experiments. It also seems to be completely derived from glucose and 

pyruvate in medium containing 1mM pyruvate as evident from the labelling 

experiments. In the absence of pyruvate, glucose does not seem to be the sole source 

of alanine. It is possible that alanine has been synthesized via other pathways, for 

example via tryptophan (126).  

Alanine metabolism also showed pyruvate-dependant changes when cells 

containing 1mM or 0mM pyruvate are subjected to UVA-irradiation. Alanine production 

significantly decreases in cells irradiated in the absence of pyruvate. Comparing cell 

culture with ex vivo skin, the skin samples showed decrease of alanine release after 

irradiation independent of pyruvate concentrations. It is possible that the metabolite 

remains trapped in the interstitium or the cells themselves. There have been 

suggestions that alanine itself can function as an antioxidant by stimulating the 

expression of antioxidant defence proteins like oxygenase-1 and ferritin (127), which 

could explain its retention into the cell when not enough pyruvate is present in the 

medium.  
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4.3. Other metabolites showing UVA and pyruvate dependant regulation in cell 

culture and mouse skin 

Besides the glycolytic metabolites described in the labelling experiments, other 

compounds involved in energy metabolism and ROS-detoxification were also detected 

to be regulated by irradiation and variations of pyruvate concentration. The whole 

spectrum of detected compounds and their interactions are shown in Fig. 47. 

 

Fig. 47.: Interaction map of the detected metabolites made according to publicly available data in the 

Human Metabolome Database and KEGG (126, 171). Marked gray are essential amino acids that come 

from the culture medium. The choline-cystine pathway (marked blue), represents metabolites involved 

in the glutathione synthesis. Marked orange are metabolites participating in glycolysis or derived from 

pyruvate. Yellow metabolites are crucial players in the citrate cycle. Marked blue-green are metabolites 

involved in glutamate metabolism. 

4.3.1. Glutathione metabolites – cystine, glutamine, glutamate, pyroglutamate  

From all metabolites, cystine, a dimer of the amino acid cysteine, was uniformly 

regulated between cell culture and skin samples with UVA treatment increasing its 
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consumption. The lack of pyruvate, at least in cell culture, seems to negatively 

influence the metabolite consumption from the medium.  

Cystine, together with glutamate, is metabolized to γ-glutamylcysteine, which in 

turn interacts with glycine and the enzyme glutathione synthetase to form glutathione 

(126, 171, 173). Glutathione is an important component of the cellular antioxidant 

defence (35). From the cell culture data on cysteine consumption, as well as the 

release of glutamate and pyroglutamate, it is evident that cells cultured without 

pyruvate tend to release metabolites relevant to glutathione synthesis and ROS 

detoxification in the medium to a higher degree compared to cells cultured in high 

levels of pyruvate (1mM). Retaining crucial metabolites for the glutathione synthesis 

instead of releasing them, coupled with the increase of cystine consumption, indicates 

that the cells cultured with pyruvate most likely have an increased ROS detoxification. 

Since glutamine can be used in the neo-synthesis of glutamate and pyroglutamate via 

glutaminase 2 (126), higher synthesis rates of those two amino acids could explain 

their increased release. A problem with this theory is the lack of difference in the 

glutamine consumption between cells with and without pyruvate.  

Another possibility would be that the observed metabolic release, especially of 

pyroglutamate, is the cell culture equivalent of “septic shock” where the drastic 

increase of ROS results in glutathione depletion and insufficient neo-synthesis (174). 

However, glutamate release was not decreased in response to increasing 

pyroglutamate as observed by Gamarra et al (174). There are two possible 

explanations for this. The increased levels of glutamate release after irradiation 

observed in the current work could point to an increased function of the 

cystine/glutamate antiporter xCT (125). This could be the case in cell culture and skin 

explants cultured in high pyruvate levels (1mM) but not in cells cultured without 

pyruvate, since cystine consumption decreases despite their higher glutamate release. 

Another possibility is the function of glutamate in an autocrine signalling loop. It has 

been shown that there is an increase in glutamate release when the skin barrier 

function is disrupted (175). In addition to that, a 2007 study by Namkoong et al. 

suggests that glutamate signalling is crucial for melanoma proliferation (176). UVA is 

known to disrupt the barrier function of the stratum corneum to some extent (177) which 

makes glutamate release in order to restore barrier properties highly possible, 

especially in the context of ex vivo cultured skin. As shown by Namkoong (176) et al, 
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glutamate could also function as an enhancer of tumor cell proliferation. Although a 

decrease in proliferation was observed in all cell culture experiments in the current 

work, it is possible that the release of glutamate in the medium prevents the cells from 

complete proliferation arrest in the presence of stressors such as UVA.  

In skin explants cultured in low-pyruvate conditions (200μM), glutamate was not 

UVA dependent. This might be an indication of reduced activity of the 

cystine/glutamate antiporter (125), which, however, is contradicted by the increase in 

cystine consumption. Another possibility is that the lack of difference between 

irradiated and un-irradiated samples indicates a reduced role of glutamate in autocrine 

signaling. On the other hand, glutamine consumption shows similar increase to the one 

observed in cell culture (unlike the lack of UVA-dependent consumption in high 

pyruvate skin samples), especially in skin samples cultured with 1 g/L glucose. Medium 

glutamine is one of the major sources of glutamate (126, 171) indicating possible 

glutamate neo-synthesis that can potentially mask UVA dependent changes in the 

glutamate release even with active cystine/glutamate antiporter.  

As for the role of pyroglutamate in glutamate metabolism, compared to the in vitro 

experiments, the mouse skin explants consumed pyroglutamate from the medium 

instead of releasing it, and the consumption increased after UVA-irradiation. 

Pyroglutamate is a degradation product of the glutamine additive in the medium (178), 

therefore its availability in the fresh medium (without skin) is not unexpected. The 

consumed pyroglutamate might be used for the re-synthesis of glutamate via 5-

oxoprolinase (173) and subsequent glutathione generation.  

4.3.2. Metabolites in the glutamate synthesis – histidine and proline 

Histidine is another important player in the glutamate synthesis together with 

glutamine (126, 171). In cell culture experiments, histidine consumption from the 

medium by human fibroblasts cultured in 1mM pyruvate increased with irradiation. 

However, there was no stable consumption pattern in the absence of pyruvate. It is 

likely that the role of glutamate source is taken by glutamine in this case. Histidine 

consumption decreased with irradiation in both low- and high-pyruvate skin samples. 

In the low pyruvate samples this decrease also correlated with decrease in asparagine 

release, indicating possibly reduced activity of asparagine-amino acid exchange factor 

(179). The decrease in histidine consumption after skin sample irradiation suggests 
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that alternative sources for glutamate are used – glutamine in low-pyruvate samples 

and arginine with ornithine and L-glutamate-5-semialdehyde as intermediary products 

(126, 171) for the samples cultured in 1mM pyruvate. Another possible source of 

glutamate, urocatate (126), also gets retained in the skin after irradiation.  

It is also possible that the skin explants prefer an alternative strategy to increased 

precursor consumption in order to replenish their glutamate reserves – retention of 

metabolites used for the synthesis process. The decrease in proline release with 

irradiation supports this theory (126). 

Proline can be used in glutamate synthesis, either with L-glutamate-5-

semialdehyde or 1-pyrroline-5-carboxylate as intermediary products (126, 171). A 

retention of the metabolite was observed to a greater extend in skin samples after 

irradiation in both high and low pyruvate conditions which is indicative of possible 

glutamate re-synthesis and subsequent glutathione generation. Compared to that, 

cultured cells in medium without pyruvate had increased proline secretion after 

irradiation. There have been reports of proline acting as a free radical scavenger (180, 

181). However, there is direct evidence of proline being able to reduce UVA-related 

cellular damage (182) and, at least in plant models, it is able to stabilize redox enzymes 

such as catalase (183) and superoxide dismutase (184) providing further oxidative 

stress protection. Under such conditions, it is possible that proline release is an 

indication of insufficient ROS detoxification, similar to pyroglutamate (174).  

 

4.3.3. Metabolites in the cystine synthesis – choline, betaine, and sarcosine 

The metabolites choline, betaine, and sarcosine are involved in the synthesis of 

cystine and therefore can also influence the glutathione pathway (126). From the three, 

only sarcosine was detected in both cell culture and skin supernatants. Sarcosine is a 

frequently used biomarker for increased tumor metastasis in prostate cancer (185). Its 

function is modulating gene expression of cell-cycle-relevant proteins, promoting 

proliferation (186). Given its importance, it was unexpected that mouse skin cultured 

in high pyruvate conditions (1mM) would be increasingly releasing sarcosine in the 

medium after irradiation. It is possible that under high pyruvate conditions in the skin, 

sarcosine plays a role in preventing cell cycle arrest in irradiated cells and tissue via 

autocrine signaling (186).  
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Coupled with increased sarcosine consumption in skin under low-pyruvate 

conditions, the metabolites glycine and betaine show reduced secretion after 

irradiation. Considering their role in cysteine synthesis and subsequent glutathione 

metabolism, the retention of these compounds in the skin is likely an indication of active 

ROS-detoxification (126, 171, 173).  

4.3.4. Citrate cycle metabolites 

Only cells cultured in 1mM pyruvate show UVA-dependant differences in 

isoleucine, valine, and lysine – essential amino acids important for the citrate cycle 

(126). Increased consumption of isoleucine after irradiation could also be detected 

after irradiation in low-pyruvate skin supernatants. This could be an indication of 

increased respiration (75).  

On the other hand asparagine, which can be used for fumarate synthesis and 

thus is also involved in the citrate cycle, is released after irradiation by the cells cultured 

without pyruvate (126, 171). This could be an indication of some problems with the 

cellular respiration.  

4.3.5. Threonine and tryptophan 

Threonine and tryptophan were detected only in skin samples but not in cell 

culture. Threonine was released in the supernatant and UVA-irradiation reduced its 

secretion in high-pyruvate samples. Some published data indicates threonine as a cell 

cycle regulator and proliferation enhancer in mouse embryonic stem cells (187). It is 

possible that threonine acts as an autocrine signal for the cells. Another interpretation 

would be that, if the cells expel threonine, which is a regulator of mTORC1 (187), this 

might have an inhibitory function on proliferation, giving the cells time to repair UVA-

induced DNA damages. However, in the context of tumor and tumor stroma, the 

release of threonine from the surrounding tissue might benefit cancer progression and 

dissemination via mTORC1 activation (188). 

To validate or negate any of these hypotheses, a thorough gene expression 

analysis of proliferation-related genes (especially related to the PI3K/Akt and mTOR 

pathways or CDKs), coupled with Western Blot analysis should be performed. A 

comparison between extra and intracellular levels of threonine should also be made. 
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As for tryptophan, it behaved differently between high- and low-pyruvate 

conditions. Skin cultured in 1mM pyruvate consumed tryptophan and the consumption 

decreased with irradiation. Since tryptophan is a precursor in the glutamate synthesis 

(126), its decreased uptake might signify problems with glutathione metabolism (189). 

On the other hand, skin samples cultured in low-pyruvate conditions release 

tryptophan in the medium, and UVA-irradiation enhances the secretion. It has been 

suggested that tryptophan on its own can act as a radical scavenger (190), therefore 

its release in the medium under these experimental conditions might fulfill similar role. 

Contrary to that, there is data showing that tryptophan can be primed by UV irradiation 

to generate superoxide anion (191). In that case, releasing tryptophan might be a way 

for the skin to minimize the amount of potential ROS inducer under low-pyruvate 

medium conditions.  

4.4. Influences of UVA and pyruvate on oxidative stress and DNA-damage in 

human fibroblasts 

As evident from the experiments described thus far, the repeated irradiation of 

human fibroblasts with UVA results in metabolic changes indicative of ROS-

detoxification. Besides them, the release and uptake of pyruvate was also influenced 

by irradiation. These findings are interesting because up until now there has been, as 

far as published literature is concerned, no other study presenting the connection 

between UVA and pyruvate, and their effects on glucose metabolism. Known works 

have studied either only pyruvate as antioxidants against chemically induced ROS or 

against UVB (85, 89, 90, 192, 193), but not with UVA as their main focus. It should also 

be noted that most of the studies, with the exception of the one by O'Donnell-Tormey 

(85), use much higher pyruvate concentrations than the ones in this work (2.5 to 25 

times higher) (89, 90, 192, 193).  

Indeed, the presence of high amounts of pyruvate in the cell culture medium led 

to a reduction of ROS levels after UVA treatment (Fig. 41) confirming its role as an 

antioxidant (85, 87, 89, 91).  

However, the antioxidant effects of pyruvate were not that strong when 

considering its role in DNA-damage prevention. The data presented in this work show 

an increase of 8-OHdG, a guanosine modification used as a reliable marker for 

oxidative damage (123, 194), after 2 days of irradiation compared to untreated 
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samples. The absence of pyruvate in the medium even significantly increased the 

endogenous damage level in samples without UVA treatment (Fig. 42). However, 

despite showing a tendency of increased 8-OHdG after irradiation, the absence of 

pyruvate from the medium did not significantly influence the DNA-damage after 

irradiation. What is more, prolonged irradiation (4 days treatment) resulted in further 

equilibration of 8-OHdG levels between cells with and without pyruvate and even 

abolished the difference between irradiated and un-irradiated samples. The fact that 

the values for the most aggressive treatment (-pyr UVA-irradiated) in the 2d and 4d 

experiments were virtually the same indicates damage saturation. It seems that 

pyruvate alone, at least not in the used concentrations of 1mM, is insufficient to prevent 

DNA damage in a long-term UVA exposure, although the data presented in this work 

and other publications (85, 87, 89, 91) show that it can effectively quench ROS. As 

shown in Fig. 41, 1mM pyruvate addition to the medium does not bring ROS to base 

untreated levels. These remaining reactive species could lead to DNA-damage 

accumulation that can no longer be influenced by the presence of pyruvate. This 

phenomenon, however, could be a good in vitro confirmation of the observation that 8-

OHdG is higher in aged tissues that have received more oxidative damage (194). This 

conclusion comes from the observation that the “older” 4d samples had a higher 

amount of damage, compared to their “younger” 2d counterparts.  

From these data, one could conclude that pyruvate has limited antioxidant 

capacity during long-term treatments. It is possible that pyruvate is a readily-available 

first-line defense for the cells, giving them enough time to kick-start other, more potent 

antioxidant mechanisms like the glutathione system. Still, to be able to confirm this 

theory the levels of 8-OHdG should also be measured after 1d of UVA treatment and 

also the levels of intra and extracellular pyruvate, as well as glutathione, should be 

determined. To further elaborate on the protective function of pyruvate, higher 

concentrations should also be tested. 

4.5. Pyruvate regulation of MMP1 and MMP3, and UVA-dependant MMP15 

regulation in human fibroblasts 

From all the findings in this work, it is evident that UVA irradiation effects the 

metabolic profile of human cells and in particular fibroblasts. The presence of pyruvate 

during the irradiation process modulates this response and is even able to ameliorate 

damaging effects on DNA to some extent. Therefore, it was of interest to see what 
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effects pyruvate would have on another important process dysregulated by UVA – the 

expression of MMPs. What this work was able to show is that presence of pyruvate 

during irradiation has the effect of decreasing the expression of key MMPs such as 

MMP1 and MMP3. This is a completely new finding since no publications on the topic 

could be found and of great importance since these two metalloproteinases play 

important roles in skin tumor progression and photoaging (15).  

From all tested MMPs (see. Fig. 43 to Fig. 45), pyruvate regulated the expression 

of MMP1 and MMP3. The fact that UVA increases MMP expression has been already 

shown (53, 129, 132, 195, 196). The findings for MMP1 and MMP3 correlate closely to 

the ones shown by Jeon and associates (195). The increase of MMP2 and MMP15 

expression after irradiation was similar to the one observed by Kamenisch et al. (53). 

However, both MMP2 and MMP15 showed only a tendency of pyruvate dependence 

and its influence on gene regulation was not significant. Still, the fact that MMP15 

shows an UVA-dependant expression in fibroblasts is a crucial new finding, since up 

to now, UV-dependant modulation was observed only in corneal keratinocytes (15, 

197). 

MMP9 and MMP13 were not influenced by UVA contrary to the findings in the 

aforementioned publication (53). Kamenisch and associates used malignant 

melanoma cells compared to the non-malignant fibroblasts used in this study (53), 

suggesting that changes in the UVA-dependence of MMP9 and MMP13 expression 

could be due to the general differences between cancer cells and healthy skin cells. 

Nevertheless, it is interesting to see that non-malignant fibroblasts exhibit somewhat 

similar tendencies to malignant cells. In the context of the tumor microenvironment, 

this supports the role of non-malignant cells as additional modulators of tumor 

progression and metastasis (198).  

The fact that UVA increases the transcriptional activity of MMPs is also an 

important factor in skin photoaging (15). Keeping that in mind, the finding that the 

presence of pyruvate modulates the response of fibroblasts to UVA-irradiation by 

reducing MMP expression is important in regard to pyruvate’s potential implementation 

as topical antioxidant (90). However, it must be noted that pyruvate has the ability to 

negatively regulate melanin production (199). Further studies ex vivo and in vivo are 

needed to validate pyruvate’s potential and safety as an antioxidant in skin care 

applications directed against wrinkle formation and photoaging.  
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Another finding was that UVA irradiation significantly increased TIMP1 

expression, with samples cultured without pyruvate tending to have even higher, albeit 

not significant, expression compared to cells irradiated in the presence of pyruvate 

(Fig. 46). There have been controversial publications on the topic with TIMP1 being 

up- or down-regulated, or even showing no UVA-induced modulations depending on 

the cell type observed (53, 132, 197). As an inhibitor of metalloproteinase activity, it 

was expected for TIMP1 to be down-regulated in the presence of UVA since several 

MMPs were significantly increased after irradiation. This discrepancy between the 

expected and observed mRNA levels could be due to several reasons.  

Since the observed cells (Re5) are healthy primary fibroblasts, it is natural for 

them to react to the increased MMP-expression by counteracting it in an attempt to 

preserve the “tissue homeostasis”, despite the cells being cultured in vitro (200). 

Therefore, when fibroblasts up-regulate MMP gene transcription due to UVA 

irradiation, metalloproteinase antagonists should also be highly transcribed. 

Another possibility for the simultaneous increase of MMPs and TIMP1 is that the 

measurements were performed at an “overlapping” time point. There is a temporal 

regulation of the gene expression with TIMP1 being down-regulated during and directly 

after irradiation to allow an increase of MMP-mRNA (201). Since the collection of the 

mRNA samples was performed 12 hours after UVA irradiation, it is possible that the 

TIMP1 transcription was on the rise compared to declining MMPs, and the acquired 

time point showed a transitional state of gene expression. Therefore, a time-resolved 

mRNA analysis should be performed on irradiated and un-irradiated cells in the 

presence/absence of pyruvate to validate this theory. Furthermore, increased mRNA 

levels do not automatically equal increased protein production or even MMP activation. 

As a step further in analysing the combined regulatory function of UVA and pyruvate 

on the MMPs and TIMP1 a Western Blot analysis coupled with a zymography should 

be performed.  
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5. Conclusions and outlook 

This work shed light on the metabolic behaviour of different non-malignant cells 

and a complex skin system after the application of repetitive, sub-erythemal doses of 

UVA-radiation. It also discussed the influence of pyruvate on said metabolic profile and 

on the stress-reaction of human fibroblasts and skin after irradiation. It showed that in 

cell culture UVA increases glucose and lactate metabolism independent of cell type or 

donor species. Furthermore, it showed that cells irradiated in the absence of pyruvate 

show indications of less efficient glutathione synthesis and unstable consumption of 

citrate cycle relevant metabolites. The work also showed that the capacity of pyruvate 

as a potential antioxidant for ROS-detoxification in fibroblasts. This thesis also 

highlighted the role of pyruvate, in combination with UVA, as a modulator of MMP 

expression, especially in the case of MMP1 and MMP3, and also reported for the first 

time UVA-dependant modulation of MMP15. All these findings are depicted in Fig. 48. 

 

Fig. 48.: Graphic representation of the metabolic and functional changes in human fibroblasts after UVA 
and pyruvate treatment. Thicker arrows indicate process enhancement compared to corresponding 
pyruvate treatment (comparison UVA+pyruvate and UVA-pyruvate).  

Still, further tests are needed in order to better understand the interplay between 

pyruvate and UVA in the context of the skin. These additional tests can be divided in 

three major groups – in vitro, ex vivo, and in vivo. 

Supplementary in vitro experiments would cover the detection of intracellular 

metabolites in the presence of UVA and pyruvate and comparing them to the 

metabolite data acquired from the fibroblast supernatant described in the current work. 

This would be the next logical step in order to clarify the complex metabolic 
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modulations occurring after UVA and pyruvate treatment. Another interesting angle to 

look at the effects that UVA and pyruvate exert on the cells would be to perform PCR 

and Western Blot analysis on transporter proteins, receptors for para- and autocrine 

signals and proteins, involved in respiration and cell cycle. These experiments should 

be performed first on fibroblasts in order to match with the data obtained from this work. 

In a second step, keratinocytes should also be tested in order to compare their reaction 

to irradiation and pyruvate treatment. Both cell types, fibroblasts and keratinocytes, 

would provide differential metabolic data for the upper skin layers (keratinocytes) and 

the deeper layers of the dermis (fibroblasts). 

Another optimization point could be the source and type of UV-radiation applied. 

Considering that natural sunlight consist of both UVA and UVB, it would be beneficial 

for both future in vitro and in vivo studies to be performed with a solar simulator 

providing the full sunlight spectrum rather than focusing on a single type of UVR. Thus, 

more natural and biologically relevant experimental conditions could be achieved, in 

order to gather data as close as possible to real-life sun exposure.  

To better mimic the real-life sun exposure, the in vitro experiments could be 

repeated ex vivo on skin explants from human donors or on skin reconstructs, which 

would increase the clinical relevance of the studies, as well as the data transferability 

from the experimental setting to a macroscopic system such as intact human skin.  

A crucial point in any further study would be to collect in vivo data about the skin 

metabolic flux during irradiation in real time after UVR-treatment. Since skin reddening 

(erythema) can be observed after prolonged sun exposure, it is likely to expect higher 

than normal levels of pyruvate and other antioxidant metabolites on the treatment site 

due to an increased blood flow. This theory needs to be tested in order to determine 

the exact pyruvate concentration that should be implemented in future cell culture or 

ex vivo experiments. It will also provide better understanding of the metabolic changes 

in the human skin during sun exposure, which is a crucial step for developing new 

treatments and protection strategies. Another important point to be tested in vivo would 

be what influences pyruvate has on the immune-response during UVR-treatment. As 

previously mentioned, lactate attenuates the immune response and can induce the 

expression of MMPs. The current work has shown that pyruvate can reduce the 

expression levels of some MMPs. Therefore, elaborating on pyruvate’s effects 
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concerning immune response is crucial for its potential clinical and cosmetic 

applications.   
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