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Abstract

Background/Objectives: Studying the role of UV-induced metabolic changes in skin physi-
ology, and especially skin diseases, has gained importance in both medicine and cosmetics.
With the development of new technologies, a variety of approaches have been implemented
to model these metabolic effects. In this study, we explore the reproducibility of the UVA1-
induced metabolic changes observed in different in vitro, ex vivo, and in vivo systems with
escalating complexity. Our aim is to elaborate on the role of experimental setups in the
reliable representation of in vivo data in other systems. Methods: Metabolic profiles post
UVAL treatment were assessed in skin cell culture, skin explants, and intact skin. For cell
culture and explants, the metabolites from the culture medium were assessed via 1D-CPMG
NMR. Intact skin samples were collected via microdialysis and the resulting dialysate was
measured with GC-TOF-MS. Results: Data show that, despite great metabolic variations
between the systems, several metabolites, such as glutamic acid, succinic acid, and threonine,
change in a similar manner across multiple systems after UVAL1 irradiation, including in vivo
settings. Some metabolites, like phenylalanine, citric acid, and pyruvic acid, show similar
UVA-mediated metabolic patterns between corresponding in vitro and ex vivo systems, but
do not overlap well with in vivo data. Conclusions: Our findings emphasize the need for a
metabolite-by-metabolite approach when deciding on the proper experimental system to
perform UV irradiation experiments with regard to cutaneous physiology.

Keywords: UVA; human skin metabolism; microdialysis; NMR; GC-TOF-MS

1. Introduction

The skin is the largest organ of the human body and its barrier to the outside world. As
such, it is subject to a variety of chemical and physiological stressors, among which is ultra-
violet (UV) radiation [1,2]. Based on wavelength, UV radiation can be subdivided into three
major types that are relevant for human health—UVC (100-280 nm), UVB (280-315 nm),
and UVA (315400 nm) [3,4]. From the solar spectrum reaching the Earth’s surface, UVA
(consisting of UVA2 (315-340 nm) and UVAT1 (340-400 nm)) is the predominant component,
constituting 95% of the overall dose as opposed to UVB [4]. Exposure to UV radiation can
lead to a variety of macroscopic and microscopic changes, including wrinkle formation
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(photoaging), barrier function disruption, cell death, inflammation, DNA damage, and
cancer. Through a combination of direct energy transfer and indirect radical formation, UV
radiation can cause DNA modifications, lipid peroxidation, and protein misfolding. It can
also result in changes in the metabolism of the skin.

Due to the aggressive nature but short half-life of UV-induced reactive species such as
peroxyl, hydroxyl, and superoxide radicals upon irradiation, the metabolic response in the
form of radical quenchers (for example, pyruvic and lactic acids and glutathione) forms
the first line of defense of the skin [1,5]. Compared to proteomic and genomic studies,
assessing the metabolic profile after irradiation gives a unique insight into the immedjiate,
real-time physiological changes in the effected tissue. Aberrations in the skin metabolism
can lead to inflammation, disturbance in the commensal flora of the skin, immune evasion
by tumors, and premature cell death. Thus, the study of skin metabolism is pivotal in all
fields of dermatology—cancer research [6,7], inflammatory skin diseases [8,9], aging [10,11],
skin homeostasis, and wound healing [12,13]. Therefore, understanding the short- and
long-term effects of UV radiation on skin metabolism can provide further insight not only
into the etiology of photoaging and photosensitive skin diseases like lupus erythematosus
and polymorphic light eruption, but also aid skin cancer research by supporting the
development of new sun protective strategies and treatments.

There are many established techniques to collect and evaluate the metabolic profile of
intact skin [14], but implementing them in patient studies has its drawbacks [15]. Although
performing a skin biopsy is the easiest way to acquire material for metabolic testing, it pro-
vides only a momentary “snapshot” of the skin’s condition. It is not suitable for longitudinal
studies due to the increased burden on the patient resulting from multiple sample collections.
Thus, the implementation of minimally invasive techniques for skin sample collection, such
as microdialysis, is gaining popularity as a means of in vivo sample collection [15,16]. In
addition to its minimal invasiveness, microdialysis also allows for repeated sampling from
a single spot, making it possible to perform in vivo time kinetics with a singular catheter
insertion. It also abolishes the need for complex tissue preparation and homogenization that
are required for biopsy samples, allowing for quick and reliable sample collection in small
time increments.

Still, implementing cost-effective, scalable, and homogeneous in vitro and ex vivo
systems is an appealing alternative to in vivo testing. Each of these systems, however, has its
advantages and disadvantages that need to be considered when choosing an experimental
setup [15,17-21].

Some advantages of in vitro systems are condition reproducibility, availability, and
speed, combined with low ethical considerations [21]. A large drawback is the over simplis-
tic depiction of otherwise complex physiological processes by implementing monocultures
or simple co-cultures [22,23]. Under these conditions, metabolites derived from the subcu-
taneous fatty layer (for example, fatty acids, glycerol, and valine) and their influence on
dermal and epidermal cells cannot be assessed. Interactions between cells, metabolites, and
the extracellular matrix (ECM) are also difficult to assay, although there are ECM substitutes
in development [24]. Furthermore, artificial culturing media can influence cellular behavior
and experimental readout [25,26]. Classical Dulbecco’s modified Eagle’s medium and
Minimum Essential Medium Alpha, for example, are typically formulated with pyruvate
concentrations ten times higher than the ones found in human blood [27]. Considering the
antioxidative properties of pyruvate, its concentration in the medium can greatly influence
the outcome of experiments that deal with oxidative stressors such as diverse chemical
compounds or UV irradiation [1,25,28]. Another drawback is the fact that many cells, used
in in vitro cultures, are immortalized, rendering abnormal physiology [19].
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Compared to natural skin, full-thickness skin models also have the caveat that, depend-
ing on the ECM substitute used for the tissue generation, the skin equivalent can acquire
variable properties, which should be considered during experiment planning [29]. Still,
skin equivalents can be used to model cell-cell and cell-ECM interactions, which are crucial
when studying metabolic events. As a drawback, 3D scaffolding and organotypic cultures
still lack the morphological and cellular complexity of ex vivo and in vivo systems [30,31].
Especially challenging is replicating the immunological component of the skin. Mimicking
immunological reactions is crucial for studying UV-induced inflammation and the result-
ing metabolic regulations—two components indispensable when conducting research on
UV-induced autoimmune diseases [32,33]. Differences in the lipid composition between
native skin and skin reconstructs also present an issue, especially when exploring the
effects UV radiation has on skin permeability and fatty acid metabolism [34]. Another issue
present during the UV irradiation of skin equivalents is their thickness. Some artificially
grown constructs, although presenting all functional layers, are much thinner than natural
skin. Considering the different penetration capabilities of the various UV wavelengths [35],
thinner constructs can lead to inaccurate results when studying penetration-dependent
metabolic gradients. In addition, skin equivalents require specialized culturing conditions
and knowledge to produce, leading to increased costs and personnel requirements [36,37].
Nevertheless, full-thickness skin equivalents represent a good balance of reproducibility
and complexity compared to cell monolayers.

Ex vivo cultures, namely skin explants, breach the gap between in vitro and in vivo
systems, but significant differences remain when compared to an intact living organism [38].
On the plus side, skin explants possess resident immune cells, which allow for better
assessment of immune-dependent metabolic changes like the release of prostaglandins
after UV irradiation [32]. However, just like in vitro systems, ex vivo explants rely on
artificial media for nutrient supplementation, which can impact and falsify the collected
data [39,40]. Furthermore, these cultures lack an interaction with surrounding organs
and bodily fluids that can potentially influence the experimental outcome and the data
interpretation [23]. This results in a knowledge gap when it comes to the effects of liver- or
kidney-derived metabolites (for example, creatine) on the UV response.

Performing experiments on living organisms can yield the most complete data during
the experimental proceedings, but it comes with many ethical considerations [23]. Expenses,
difficult recruitment of probands, system complexity, specialized personnel requirements, as
well as the invasiveness of experimental procedures are only a few of the criteria that need to be
taken into consideration [21,41]. Furthermore, it is difficult to manipulate the environmental
variables, and there is a greater variation between test subjects, requiring large experimental
cohorts [23]. An additional concern when performing metabolic studies, even with minimally
invasive techniques like microdialysis, is the influence of anesthesia on the metabolic profile [42].
There have been studies showing strong influences on the skin oxidative metabolism by different
anesthetic compounds [43,44]. Furthermore, the implantation of a microdialysis catheter can
lead to inflammation that could mask weaker UV-induced immune responses.

Another point of concern in using animal models is the translation of the observed
results to human conditions. Despite being useful models for toxicological and immuno-
logical studies, mice and pigs (the two most common organisms used in dermatological
research) still exhibit different metabolic rates compared to humans. This can lead to
differences in reactive oxygen species (ROS) production and quenching [45,46], which can
subsequently result in data anomalies when exploring UV-induced oxidative damage and
antioxidant metabolism. Such experimental uncertainties can have a negative influence on
studies concerning photoaging, photo carcinogenesis, and photoprotection. Furthermore,
in the case of mouse skin, a major problem for conducting UV experiments is the hair
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follicle density. Humans have an overall lower hair follicle density than mice [47-50]. It
has been shown that hair follicles can act as fiber optic units and transduce UV radiation
into the skin, thus influencing the cell reaction and metabolic profile after irradiation [51].
Although using hairless mice might seem like a logical solution to the problem, some
strains exhibit dermal cysts, sebaceous gland hyperplasia, and rudimentary hair follicles
that change the structural and chemical composition of the skin [52]. Furthermore, animal
models have less skin vascularization than humans [50], influencing the speed at which
nutrients and antioxidants are replenished in the skin after UV exposure.

With this work, we want to emphasize the importance of choosing and combining
experimental setups when performing metabolic studies, especially when external stressors
such as UV radiation are co-assessed. Due to the diverse strengths and weaknesses of
the experimental systems listed above, the current study focuses on elaborating on the
data reproducibility and transferability between in vitro, ex vivo, and in vivo models
in the context of UVAl-induced metabolic changes. We, therefore, irradiated primary
human fibroblasts, immortalized keratinocytes, and skin explants. We then compared their
metabolic profiles to the metabolic profile obtained from in vivo UVA1l-treated skin through
microdialysis. Metabolites were analyzed by high-resolution 'H NMR spectroscopy and
hyphenated mass spectrometry.

2. Materials and Methods

Determining UVAT1 irradiation dose for microdialysis probands

We irradiated the lower back of three healthy volunteers (2 female, 1 male; the test
subjects differed from the skin flap donors used for the ex vivo culture) with increasing
doses of UVAL1 to determine the skin-specific minimal erythema dose (MED) (Supplemental
Figure S2a,d). The irradiation for the microdialysis experiment was subsequently per-
formed on the outer forearm arm of the probands with an adjusted irradiation dose of
1.5-fold MED, resulting in a dose range of 28-40 J/cm?. This increased irradiation dose is
justified by the weaker reaction of typically sun-exposed areas, such as the outer side of the
forearms, in comparison to sun-protected areas like the lower back [53].

Microdialysis and irradiation of probands

Cutaneous microdialysis is a cutting-edge, minimally invasive technique that allows the
collection of data from cutaneous interstitial fluid in real time (Supplemental Figure S2b). In this
study, we assayed the UVA1-induced metabolic changes in three healthy probands—2 female
and 1 male, aged between 24 and 53.

Briefly summarized, the procedure was performed as follows. A 5 x 5 cm? area on
the extensor side of the subjects’ lower arm was disinfected and treated with a topical
anesthestetic (Lidocaine/Prilocaine cream), EMLA® (Aspen GmbH, Munich, Germany)
for 1 h. The cream was then removed. A 21G cannula introducer was inserted through the
skin between the epidermis and the dermis (0.6-0.8 mm depth), resulting in an entrance
and an exit puncture. A 66 Linear Microdialysis Catheter (M Dialysis AB, Stockholm,
Sweden) with a 30 mm semi-permeable membrane (0.5 mm diameter, cut-off 100 kDa) was
inserted into the distal end of the introducer. The cannula was then removed, positioning
the catheter membrane in the tissue. The microdialysis catheter was flushed with perfusion
solution (physiological saline solution 0.9% NaCl, Fresenius Kabi, Bad Homburg; Germany)
for 5 min at a rate of 5 uL/min, and afterwards, a flush sequence of 30 min at a rate of
2 uL./min was initiated to equilibrate the semi-permeable membrane.

After the equilibration, the sample collection for time point T: 0-0 (time before irradia-
tion, later referred to as “Control”) was initiated (flow rate 2 pL/min). A total of 1.5 h after
the catheter flow-through collection began, the microdialysis was paused and the acquired
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sample was immediately frozen at —20 °C. Subsequently, the area of the inserted catheter
of each proband was irradiated with the individual 1.5 MED. During the irradiation, the
sample collection for time point T: A-0 (time during and immediately after irradiation,
later referred to as “UVA”) was initiated (flow rate 2 uL/min). Collection time and sample
storage were identical to the procedure described for T: 0-0. Samples were transferred to
—80 °C for long-term storage and subsequent analyses (for graphical representation, see
Supplemental Figure S2e).

The microdialysis catheter was subsequently removed from the skin.

Counting the removal of anesthesia, preparation and catheter insertion, and washing
sequence, the time elapsed between the removal of anesthesia and the first sample collection
amounted to >55 min. The time between catheter insertion and the first sample collection
amounted to >40 min. This recovery time before the initiation of the experiment is consistent
with the already published literature on the topic [54-58].

Cell culture
Primary Human Fibroblasts (Re5)

To obtain primary human fibroblasts, a skin biopsy sample was taken from the tissue
of a healthy donor. The whole skin biopsy was placed on a Primaria cell culture dish
(#353801, Corning, Kaiserslautern, Germany), containing a single drop of DMEM-Cipro
medium (DMEM medium (P04-01548, PAN Biotech, Aidenbach, Germany), 10% FCS
(AC-SM-0161, Anprotec, Bruckberg, Germany), 1 g/L (5.5 mM) glucose (G8644, Sigma-
Aldrich/Merck, Germany), 1 mM pyruvate (#11360070, Thermo Fisher Scientific, Waltham,
MA, USA), 2 mM L-glutamine (G7513, Sigma-Aldrich/Merck Taufkirchen, Germany), and
1% Ciprofloxacin (200 mg/100 mL infusion solution, 64,689.00.00, Fresenius Kabi, Bad
Homburg, Germany). It was incubated for 30 min at 37 °C to ensure adhesion of the skin
sample on the dish surface. Afterwards, 3 mL. DMEM-Cipro was added to the skin sample.
It was cultivated at 37 °C, 5% CO;, until fibroblast-outgrowth was sulfficient for a transfer to
a T25 cell culture flask, where obtained cells were cultured in DMEM without Ciprofloxacin,
and used for further experiments. The isolated primary fibroblasts were designated as Re5.

Immortalized Keratinocytes (HaCaT)

Human immortalized keratinocytes (HaCaT) were purchased from Cell Lines Service
(Eppelheim, Germany) and cultured in standard DMEM medium without Ciprofloxacin at
37 °C, 5% CO,.

Skin explant culture ex vivo

Un-irradiated human abdominal flap skin from three healthy donors was acquired
from the Department of Plastic Surgery of the University of Regensburg, Germany. The
abdominal flaps were collected during planned abdominoplasties and would otherwise
have been discarded.

Prior to the beginning of the experiments, the subcutaneous fat was removed from
the skin section. The samples were divided into eight punches of 8 mm diameter—two for
un-irradiated control with pyruvate, two for un-irradiated control without pyruvate, two
for irradiated control with pyruvate, and two for irradiated control without pyruvate. Each
of the 8 mm punches was placed on a piece of sterile gauze in order to facilitate floatation,
thus providing a liquid-gas interface culture condition. The punches were then transferred
to a 12-well plate with 2 mL DMEM (1 mM/0 mM pyruvate). Sterile gauze without skin
samples was placed in control wells containing 2 mL DMEM (1 mM/0 mM pyruvate).
Irradiation commenced immediately after establishment of the floatation culture. During
the irradiation experiment, the plates with floatation cultures were kept at 37 °C, 5% CO;.
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Irradiation protocol and sample collection in vitro and ex vivo

The irradiation of skin cells and skin explants was performed with a Sellamed-Lamp (Sel-
las Medizinische Gerdte GmbH, Ennepetal, Germany) with emission spectrum 340-420 nm
(see Supplemental Figure S1a).

Skin explants

Immediately after preparing the J 8 mm floatation culture from the donor skin, culture
plates were irradiated with 6 J/cm? UVA1 (see Supplemental Figure S1c). Wells containing
medium and floatation gauze without skin tissue were irradiated as controls. After the
irradiation, the explants were given 4 h of rest (in a 5% CO; incubator, at 37 °C) before
the treatment was repeated. In total, 3 UVA1 treatments were performed per day over the
span of 2 days. At day 3, a single UVA1 irradiation was performed and after 4 h of rest, the
culture medium was collected for metabolic studies. The cumulative irradiation dose for
the duration of the experiment was 42 J/cm?, lying in the upper dose range applied in vivo.
This was to assure that a robust metabolic response could be detected. The experimental
duration was set to 2.5 days to take the limited viability of explant cultures into account [59].

Skin cells

One day before irradiation, the cells were seeded at a density of 5 x 10* cells per well
on a 6-well plate in DMEM with 1 mM/0 mM pyruvate and incubated overnight.

At the beginning of irradiation, the medium was aspirated from each well. Cells were irra-
diated in 1 mL PBS. For graphical representation of the irradiation protocol see Supplemental
Figure S1b. The dose of UVAL1 per single irradiation was set at 6 ] /cm?. Following irradia-
tion, the PBS was aspirated and 5 mL fresh medium with 1 mM/0 mM pyruvate was added
to the corresponding wells after the first irradiation. Before all subsequent irradiations, the
medium was aspired and collected in separate falcons and returned to the corresponding
wells afterwards.

A total of 3 irradiations was performed per day with a 4 h resting period between
each irradiation and an overnight rest after the final daily irradiation. The whole treatment
lasted for four days.

The time for sample collection is crucial for system comparability. For the cell monolay-
ers and skin explants, we took into consideration previously published data on metabolite
diffusion through skin [60,61] and set a minimum collection time post-treatment to 4 h.
Compared to skin explant culture where the metabolic yield is provided by multiple layers
of cells, in cell culture it is the result of a single cell monolayer. To assure metabolite
enrichment, we postponed medium collection overnight after irradiation in accordance
with our preliminary studies.

Nuclear magnetic resonance (NMR) measurement of skin and cell culture supernatants

After the UVA treatment, the supernatant from the cell samples as well as control
media without cells was preserved at —80 °C before further processing. In preparation
for the NMR measurements, 400 puL from each sample was mixed with 200 puL of 0.1 M
phosphate buffer, pH 7.4, which contained 3.9 mM boric acid to impair the growth of
bacteria, and 50 pL of 0.75 (wt) trimethylsilylpropanoic acid (TSP; Sigma-Aldrich, Germany)
in deuterium oxide (D,0) as internal reference standard and subsequently pipetted in glass
NMR-vials. Additionally, 10 pL of 81.97 mmol/L formic acid (FA) were added as a second
internal reference standard that is not prone to protein binding.

All NMR experiments were performed at 298 K on a 600 MHz Bruker Avance III HD
spectrometer (Bruker BioSpin GmbH, Ettlingen, Germany) using a triple resonance (*H,
13¢C, 15N, 2H lock) cryogenic probe with z-gradients in combination with a Bruker Sample]Jet
sample changer (Bruker BioSpin GmbH, Germany).
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Spectra of cell culture supernatants and control media were acquired employing a 1D
'H Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence to achieve effective suppression
of macromolecular signals. These broad macromolecular signals will overlap with signals
of small molecules if not suppressed and hamper their identification and quantification.
Due to their size, macromolecules such as proteins tumble in solution much slower than
small molecules. As a result, the T, relaxation times, which determine the time span in
which an NMR signal may be observed, are much smaller for macromolecules than for
small molecules such as typical metabolites. Therefore, employing a T, relaxation filter, as
incorporated in the CPMG pulse sequence, allows efficient suppression of macromolecular
signals, whereas signals of small molecules are only minimally impacted. This leads to
clean 1D proton NMR spectra in which metabolite identification and quantification is
considerably eased.

The acquired data were semi-automatically Fourier-transformed to 128 k real data
points, phase corrected, and baseline optimized with TopSpin 4.0.7 (Bruker BioSpin GmbH,
Ettlingen, Germany). Chenomx 8.6 (Chenomx Inc., Edmonton, AB, Canada) was employed
for identification and quantification of metabolites from 1D NMR spectra. The concentration
of metabolites in the cell supernatants (Cs) and in fresh medium (C,,eq) were used together
with the sample volume (vols) used in the 6-well plates used for cell culture—5 mL—and
the end number of cells to calculate the amounts of consumed or secreted metabolites per
million cells. For that, the following equation was used:

mm01/106 cells — (Cmed * AVERAGE vols[L]) — (Cs % vols[L]) (1)
10 cells

Since the skin explants were all the same diameter and thickness, and the volume
culture medium per well was constant, the NMR data did not require further normalization.
Only the corresponding blank-medium (Cy,q) values for each treatment were subtracted
from the samples (Cs) to visualize the net metabolic change coming from the interaction
between UVA irradiation and the skin:

mM = Cmed -G (2)

GC-TOF-MS measurement of microdialysates

Microdialysate metabolomics analysis was conducted via gas chromatography cou-
pled to time-of-flight mass spectrometry (GC-TOF-MS). Therefore, 80 uL of the dialysate
was mixed with 160 pL methanol. Measurements of 80 pL of pure microdialysis perfusion
solution mixed with 160 uL methanol were used as a blank sample. All samples were dried
using a rotational vacuum concentrator (Alpha RVC, Martin Christ Gefriertrocknungsanla-
gen GmbH, Osterode am Harz, Germany).

Metabolite analysis was modified from previous publications [62—-64]. In general, the
dry pellet was resuspended in 100 uL methanol/water (50:50 v/v). After vortexing, the sam-
ples were sonicated for 5 min and centrifuged at maximum speed. A measurement of 60 pL
was dried in vacuo and stored at —80 °C. For derivatization, the pellet was resuspended in
10 uL of methoxyaminhydrochloride (20 mg mL~! in pyridine) and incubated for 90 min
at 40 °C. After the addition of 20 puL of BSTFA (N,O-Bis[trimethylsilyl]trifluoroacetamide)
containing 2.5 puL retention time standard mixture of linear alkanes (n-decane, n-dodecane,
n-pentadecane, n-nonadecane, n-docosane, n-octacosane, n-dotriacontane), the mix was
incubated at 40 °C for a further 45 min. A measurement of 1 pL of each sample was
injected into a GC-TOF-MS system (Pegasus HT, Leco, St. Joseph, MI, USA). Samples were
automatically processed by an autosampler system (Combi PAL, CTC Analytics AG, Zwin-
gen, Switzerland). The carrier gas was helium at a constant flow rate of 1 mL/min. Gas
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chromatographic separation was performed on an Agilent GC (7890A, Agilent, Santa Clara,
CA, USA) using a 30 m VF-5ms column with 10 m EZ-Guard column. The temperature
of the split/splitless injector of the transfer line and of the ion source was kept at 250 °C.
The initial oven temperature (70 °C) was continuously increased to 350 °C by 9 °C/min.
Metabolites were separated and ionized by electron ionization at 70 eV. Mass spectra were
recorded at 20 scans s~ ! with an m/z 50-600 scanning range. Chromatograms and mass
spectra were evaluated using ChromaTOF 4.72 and TagFinder 4.1 software [65].

All sample readouts were obtained as “counts” (peak intensity at maximum) and were
normalized to volume. The counts for the blank samples were subtracted from all proband
samples. To assess changes in the metabolite abundance before and after irradiation, a fold
change for each metabolite was calculated according to the following formula:

COllI‘ltUV A

Foldchange, = 3)

Count,

Countyya stands for the readout of metabolite (x) after UVA irradiation, Count, stands
for the readout of metabolite (x) prior to UVA treatment. A fold change greater than 1
indicated metabolite increase after irradiation. A fold change smaller than 1 indicated
metabolite decrease after irradiation.

Cell count and viability measurement

To determine the number of cells, as well as their viability, a LUNA-FL Dual Fluo-
rescence Cell Counter (Logos Biosystems, Aligned Genetics, Inc., Dongan-gu, Anyang-si,
Gyeonggi-do, Republic of Korea) in combination with Acridine orange/Propidium iodide
(AO/PI) staining was used. To perform the actual cell count, 18 uL of cell suspension were
mixed with 2 uL AO/PI dye (F23001-LG, BioCat, Heidelberg, Germany). From this mixture,
10 uL were pipetted on a LUNA cell counting slide and measured in fluorescence modus
with LUNA-FL.

Nitroblue tetrazolium chloride (NBTC) staining

NBTC is a redox indicator. It is reduced by cell-bound NADH-diaphorase, which has
activity only in viable cells. This leads to the production of a blue granular precipitate in
living cells that can be distinguished microscopically from unstained dead cells. The NBTC
staining of mouse skin explant was performed as follows.

After irradiation, human skin punches were shock-frozen in liquid nitrogen. The
samples were then embedded in tissue-tek and cut to 8 pm thick slices via cryotome.
To perform the vitality staining, a master mix containing 1 mL NADH (N6879, Sigma-
Aldrich/Merck, Taufkirchen, Germany), 2.5 mL NBTC (N6876, Sigma-Aldrich/Merck,
Taufkirchen, Germany), 1 mL PBS (pH 7.4), and 0.5 mL ringer solution (9517170, B.Braun
AG, Melsungen, Germany) was added. From the master mix, 60 uL 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 (Keyence BZ-X, Keyence
Corporation, Osaka, Japan).

As a negative control, one cryo-section was heat-treated at 65 °C for 1 h and subse-
quently treated with 12% formaldehyde for 15 min, resulting in a complete lack of coloration
when NBTC staining was performed.

Statistical analysis

Statistical analysis was performed with GraphPad Prism 10.6.1 (Graphpad Software
Inc., Boston, MA, USA). We performed a 2-way ANOVA with Tukey’s multiple comparisons
test. p values < 0.05 were considered significant.
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To evaluate the metabolic tendencies observed in the different systems after irradiation,
we calculated the relative change between the treated groups’ median values (Mi;radiated)
to their corresponding controls (Mcontrol) according to the following formula:

(Mirradiated - Mcontrol) % 100 (4)
‘Mcontrol|

% change =

Negative relative change depicted metabolite decrease in the medium; positive relative
changes showed metabolite increase in the medium. A relative difference of <£5% was
considered as “no change” (nc).

3. Results

To elaborate on the topic of cross-system reproducibility of UVA-induced metabolic
profiles, we concentrated on two main questions. Firstly, what immediate metabolic
effects are detectable in vivo after UVA irradiation? Secondly, how do the in vivo acquired
metabolic profiles match metabolic profiles obtained in vitro and ex vivo?

3.1. Comparing the Cutaneous Metabolic Profiles of Three Volunteers Before and After
UVA1 Irradiation

Via microdialysis, we collected control samples from the probands’ skin before irra-
diation (control). We then compared the acquired metabolic profiles with data obtained
during and immediately after UVA1 irradiation of the skin (UVA) (Figure 1). For the
29 metabolites assayed with GC-TOF-MS (Figure 1 and Supplemental Figures S5-57), the
probands showed differential metabolic profiles. Some metabolites, including, among oth-
ers, alanine, glutamine, and histidine, showed decreased concentrations in the interstitial
fluid after UVA irradiation in at least one of the three probands. However, on average,
UVAL irradiation resulted in increased metabolite concentration in the interstitium of all
three probands (Figure 1).

Alanine=
Arginine=
Citric acid =
Cysteine= - { Increase
Cystine=
Glucose=
Glutamic acid
Glutamine=
Glycine=
Histidine=
Isoleucine= L
Lactic acid =
Leucine=
Lysine=
Ornithine=
Phenylalanine=
Proline=
Pyroglutamic acid
Pyruvic acid =
Serine =
Succinic acid =
Threonic acid -
Threonine =
Tryptophan =
Tyrosine =
Valine =

1 Decrease

P1 P2 P3

Figure 1. Microdialysis data acquired in vivo from three probands after UVA treatment of the lower
arm showing increase (yellow) or decrease (blue) of metabolite concentrations after UVA treatment.
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Due to the small number of probands in the in vivo experiment, the values obtained
via microdialysis were not a subject of statistical interpretation for the determination
of significance. However, the clear fold change increase after irradiation was seen as
biologically relevant and used as a guideline to evaluate the cross-system reproducibility of
the UVA-induced metabolic changes in the in vivo, in vitro, and ex vivo systems (Figure 2,
as well as Supplemental Figures S5-57).
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Figure 2. A representative excerpt of the metabolites analyzed, showing the effects of UVA irradiation
detected in four different experimental systems—in vitro cell culture (Re 5 and HaCaT), ex vivo skin
explants, and in vivo microdialysis. (a) (i-iii) Lactic acid, (iv—vi) glutamic acid, and (vii-ix) pyruvic
acid changes post irradiation were observed in in vitro cultures of human fibroblasts and HaCaT cells
and in ex vivo cultures of human skin explants. (b) Fold changes of (i) lactic acid, (ii) glutamic acid,
and (iii) pyruvic acid were observed in vivo after UVA treatment. +/— pyr = +/—1 mM pyruvate in
the culture mediumpyr 1 mM pyruvate in the culture medium. Statistical analysis: A 2-way ANOVA
with Tukey’s multiple comparisons test (ns—p > 0.05, *—p < 0.05, **—p < 0.01, **—p < 0.001,
**_—p < 0.0001). Median values for each group are marked in red.

3.2. Comparing the Metabolic Profiles of Lactic Acid, Glutamic Acid, and Pyruvic Acid Between
In Vitro, Ex Vivo, and In Vivo Systems

Using the data collected in vivo via microdialysis as a reference point, we investigated
the heterogeneity of in vitro and ex vivo culture data and if they mirrored the obtained
metabolic profiles. The acquisition of the metabolic profiles for the in vitro and ex vivo
cultures was performed via NMR, while the in vivo data were obtained via GC-TOF-MS.
Figure 2 shows an excerpt of the metabolic data acquired from our in vitro (human fibrob-
lasts and immortalized keratinocytes), ex vivo (human skin explants), and in vivo systems
after UVAL1 treatment (for exhaustive data see Supplemental Figures S5-57). Neither the
culturing conditions nor the irradiation regimen negatively influenced the cell and tissue
viability (Supplemental Figures S3 and S4, respectively).
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Compared to the microdialysis data where irradiation largely resulted in global in-
creases in assayed metabolites, the two artificial systems showed a more diverse reaction to
UVAL. The larger sample sets in the in vitro and ex vivo experiments allowed for statistical
analysis of the observed metabolic effects in those systems (Figure 2).

In the case of lactic acid, primary human fibroblasts Re5 cultured with or without
pyruvate, as well as immortalized keratinocytes (HaCaT) cultured with 1 mM pyruvate,
showed an overall increased metabolite accumulation in the culture medium after irradi-
ation. This tendency reflects the metabolic profile observed in human skin in vivo after
UVAL treatment (Figure 2(ai,aii,bi)). The data collected from skin explants (Figure 2(aiii))
did not mirror our in vitro or in vivo data.

Glutamic acid also showed increased concentrations in the culture medium after UV
irradiation in Re5 and HaCaT cells (with and without pyruvate) (Figure 2(aiv,av)). In skin
explants cultured with pyruvate, the tendency of higher glutamic acid concentrations in the
medium post irradiation was also detectable, albeit not statistically significant. Similarly,
irradiated human skin in vivo had increased glutamic acid concentrations compared to
un-irradiated skin (Figure 2(avi,bii)).

Compared to lactic acid and glutamic acid, pyruvic acid data acquired in vivo differed
from the ones observed in vitro. Both Re5 and HaCaT cells cultured with 1 mM pyruvate
showed increased pyruvic acid consumption from the medium after irradiation compared
to un-irradiated cells. When cultured in the absence of pyruvate (—pyr), both cell lines
released pyruvic acid into the medium. Upon irradiation, the pyruvic acid levels in the
medium of —pyr cultures decreased compared to untreated samples (Figure 2(avii,aviii)).
The ex vivo skin culture (Figure 2(aix)) partially mimicked the in vitro data under culturing
conditions without pyruvate. In the case of skin explants cultured with pyruvate, the
metabolic profile partially corresponded to the in vivo metabolic data (Figure 2(aix,biii)).

3.3. Comparing the Results of In Vitro and Ex Vivo Metabolic Screenings with the Data Obtained
from In Vivo Skin Microdialysis

We extended our comparison between microdialysis and in vitro/ex vivo data to
16 metabolites that were enriched in the interstitium after irradiation (see Figure 3).

In a dynamic system that interacts with blood vessels, an increase in the extracellular
metabolic concentrations upon UV treatment could be the result of decreased metabolite
consumption or increased release. Therefore, for our static systems (cell culture and skin
explants), we equated metabolites showing increased release and decreased consumption
to having the same tendency as increased metabolite concentrations in vivo (Figure 3).
We then discriminated between metabolites showing similar metabolic trends to the ones
observed in vivo and metabolites showing inverse metabolic tendencies. Those two major
groups were then subdivided into metabolic changes that were statistically significant
and such that showed clear, yet not significant tendencies. A third major group was
established for metabolic profiles that showed <=£5% relative difference between the UVA-
treated median values and their corresponding controls. These profiles were equated to no
UVA-induced metabolic changes (white in Figure 3).

For citric acid, isoleucine, leucine, phenylalanine, serine, and valine, in vitro and ex vivo
cultures often failed to reproduce the in vivo data (Figure 3, and Supplemental Figures S5-57).
Even in cases where similar tendencies were observed between the proband and culture
data, the observed effects of UVA1 irradiation between irradiated and un-irradiated culture
samples were not statistically significant.
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in vitro ex vivo
Metabolite Fibroblsats HaCaT HS
+pyr —pyr +pyr —pyr +pyr —pyr

Citric acid

Glutamic acid

Isoleucine

Lactic acid

Leucine

Phenylalanine

Pyroglutamic acid

Pyruvic acid

Serine

Succinic acid

Threonine

Tyrosine
Valin 1

Figure 3. Metabolites showing increased interstitial levels in all 3 probands after irradiation in vivo,

compared to irradiated cultured samples. Green—profiles overlap with the in vivo tendencies and
show statistically significant UVA influence in the artificial systems. Yellow—profiles overlap with
the in vivo tendencies, but the observed tendency is not statistically significant. Red—UVA treatment
leads to statistically significant changes in the metabolite profiles that are inverse to the ones observed
in vivo. Pink—UVA treatment results in metabolic changes that are inverse, but not statistically
significant, to the ones observed in vivo. White—UYV treatment resulted in no metabolic changes
compared to in vivo (relative difference in the median values between UV and control < £5%).
Pyr—pyruvate, HS—human skin.

UVA1l-induced changes in the profiles of glutamic acid, lactic acid, and pyroglutamic
acid observed in vitro in both fibroblast and keratinocyte cultures closely resembled the
in vivo data (Figures 2, 3 and S6). For pyruvic acid, succinic acid, threonine, and tyrosine,
ex vivo skin culture yielded results most closely correlating with the microdialysis data
(Figures 2, 3 and S7).

From all experimental systems, the fibroblasts cultured without pyruvate yielded
the highest number of metabolic profiles, showing statistically significant inverse changes
compared to in vivo, followed by fibroblasts without pyruvate and HaCaT +pyr cells
(Figure 3). This included metabolites such as pyruvic and lactic acids, serine, leucine,
isoleucine, and valine.

Both HaCaT —pyr and human skin (HS) —pyr systems yielded a high number of
metabolites that showed no UVA-induced changes compared to in vivo.

3.4. Influence of Culture Type and Culture Medium on Data Reproducibility Between In Vitro, Ex
Vivo, and In Vivo Systems

As shown in Figure 3, not all UVAl-induced metabolic effects detected in vivo can
be observed in different in vitro and ex vivo systems. Since we wanted to concentrate on
finding the best artificial system to reproduce UVA-induced metabolic changes observed
in vivo, we narrowed the data categories shown in Figure 3 to three—"same”, “same (ns)”,
and “other”. Under the umbrella term “other” fell metabolic profiles that were inverse to
the ones observed in vivo (both statistically significant and not) and profiles showing no
UV-induced changes.

As shown in Table 1, cultures held in media without pyruvate, a condition that should
resemble the pyruvate levels detected in blood more closely [27,66], were not inherently
better comparable to the in vivo data than cultures held in medium with 1 mM pyruvate
(ten times the blood values).
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Table 1. Summary of the number of metabolites from each category (same/same (ns)/other ) corre-
sponding to each experimental system.

In Vitro Ex Vivo
Matches with Fibrobl Fibrobl HaCaT HaCaT
In Vivo ibroblasts Fibroblasts HaCa S HS+pyr HS-—pyr
+pyr —pyr +pyr _Pyr
Same 3 3 3 2 ° ’
Same (ns) 0 2 4 0 : :
Other 10 8 6 1 ° °

* Same—profiles (in vitro and ex vivo) match with tendencies observed in vivo and are statistically significant;
Same (ns)—profiles (in vitro and ex vivo) match with tendencies observed in vivo but are not statistically sig-
nificant; Other—profiles (in vitro and ex vivo) do not match with tendencies observed in vivo (nc, inv, inv (ns)).
HS—human skin.

For Reb fibroblasts cultured in the absence of pyruvate, three out of thirteen metabolites
showed similar UVA1l-induced metabolic patterns like the microdialysis samples, which
were also statistically significant. Two metabolites showed metabolic tendencies after UVA1
irradiation similar to the ones detected in vivo, but the differences between irradiated and
un-irradiated samples were not statistically significant (Table 1). Re5 fibroblasts kept with
pyruvate performed worse than their counterparts cultured without pyruvate when it
came to replicating the in vivo metabolic profile (ten mismatches to the in vivo profiles for
cells cultured with pyruvate versus eight mismatches for cells cultured without pyruvate)
(Table 1).

HaCaT cultured with pyruvate showed a metabolic profile most similar to the ones
observed in vivo. However, they also showed one statistically significant inverse metabolic
change compared to in vivo in the case of pyruvic acid (Figure 3). HaCaT cells without
pyruvate showed the lowest overlap, with only two out of the thirteen screened metabo-
lites showing similar profiles like the ones detected in vivo. Culturing HaCaT cells with
pyruvate yielded better results in terms of matching the in vivo data (only six mismatches
compared to eleven mismatches for HaCaT without pyruvate).

For ex vivo skin explant cultures as well, the absence of pyruvate from the system
did not result in a closer resemblance of in vivo metabolic profiles. Both HS +pyr and
HS —pyr had six of thirteen metabolites showing a mismatch (Table 1). Interestingly, the
skin explants showed the same level of congruity with the in vivo data as the HaCaT
culture with pyruvate (significant UVA changes in three out of thirteen metabolites and
UVA-induced non-significant tendencies in four out of thirteen metabolites). However, it
should be noted that the metabolites matching the in vivo situation were different in all
three cultures (see Figure 3).

4. Discussion

Being able to acquire reliable and reproducible data on the skin metabolic profile
after irradiation is crucial in the field of dermatology. Robust and cheap experimental
systems are the key to elucidating the etiology of photosensitive skin diseases, making
them the basis for the research of novel and improved therapeutics and anti-aging and
sun-protection strategies.

In this study, we looked at the data transferability between different experimental
systems (in vitro, ex vivo, in vivo) in the context of UV-induced metabolic changes. From
the large pool of available metabolites, we concentrated on small organic acids, especially
amino acids. This was due to several factors. Firstly, due to the collection method for the
samples (from culture supernatant and microdialysate), we were constrained to metabolites
that are well-soluble in aqueous solutions. This is one drawback of using microdialysis
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for in vivo metabolic measurements that must be taken into consideration when using this
technique. Secondly, from a skin-physiological point of view, the chosen small organic
acids are versatile compounds participating in skin repair, acid-base balance, antioxidative
defense, and immune response modulation [67-69]. All these functions are crucial for
restoring tissue homeostasis after UV irradiation. Lastly, all the chosen compounds are
well detectable via NMR and GC-TOF-MS.

Both NMR and GC-TOF-MS are excellent tools for high-throughput testing of multiple
samples. Especially when used on aqueous solutions, both methods require minimal
sample preparation before measurement. This shortened processing time ensures that the
measured metabolic profiles are as close as possible to the true metabolic landscape in the
skin. Although we use both metabolite detection platforms interchangeably in this work,
it is important to note that each of the methods has its unique strengths and weaknesses.
NMR is an excellent tool for exploratory, untargeted metabolomics since it works with
native samples without the need for derivatization. It has high reproducibility, and the
non-destructive nature of the sample preparation allows multiple measurements of the
same sample. However, the sensitivity of NMR is lower, requiring higher metabolite
concentrations. On the other hand, GC-TOF-MS is highly sensitive, detecting metabolites
in the pico- to femtomolar ranges and working with very small sample volumes. A caveat
of the technique is that it requires sample derivatization, thus necessitating beforehand
knowledge of the compounds of interest and different chromatographic techniques to
assess different classes of metabolites [70,71]. Some metabolites can avoid detection due to
their molecular composition, size, or volatility. This makes it necessary to either choose the
compounds to be assessed beforehand in accordance with the detection platform available
or to apply multiple detection methods on the same sample [72].

In our experimental setup, we relied on both relative and absolute quantification
to assess tendencies in metabolic behavior before and after UVA irradiation. We also
compared only metabolites that are well detectable with both GC-TOF-MS and NMR,
assuring scalability between measurements. We did this with the intention of showing
that, under specific experimental conditions and with a good knowledge of the targeted
metabolites, one should not feel constrained by the detection platform used.

Looking at our microdialysis data, UVA1 irradiation induced a global increase in
metabolite concentration in the cutaneous interstitium. It should be acknowledged that the
number of probands needs to be increased in order to achieve a more reliable conclusion.
Thus, the in vivo results acquired in this experiment were used mainly as qualitative rev-
erence for cross-system comparison. Still, the fact that the observed metabolic reactions
post irradiation in all three probands were similar, despite their differences in age, gender,
and genetic background, points towards an orchestrated metabolic response to UVR stim-
ulation of the skin. It should be noted that the increase in metabolic concentrations post
UVA1 irradiation could be triggered by the dilatation of skin-supplying blood vessels [73].
However, several different metabolites amongst the three probands showed a decrease
in abundance after irradiation, which suggests a UVAl-dependent metabolic regulation
irrespective of vasodilation.

Further comparing our in vitro and ex vivo models, it was the ex vivo skin explants
that showed the highest congruence with the in vivo data. Between the two different
pyruvate formulations (+pyr/ —pyr) the skin explant culture allowed for the detection of
significant metabolic changes in four out of thirteen assayed metabolites. It also allowed
the observation of metabolic tendencies (not significant) correlating with the in vivo profile
for an additional six (6) metabolites. Still, this finding was surprising since we expected
a higher overlap between ex vivo skin explants and the in vivo data. The native ECM’s
complex three-dimensional structure and the diverse cell populations in skin explants
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should make human explant culture without pyruvate the preferred system for studying
UVA-induced skin metabolic effects. Additionally, the concentration of blood pyruvate
in humans is around 80-100 uM [74,75], and there is a linear correlation between blood
and skin pyruvate levels [55]. Thus, considering the ability of cultured cells to equilibrate
their medium pyruvate levels to physiological levels [27], an ex vivo skin system without
pyruvate should be closer to the natural extracellular conditions than one containing 1 mM
pyruvate (standard DMEM formulation). We thus expected the system without pyruvate
to yield data more closely matching the in vivo results; however, our expectation was
not confirmed. Furthermore, as illustrated in Figure 3, the UVA-induced changes in the
concentrations of several key metabolites could not be reliably depicted by the human skin
explants but rather in cell culture.

For example, citric acid (citrate) concentration correlated with the in vivo data only
when assayed in the supernatant of HaCaT cells cultured with pyruvate (Figures 3 and S5).
There, we observed an increased citric acid release after irradiation. As an intermediate of
the tricarboxylic acid (TCA) cycle, extracellular citric acid can be used by the cells as an ad-
ditional source of energy during cellular respiration [76]. Hornig-Do and associates showed
that compared to fibroblasts, keratinocytes have difficulty accelerating mitochondrial oxi-
dation in the presence of substrates that feed into the respiratory chain [77]. Although in
their experiments they used malate and pyruvate as electron donors for Complex I, it is
not unlikely that extracellular citrate can experience a similar fate under high-pyruvate
conditions. In media with abundant pyruvate, a precursor to citrate [78], and under the
oxidative stress conditions provided by UVA1 [79], inefficient respiration or oxidative
damage to TCA enzymes could result in decreased consumption of medium citrate and
even its release by the cells in the extracellular milieu. The fact that the skin explant culture,
containing both fibroblasts and keratinocytes, showed UVA-induced changes in citrate
metabolism, which differed starkly from the in vivo data, remains to be elucidated.

Besides citric acid, other organic acids assayed in this work are a further example of the
need for a metabolite-by-metabolite assessment when choosing the optimal experimental
system for studying UVA-induced metabolic changes in the skin. In our experiments,
glutamic, lactic, and pyroglutamic acids showed UVA profiles closest to the in vivo data
when assayed via an in vitro cell culture environment. Pyruvic and succinic acids, on the
other hand, showed better agreement when tested in skin explant culture.

In the case of lactic acid (lactate), it can be retained in the ECM of the skin [80]. This
explains the unreliable detection of UVA-induced changes in lactate concentration from the
culturing medium of skin explants but not in monolayer cell cultures.

The behavior of pyruvate (pyruvic acid) in the different systems is, to a certain extent,
connected to the changes in lactate levels. As depicted in Figure 2, we can observe that
after UVA irradiation the increase in lactate production correlated with increased pyruvate
depletion from the medium (in vitro cultures +pyr). In contrast, in vitro cultures —pyr
showed decreased pyruvate release with increasing lactate levels. As noted by O’Donnel-
Tormey, cells cultured without pyruvate attempt to equilibrate to physiological pyruvate
conditions [27], which we observed in our in vitro cultures (—pyr). Further, pyruvate
can non-enzymatically decarboxylate to acetate, especially under high reactive oxygen
species (ROS) concentrations [1,28]. Therefore, a reduction in pyruvate release in the
culture medium after irradiation is not surprising, especially in a system lacking fresh
pyruvate supplementation via the blood flow (cell cultures —pyr). Since pyruvate can
quench UVA-induced ROS [1,28,81] and can be used as an additional energy source [82],
it is not surprising that in a culture system with abundant medium pyruvate (cell culture
+pyr), UVA irradiation leads to increased metabolite consumption.
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Skin explant cultures —pyr, similar to the in vitro systems, also showed a decrease in
pyruvate release upon irradiation. Their stable lactate levels could be, as mentioned, a result
of ECM retention of lactate [80]. In the case of skin explant cultures +pyr, however, there
is a decrease in pyruvate consumption from the medium and even a slight release. This
tendency is somewhat similar to the effects observed in intact skin after UVA irradiation,
showing increased pyruvate levels in the interstitium. Considering the sponge-like ability of
the ECM to trap lactate [80], it is possible that a local accumulation of lactate in combination
with already abundant extracellular pyruvate influences the diffusion of pyruvate through
the ECM and/or its uptake by the cells. Further studies are needed to elaborate on the
exact mechanisms behind such behavior.

The fact that changes in succinate (succinic acid) levels after UVA irradiation detected
in skin explants were closer to the ones observed in vivo, compared to the cell culture
data, is not surprising. Succinate has been shown to accumulate in adipose tissue and be
released under hypoxic conditions [83,84]. Although the subcutaneous fat was removed as
best as possible from the skin punches before culturing them, residual fat cells could have
contributed to the succinate pool in the system.

In the case of glutamate (glutamic acid) and pyroglutamate (pyroglutamic acid), their
metabolic profiles after UVA irradiation in vitro closely matched the in vivo data. Ex vivo
culture data were not comparable with the in vivo results. A plausible explanation for
the lack of glutamate and pyroglutamate secretion in the culture medium of the skin
explants is the retention of these two metabolites in the ECM. Glutamate is known to be
a paracrine signaling molecule in the skin [85,86]. Its retention in close proximity to its
target cells by a complex sponge-like structure, such as the ECM, is not unlikely. The
behavior of glutamate after UVA irradiation in vivo is more closely mirrored by our cell
culture systems than by the skin explants. Pyroglutamate is part of glutathione metabolism
and is often a marker of metabolic and oxidative stress [87,88]. This supports our cell
culture findings and in vivo data, showing increased pyroglutamate levels after UVA
irradiation in the cell culture medium and the interstitial fluid. However, irradiating
skin explants did not result in pyroglutamate release but rather its consumption from the
medium. Since pyroglutamate can originate from the spontaneous cyclisation of glutamate,
its availability in the culture medium is not surprising. The lack of increased medium
pyroglutamate level for the skin explants after irradiation, however, was unexpected,
pointing to a possible metabolite retention by the skin explant. This behavior was similar to
that observed for lactate, glutamate, and partially pyruvate. Furthermore, lactate is capable
of remodeling the ECM by facilitating collagen production and matrix metalloproteinase
(MMP) activation [5,89]. It is possible that lactate-triggered changes after UV irradiation
contribute to changes in the ECM that promote a selective retention of metabolites. Further
studies are needed to elaborate on the exact structural and biochemical modifications
responsible for this phenomenon.

When studying skin-relevant organic acids, we therefore recommend using cell cul-
tures to detect UVA-induced changes in glutamic, lactic, citric, and pyroglutamic acids, and
skin explant systems for succinic and pyruvic acids when microdialysis is not an option.

The skin explant system without pyruvate can further be useful for studying UVA-
induced changes in valine, serine, phenylalanine, and isoleucine, if skin microdialysis is
not feasible. Still, an optimization of the culturing conditions needs to be performed in
order to achieve optimal results. In the case of leucine, a HaCaT culture +pyr appears to be
the most cost-effective alternative system to in vivo approaches.

Ex vivo cultures without pyruvate also seem to be a good alternative for studying
threonine and tyrosine. Compared to cell culture, skin explant culture yielded more
homogeneous data with less sample variation. This could be explained by the functions
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of threonine and tyrosine in the skin. Threonine is a key amino acid in collagen synthesis.
It is responsible for stabilizing the helical structure of collagen [90]. In a collagen-rich
environment such as the skin ECM, UVA-induced activation of MMPs [1] could lead to
the enrichment and release of free threonine in the culture medium, as observed in our
study. On the other hand, tyrosine is a substrate for melanogenesis [91-93] and thus more
abundant in melanocyte-containing skin explants than in the fibroblasts and keratinocytes
monocultures.

A summary of the advantages and disadvantages of the individual approaches is
depicted in Figure 4. Among them, the biggest limitation for experimental setups using
in vivo microdialysis and ex vivo skin, besides ethical concerns and patient variability,
is the probands acquisition, resulting in small sample sizes and challenging statistical
interpretation of the data. For microdialysis, small sample volumes and long collection
times can be a deterring factor for choosing the technique.

In vivo microdialysis -

L
B

Ex vivo skin explants

(@)
./

In vitro cell culture

Represents the stateof the -  Expensive - Provides good insight in
skin - Difficult probands short-term influences of
Most exact depiction of recruitment UVA on the skin.
interactions in a complex, Ethical considerations - Allows monitoring of
dynamic environment Requires highly metabolic changes in small
Allows metabolite specialized personnel time increments

detection in short time
ranges

Inexpensive

Scalable

Moderate material yield
Complex 3D structure
Variety of cells

Inexpensive
Scalable
Reproducible

High material yield

Not suitable for long-term
experiments

External influences (age,
sex, diet) on experimental
outcome

Low material yield

High donor-heterogeneity

Donor-heterogeneity

Not suitable for long-term
experiments
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Metabolite concentration
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metabolites that are derived
from ECM components, fat
tissue, or melanogenesis

Good for detecting organic
acids and metabolites that
can be retained in the ECM

Figure 4. Summary of the experimental results and discussion of pros and cons of each tested experi-
mental system.

On the other hand, in vitro cell cultures with their reproducibility, simple sample
acquisition, and low costs are tempting and often a viable representation of the metabolic
processes in the skin. However, their different sensitivity to UV irradiation compared to
intact skin, their monocellular nature, and the big medium influences on their behavior are
points that need to be taken into consideration.

It should be noted that the detected metabolic changes in this work are a result of
the chosen experimental systems and irradiation regimens and could differ with different
types of cells, irradiation treatments, and irradiation wavelengths.

We chose to compare primary fibroblasts with HaCaT cells due to the medium compat-
ibility between the two cultures. Primary isolates, although a more accurate representation
of the skin cell population, often come with the caveat of needing special culturing media,
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as in the case of primary keratinocytes. Weighing the advantages of having a uniform and
easily comparable medium between different experimental systems and the disadvantages
stemming from using immortalized cell lines [94] should be taken into consideration during
experimental planning. In the case of this study, we believe that HaCaT still remains a good
representation of the keratinocyte reaction to UVA treatment, considering its history as a
model system for UV-induced metabolic changes [95-98].

In the current work, we also applied different irradiation regiments between in vitro,
ex vivo, and in vivo systems. By doing so, we attempted to compensate for differences in
prior UV exposure between systems and reduce tissue and cellular damage. The human
skin is subject to regular UV irradiation via sun exposure and is thus UV-primed. Therefore,
a singular, high dose of UVA would be less damaging in vivo than in artificial systems.
Additionally, not every area of the body receives an equal amount of solar irradiation [99].
The ex vivo skin explants for our experiments come from abdominal flaps that are less
sun-exposed than the lower arm used for microdialysis. Intuitively, one might choose a
singular, yet lower dose of irradiation in an attempt to mimic the in vivo results. However,
the fact that the explant culture is separated from the blood flow and experiences nutritional
stress and diminished viability should be taken into consideration [59]. A milder, repetitive
low-dose treatment is better to ensure skin viability. In addition, the repetitive irradiations
mimic a chronic exposure to UVA, which compensates for potential differences in UV
priming between the different tissues and thus results in an overall metabolic response
closer to in vivo than a singular high dose of UVA. Compared to skin explants, monolayer
cultures have easier access to nutrients via diffusion, but are more susceptible to UV damage
due to the lack of stratum corneum protection [100]. Additionally, cells in culture have
no exposure to UV prior to experimentation. All this needs to be taken into consideration
during the experimental planning. In this study, we chose repetitive, low-dose irradiation
for our in vitro cultures to minimize UV damage. Furthermore, to compensate for the
UV exposure differences compared to the skin, the cultured cells were given a longer
irradiation regimen compared to ex vivo samples. Short-term treatments carry the danger
of not eliciting enough UV priming to be comparable to the skin explants, and even less
to the chronically sun-exposed skin in vivo. Thus, prolonged treatment better mimics the
in vivo sun exposure and yields comparable metabolic profiles throughout the different
experimental systems.

5. Conclusions

With UV-induced metabolic profiles vastly varying between in vivo, ex vivo, and
in vitro systems, our findings emphasize the need for an individual, metabolite-by-
metabolite approach when deciding on the proper experimental setup to perform UVA
irradiation experiments with regard to cutaneous physiology. Such an individualistic
approach will allow for achieving optimal results with the least amount of cost and time,
paired with maximal data reproducibility and reliability.
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The following abbreviations are used in this manuscript:

BSTFA N,O-Bis[trimethylsilyl]trifluoroacetamide
CPMG Carr-Purcell-Meiboom-Gill

DMEM Dulbecco’s Modified Eagle Medium
ECM Extracellular matrix

FCS Fetal calf serum

GC-TOF-MS  Gas chromatography coupled to time-of-flight mass spectrometry
HS Human skin

MED Minimal erythema dose

MMP Matrix metalloproteinase
NBTC Nitroblue tetrazolium chloride
NMR Nuclear magnetic resonance
PBS Phosphate-buffered saline

https://doi.org/10.3390 /metabo16020102


https://doi.org/10.3390/metabo16020102

Metabolites 2026, 16, 102 20 of 24

pyr Pyruvate
ROS Reactive oxygen species
TCA Tricarboxylic acid
uv Ultraviolet
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