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Abstract

The exposure to UVA (320—400 nm) irradiation is a major threat to human skin concerning photoaging and carcinogenesis.
It has been shown that UVA irradiation can induce reactive oxygen species (ROS) and DNA mutations, such as 8-hydroxyde-
oxyguanosine. Furthermore, UVA induces the expression of photoaging-associated matrix metalloproteases (MMPs), espe-
cially of matrix metalloprotease 1 (MMP 1) and matrix metalloprotease 3 (MMP 3). In addition to this, it was recently shown
that UVA-induced ROS also increase glucose metabolism of melanoma cells, however, the influence of UVA on the glucose
metabolism of non-malignant cells of the human skin has, so far, not been investigated in detail. Here, we investigated the
UVA-induced changes in glucose metabolism and the functional relevance of these changes in primary fibroblasts—normal
non-malignant cells of the skin. These cells showed an UVA-induced enhanced glucose consumption and lactate produc-
tion and changes in pyruvate production. As it has been proposed that pyruvate could have antioxidant properties we tested
the functional relevance of pyruvate as protective agent against UVA-induced ROS. Our initial experiments support earlier
publications, demonstrating that pyruvate treated with H,0O, is non-enzymatically transformed to acetate. Furthermore, we
show that this decarboxylation of pyruvate to acetate also occurs upon UVA irradiation. In addition to this, we could show
that in fibroblasts pyruvate has antioxidant properties as enhanced levels of pyruvate protect cells from UVA-induced ROS
and partially from a DNA mutation by the modified base 8-hydroxydeoxyguanosine. Furthermore, we describe for the first
time, that the interaction of UVA with pyruvate is relevant for the regulation of photoaging-associated MMP 1 and MMP
3 expression.
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1 Introduction

From the UV-radiation reaching the Earth’s surface, the
major part consist of UVA (320-400 nm, further subdi-
vided to UVA2 (320-340 nm) and UVA1 (340-400 nm))
radiation (95%), with the rest being UVB [1, 2]. In com-
parison to UVB, UVA is not blocked by the most types of
window glass, resulting in higher daily exposure to this type
of radiation in particular [3, 4]. The damaging effect of UVA
to the skin is well known with UVA-induced reactive oxy-
gen species (ROS) as an important mutagen [5, 6]. These
ROS can cause oxidative damage to proteins or DNA. One
prominent type of ROS-induced DNA damage is an oxidized
guanosine, the 8-hydroxydeoxyguanosine, which can block
transcription [7] and can give rise to error prone replication
(predominantly GC to TA transversions) [8].

A sufficient energy supply is a prerequisite for the cell to
be able to adequately react to UVA-induced cellular stress
and damage, and carbohydrates (amongst others glucose)
are the main source of energy for human cells [9]. One very
important part of glucose metabolism is glycolysis, which
converts glucose in several steps to pyruvate and generates
adenosine triphosphate (ATP) from ADP and phosphate.
Consecutively pyruvate can be metabolized to lactate or,
when sufficient oxygen is present, can be completely oxi-
dized to CO, in the mitochondria, which constitutes the
major source of ATP. Many non-proliferating cells prefer
the latter pathway to maximize ATP output (reviewed in van
der Heiden et al. [10]). However, there are some subsets of
malignant and non-malignant cells that prefer to metabolize
glucose to lactate even in the presence of oxygen in a process
known as aerobic glycolysis [11]. This enhanced consump-
tion of glucose, even in the presence of oxygen, was first
described by Otto Warburg and termed Warburg effect [12].

In their 2016 publication, Kamenisch et al. showed a
connection between UVA and increased glucose and lac-
tate metabolism in human primary melanoma cells [13].
However, the important question whether UV radiation can
change the glucose metabolism in non-malignant dermal
cells has not been comprehensively investigated yet. Recent
publications point to metabolic changes in the skin upon
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UVB irradiation [14, 15] but the current information on the
UVA-induced changes in glucose metabolism in dermal cells
has been collected mainly from genomic analysis [16] and
still remains incomplete, especially when cell treatment with
sub-erythema doses of UVA is concerned.

As glycolysis is crucial part of cell metabolism, and shows
distinct UVA-regulation in malignant skin cells, it is important
to take into consideration that pyruvate, an intermediate prod-
uct of glycolysis, is a common additive in some cell culture
media. Pyruvate is known to possess antioxidant properties
[17-19] and to have protective effects against UVB damage
[20]. However, its influence on the UVA response in skin and
non-malignant skin cells is still unclear.

Here we show that UVA irradiation enhances glucose
consumption and lactate production in human non-malignant
fibroblasts indicating a uniform response to UVA treatment
which is not restricted to malignant cells. Furthermore, the
observed pattern of pyruvate regulation after UVA irradi-
ation points to a possible antioxidant role of pyruvate in
irradiated skin. We also confirm that pyruvate can be non-
enzymatically converted to acetate in the presence of H,0,
or UVA irradiation. We show that pyruvate decreases UVA-
induced ROS and can alleviate the 8-hydroxydeoxyguano-
sine induction.

Although it has been separately investigated if UVA [13,
21] or pyruvate [22] can influence the expression of MMPs,
we were able to show that pyruvate can reduce the effects
of UVA on the expression of MMP1 and MMP3, which are
associated with photoaging.

2 Results

2.1 UVA and pyruvate modulate glucose
consumption and lactate production in primary
human fibroblasts

Primary human fibroblasts were irradiated with UVA (6 J/
cm?) three times per day for 4 consecutive days in medium
with (1 mM) or without pyruvate (Irradiation Protocol
depicted in Supplementary Figure S. 1a). The specifications
of the used UVA-lamp are shown in Supplementary Figure
S. 2. The irradiation resulted in proliferation retardation in
both experiments with and without pyruvate. However, there
were no changes in cell viability and the number of cells did
not fall under the initially seeded amount (see Supplemen-
tary Figure S. 3).

After the irradiation, the cell supernatant was collected
for metabolic analysis. Metabolic analysis was performed
by 'D 'H CPMG-NMR. Glucose consumption and lactate
production were measured in absence or presence of UVA
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and pyruvate exposure. When observing cells cultured in
standard medium (1 mM pyruvate), fibroblasts showed a sig-
nificant increase in glucose consumption (Fig. 1a) and lac-
tate production (Fig. 1b) after UVA irradiation compared to
non-irradiated controls. This increase in glucose metabolism
was enhanced by the absence of pyruvate in the cell culture
medium. Glucose consumption was significantly increased
in both irradiated and un-irradiated samples without pyru-
vate, compared to their corresponding 1 mM pyruvate coun-
terparts. There was also an enhancement of lactate secretion
into the medium by both irradiated and un-irradiated cells
cultured in the absence of pyruvate, compared to their cor-
responding 1 mM pyruvate counterparts (see Fig. 1).

Fig.2 Human fibroblasts
cultured in medium contain- a

Pyruvate consumption
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consume more pyruvate compared to untreated control
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but the concentration of secreted pyruvate decreases upon
UVA irradiation indicating that a part of the pyruvate
production is consumed by ROS dependent conversion to
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pyruvate decomposition, is released in the cell culture
medium to a higher degree after UVA treatment (Fig. 2c¢).
This, albeit non-significant, increase in secretion of ace-
tate also correlates with a decrease in the total amount of
released pyruvate (Fig. 2c).

After detecting changes in glucose, lactate and pyru-
vate metabolism, it was of interest to see whether other
key metabolites would change with UVA treatment or
pyruvate depletion. UVA irradiation resulted in increase
in glutamine consumption, glutamate release, and cys-
tine consumption in the cell supernatant (Supplementary
Figures S. 4a, b and c respectively). Note that cysteine is
easily oxidized to cystine, therefore detection of cystine
in the culture medium is not unexpected. Removing pyru-
vate from the culture medium had no significant influence
on the metabolites in the absence of UVA. However, the
lack of pyruvate during irradiation resulted in increased
glutamate release and decrease in cystine consumption
(Figure S. 4b and c respectively). Pyruvate had no influ-
ence on the consumption of glutamine with or without
irradiation (Supplementary Figure S. 4a).

2.3 Non-enzymatic conversion of pyruvate
to acetate upon ROS treatment with H,0,
or UVA

It has been shown that pyruvate could have antioxidant
properties and could be converted to acetate in a ROS
dependent manner [17-20]. Furthermore, there have
been studies indicating a non-enzymatic decarboxylation
of pyruvate to acetate in the presence of reactive oxy-
gen species (H,0,) [23-25]. Since we have observed a
decrease in pyruvate release and increase in acetate secre-
tion after UVA treatment (Fig. 2c) we aimed to validate
that UVA treatment can also result in the non-enzymatic
decarboxylation of pyruvate. In our experimental setup,
we treated pyruvate dissolved in water with H,O, or UVA
and measured the decomposition of pyruvate to acetate.
When pyruvate is treated with 100 uM H,0, or 6 J/cm?

0.151
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100 uM H,yO,
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Fig.3 Pyruvate (100 pM) can be non-enzymatically decarboxylated
to acetate in water after the addition of an equimolar amount of H,0,
(a) or UVA irradiation (b). (Statistical analysis: Two-way ANOVA
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UVA irradiation, in both cases it is non-enzymatically
converted to acetate (Fig. 3a and b respectively).

2.4 Pyruvate detoxifies UVA-induced ROS but does
not offer full protection against ROS-induced
DNA damage

Since we observed UVA-induced non-enzymatic decar-
boxylation of pyruvate to acetate (Fig. 3b), and changes in
other key metabolites (Supplementary Figure S. 4), with a
potential role in ROS detoxication, we aimed to test whether
the presence of pyruvate has antioxidant and DNA-protec-
tive effects during UVA irradiation. To test the antioxidant
capacity of pyruvate, fibroblasts were treated with and with-
out 6 J/em? UVA irradiation (single irradiation dose; for
treatment protocol see Supplementary Figure S. 1b) with and
without 1 mM pyruvate present in the medium. Subsequent
measurement of ROS showed that in the presence of pyru-
vate the amount of ROS is significantly reduced (Fig. 4a).
To test whether pyruvate can protect against UVA-
induced 8-hydroxydeoxyguanosine mutations (8-OHdG),
cells were UVA-irradiated repeatedly with 6 J/cm? over a
period of 2 or 4 days with and without 1 mM pyruvate in
the medium. After four days of treatment, human fibroblasts
showed no difference in 8-OHdG levels between irradiated
and non-irradiated samples (Supplementary Figure S. 5).
Two days of UVA-treatment resulted in the formation of
8-OHdG (Fig. 4b). Pyruvate addition to the medium (1 mM)
alleviated the effects of endogenously produced 8-OHdG
in the absence of UVA but had no effect on DNA damage
when the cells were subjected to UVA irradiation (Fig. 4b).

2.5 UVA and pyruvate influence MMP expression

Matrix metalloproteases are important players in photoag-
ing and photo carcinogenesis. In our experimental setup,
primary human fibroblasts were irradiated with repetitive
sub-erythema doses UVA (3 X daily for 4 days, 6 J/cm? per
irradiation) and the expression of four MMPs was meas-
ured—MMP1, MMP2, MMP3, and MMP15. The MMPs
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Fig.4 Antioxidant properties of pyruvate. Addition of 1 mM pyru-
vate to the cell culture medium reduces the amount of reactive oxy-
gen species (ROS) (a), produced by UVA and subsequently decreases
ROS-induced DNA 8-OHdG damage in human fibroblasts (b). (Sta-
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could be subsequently divided in two distinct groups in
accordance with their reaction to UVA treatment and pyru-
vate content in the medium. The first group, consisting
of MMP2 and MMP15 (Fig. 5a), showed UVA-induced
upregulation. The lack of pyruvate in the medium, on the
other hand, resulted in no significant changes in MMP2
or MMP15 expression in both irradiated and un-irradiated
cells when compared to the pyruvate-containing controls.
The second MMP group, consisting of MMP1 and MMP3
(Fig. 5b), showed no UVA-regulation when cultured in

pyruvate (1 mM). However, the absence of pyruvate from
the medium during irradiation lead to significant increase in
expression for both MMP1 and MMP3 (Fig. 5b).

3 Discussion
As previously published by Kamenisch et al. [13], UVA

irradiation induces increased glucose consumption and
lactate production in melanoma cells. In the case of
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melanoma, UVA irradiation can be beneficial for tumor
growth via increased lactate production, which in turn can
promote immune attenuation and escape of tumor cells
from the immune system [26-28].

But UV-induced lactate production can also be benefi-
cial for non-malignant skin tissue. There is evidence that
UVA-radiation and the resulting DNA damage can initiate
immune response [29, 30]. The increased lactate secretion of
irradiated healthy fibroblasts could help to facilitate imme-
diate attenuation of UV-induced immune cells [26, 27, 31],
thereby lowering the risk of auto-immune reactions during
regular sun exposure of normal skin.

Another known effect of lactate is the enhancement of
MMP expression [13], thus contributing to neo-vasculari-
zation and tumor dissemination. Furthermore, tumor cells
can implement aerobic glycolysis as means for alternative
energy production and also in case of mitochondrial damage
caused by UVA irradiation [12, 32, 33].

In our current study, we have shown that UVA-induced
metabolic changes are not limited to malignant skin cells.
Repetitive sub-erythema doses of UVA [34] applied on
primary human fibroblasts resulted in a metabolic profile,
which is similar to the one we observed in melanoma cells.
This is, to our knowledge, the first time such metabolic effect
of sub-erythema doses of UVA has been observed in primary
human fibroblasts. In 2014 Marionnet et al. published an
article showing an increase of glucose-metabolism-related
genes in UVA irradiated keratinocytes but not in fibroblasts
[16]. In addition to this, the single high dose applied by
Marionnet et al. (higher than the minimal erythema dose
(MED) measured for UVA [34]) is different from the repeti-
tive sub-MED dose radiation used in our experiments. Sin-
gle high doses of radiation (e.g. 40 J/cm? [16]) can induce
different cellular responses than sub-MED dose, repetitive
radiation, which can be compared to moderate sun exposure
of human skin.

Besides lactate associated immune suppression, it is pos-
sible that these large extents of metabolic changes in glu-
cose, pyruvate and lactate upon UVA treatment could be
associated to the detoxification of UVA-induced ROS. As we
observed increase in lactate release by primary fibroblasts,
it should be noted that this metabolite has been known to
have certain antioxidant properties [35]. A potential function
as extra-cellular antioxidant could explain the need for the
cells to secrete lactate in greater quantities after irradiation
(Fig. 1b).

In accordance with earlier publications [23, 25], we
have verified that pyruvate dissolved in water is non-
enzymatically decarboxylated to acetate upon H,0,
treatment and a similar reaction could be observed when
pyruvate was treated with UVA as another ROS source
(Fig. 3a, b). The ability of pyruvate to react with ROS and
be decarboxylated to acetate is supported by our findings
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in fibroblasts (Fig. 2c). Furthermore in the presence of
sufficient pyruvate, this metabolite can be consumed by
ROS, as indicated by the increased consumption of pyru-
vate upon irradiation (Fig. 2a). In the case of no pyru-
vate supplementation, the cell has to produce pyruvate
and has to release it to prevent accumulation of extracel-
lular ROS, thus lowering the oxidative stress burden by
the environment (Fig. 2b). After UVA treatment, a part of
this produced and released pyruvate is consumed by ROS
(Fig. 2b). Taken together, these data indicate, that cel-
lular release of pyruvate or supplemented pyruvate in the
medium can be used as ROS detoxification agent during
treatment with a ROS source.

In the context of ROS detoxication, we investigated addi-
tional metabolites that play important roles in the cellular
oxidative defense, namely glutamine, glutamate, and cystine
[36, 37]. UVA resulted in increase of glutamine and cystine
consumption (see Supplementary Figures S. 4a and 4c). The
increase in cystine consumption after irradiation also cor-
relates with increase in glutamate release (Supplementary
Figure S. 4b), which can be attributed to an active glutamate/
cystine antiporter [38].

However, the absence of pyruvate during irradiation
led to a decrease in cystine consumption, which could be
interpreted as reduction of cellular ROS-defense. This sup-
ports the notion that pyruvate might be crucial for first-line
defense during oxidative stress, giving the cells enough time
to implement further antioxidant strategies. Glutamate secre-
tion, however, further increases when the cells are treated
with UVA in the absence of pyruvate. There has been evi-
dence that glutamate can act as an autocrine proliferation
signaling molecule [37]. It is possible that the increase in
glutamate secretion is connected to the prevention of apop-
tosis and allows the fibroblasts to proliferate even after irra-
diation (as seen in Supplementary Figure S. 3).

As shown by us and others, pyruvate has antioxidant
properties [17, 19, 23]. However, extracellular pyruvate does
not seem to protect completely from UVA-induced DNA
damage. It is possible that the experimental setup with repet-
itive UVA irradiation, in combination with the used sub-
MED UVA doses, leads to an equilibrium in the damage-
repair processes in the cells where the addition of stressor
does not lead to an increased damage, similar to the equilib-
rium described by Zaharieva et al. [39]. This is supported
by the fact that after a complete irradiation cycle (4 days,
3 X irradiation per day) no significant difference between
irradiated and un-irradiated cells in terms of 8-OHdG (Sup-
plementary Figure S. 5) can be seen. The increase of DNA
damage detected in un-irradiated cells between 2d (Fig. 4)
and 4d (Supplementary Figure S. 5) is likely to come from
increased endogenous ROS due to cell handling (changes
in CO, concentrations between incubator and cell culture
room, mechanical stress due to medium exchange, etc.).
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Pyruvate could, nevertheless, limit endogenous 8-OHdG
formation in un-irradiated cells compared to un-irradiated
cells cultured without pyruvate. This supports the theory that
pyruvate could play a role as a first line of defense against
UVA-induced oxidative stress, providing immediate but mild
protection and the time to initiate other antioxidant defenses.

As seen from our experiments, primary human fibroblasts
showed glucose consumption and lactate production profiles
after irradiation similar to the ones previously observed in
melanoma cells [13]. Kamenisch et al. have identified lac-
tic acid as one important mediator of UV-induced MMP
induction in these cells [13]. In our current experiments
we observed that UVA irradiation also upregulates MMP
expression in human fibroblasts. From the MMPs investi-
gated here (MMP1, MMP2, MMP3, and MMP15), espe-
cially MMP1, MMP2, and MMP3 are key players in the
complex process of skin aging, especially in photoaging [40,
41]. It has to be noted that these MMPs can also play a role
in photocarcinogenesis [40], enhancing invasion and migra-
tion of tumor cells. Therefore, the UVA-induced secretion
of MMPs in the dermal matrix from fibroblasts could also
promote migration of initial tumor cells in the skin, which
could be attenuated by high pyruvate concentrations. Con-
cerning MMP15, there is still little information available on
its expression pattern and regulation to give insights to its
role in photoaging and its association with pyruvate.

In the current work, two of the tested MMPs — MMP1
and MMP3, showed a tendency of increased gene expres-
sion when the cells were irradiated with UVA under 1 mM
pyruvate conditions, but the expression upregulation was
not statistically significant. However, without the addition
of pyruvate a significant upregulation was observed for both
MMPs (Fig. 5b). This behavior points in similar direction
as previously reported findings [42—44] where UVA leads
to significant upregulation of these MMPs. The ability of
pyruvate to regulate the expression of MMP1 and MMP3
has been previously reported by Kim et al. [22]. However, in
their publication, Kim and associates use much longer treat-
ment periods (12 days) compared to our treatment protocol
(4 days). Furthermore, their publication does not provide
connection between an external ROS-inducer (such as UVA)
and pyruvate. To our knowledge, we are the first to date to
show that pyruvate attenuates the UVA-induced upregula-
tion of MMP1 and MMP3.

In the case of MMP2, UVA irradiation under normal cell
culture conditions (1 mM pyruvate), resulted in increase
of expression in accordance with previously published
data [21, 40]. The absence of pyruvate during irradiation
lead to visible but not statistically significant increase of
MMP2 expression when compared to cells irradiated with
1 mM pyruvate (Fig. 5a). As recently described by us [21],
MMP15 again showed increase in expression after UVA
irradiation. Supplementation with pyruvate showed slight,

but not significant, reduction of the UVA effects on MMP15
expression. Interestingly, the absence of pyruvate in non-
irradiated cell also resulted in a visible, albeit statistically
not significant, increase in MMP15 expression. This behav-
ior is similar to the one observed by Kim and associates for
MMP1 and MMP3 [22], but, to our knowledge, has never
before been observed for MMP15.

The collected data show that pyruvate has a significant
protective potential against photoaging associated expres-
sion of MMPs (Fig. 5). This link between pyruvate and skin
aging opens new aspects of the metabolic influence on skin
aging. It would be interesting if to see if local pyruvate con-
centrations in the skin are low in individuals where skin
aging progresses faster with a larger extent of wrinkle for-
mation and loss of skin elasticity. Therefore, our data could
serve as a basis for further in vivo studies on the potential
of pyruvate as a cosmetic and therapeutic additive in topical
applications aiming to reduce ROS and wrinkle formation.

4 Conclusion

Similar to melanoma cells, primary human fibroblasts show
increased glucose consumption and lactate production. Fur-
ther metabolic changes after irradiation support the role of
pyruvate as a first-line antioxidant defense during UVA
challenge. In addition, sufficient pyruvate can protect non-
malignant cells against UVA-induced ROS, DNA damage
and photoaging-related expression of MMP1 and MMP3.
This opens the door for further studies concerning the clini-
cal application of pyruvate as potential antioxidant, and
inhibitor of MMP expression.

5 Materials and methods
5.1 Cell culture

Skin biopsy sample was obtained from the University Hos-
pital Regensburg (Ethic vote number 14101 0001) and given
the designation Re5. The skin biopsy was put whole on a
Primaria cell culture dish (#353801, Corning, Germany),
containing a single drop of DMEM-Cipro medium (DMEM
medium (P04-01548, PAN Biotech, Germany) contain-
ing 10% FCS (AC-SM-0161, Anprotec, Germany), 1 g/L
(5.5 mM) glucose (G8644, Sigma-Aldrich/Merck, Ger-
many), | mM pyruvate (#11360070, Thermo Fischer, Ger-
many), 2 mM L-glutamine (G7513, Sigma-Aldrich/Merck,
Germany) and 1% Ciprofloxacin (200 mg/100 ml infusion
solution, 64,689.00.00, Fresenius Kabi, Germany)) and incu-
bated for 30 min at 37 °C to ensure that the skin sample
sticks on the dish surface. Afterward, 3 ml DMEM-Cipro
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was added to the skin sample. It was cultivated at 37°, 5%
CO, until fibroblast-outgrowth was enough for a transfer to
a T25 cell culture flask where they were cultured in DMEM
without Ciprofloxacin, and used for further experiments.
Before irradiation, the cells were seeded at density of
5% 10* cells per well on a 6-well plate in DMEM with and
without pyruvate (1 mM/0 mM) and incubated overnight.

5.2 Two in one cell count and viability test

To determine the number of cells, as well as their viabil-
ity, a LUNA-FL Dual Fluorescence Cell Counter (Logos
Biosystems, Aligned Genetics, Inc., Korea) in combination
with Acridine orange/Propidium iodide (AO/PI) staining
was used. To perform the actual cell-count, 18 pL of cell
suspension were mixed with 2 uL. AO/PI dye (F23001-LG,
BioCat, Germany). From this mixture, 10 pL. was pipetted
on LUNA cell counting slides and measured in fluorescence
modus with LUNA-FL.

5.3 UVAirradiation

At the beginning of irradiation, the medium was aspirated from
each well. Cells were irradiated in 1 mL PBS (#14190094,
Thermo Fisher, Germany,). For graphical representation of
the irradiation protocol see Supplementary Figure S1 a. The
amount of UVA per single irradiation was set at 6 J/cm? and
provided by a Sellamed-Lamp (Sellas Medizinische Gerite
GmbH, Germany) with emission spectrum 340—420 nm (see
Supplementary Figure S2). The PBS was then aspired and
5 mL fresh medium was added to each well after the first irra-
diation. Before all subsequent irradiations, the medium was
aspirated and collected in separate falcons and returned to the
corresponding wells afterward. There were a total of 3 irradia-
tions per day with a 4 h resting period between each irradiation
and an overnight rest after the final daily irradiation.

5.4 Metabolic analysis—NMR

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

To validate the ability of UVA to non-enzymatically
decarboxylate pyrivate to acetate, 100 uM pyruvate,
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corresponding to the physiological pyruvate concentration
in human blood, were dissolved in double distilled water
and irradiated with a single UVA dose (6 J/em?). As a con-
trol, the same amount of pyruvate was dissolved in water
and mixed with 100 uM H,0O,. The resulting samples were
prepared for NMR analysis as described above. Since there
were no proteins in the mixture to disturb the NMR measure-
ment, no FA was added.

All NMR experiments were performed at 298 K on a
600 MHz Bruker Avance III HD spectrometer (Bruker Bio-
Spin GmbH, Germany) using a triple resonance ('H, '°C,
5N, %H lock) cryogenic probe with z-gradients in combina-
tion with a Bruker SampleJet sample changer (Bruker Bio-
Spin GmbH, Germany).

Spectra of cell culture supernatants and control media
were acquired employing a 1D 'H Carr-Purcell-Meiboom-
Gill (CPMG) pulse sequence to achieve effective suppres-
sion of macromolecular signals. These broad macromolecu-
lar signals, if not suppressed, overlap with signals of small
molecules 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 that 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 identifi-
cation and quantification is considerably eased.

The acquired data were semi-automatically Fourier-trans-
formed to 128 k real data points, phase corrected and base-
line optimized with TopSpin 4.0.7 (Bruker BioSpin GmbH).
Chenomx 8.6 (Chenomx Inc., AB, Canada) was employed for
final quantification of metabolites from 1D NMR spectra. The
concentration of metabolites in the cell supernatants (C,) and in
fresh medium (C,,.4) were used together with the sample vol-
ume (voly) used in the 6 well plates used for cell culture—5 mL,
and the end number of cells to calculate metabolites per million
cells. For that, the following equation was used:

(c

n

o * AVERAGE vol,[L]) — (C, # vol,[L])

1/10%cells =
mmol/10%cells 106 cells

5.5 DCFDA-ROS detection

Cells were seeded on a 10 cm dish at density of 5x 10° cells
per dish in DMEM with or without pyruvate, and cultured for
2 days at 37 °C. Afterward, the dishes were washed 1 X with
DMEM without FCS. From that point all remaining steps
were performed in the dark. The cells were stained with
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Table 1 Product size and annealing temperatures of the used primers (Sigma-Aldrich, Germany)

Gene of interest Primer sequence: forward/reverse Size of product Annealing
(bp—base pairs) tempera-
ture
MMP1 TCACCAAGGTCTCTGAGGGTCAAGC/GGATGCCATCAATGTCATCCTGAGC 324 bp 65 °C
MMP2 CCCCAAAACGGACAAAGAG/CTTCAGCACAAACAGGTTGC 88 bp 54°C
MMP3 CAAAACATATTTCTTTGTAGAGAGGACAA/ TTCAGCTATTTGCTTGGGGAAA 91 bp 54 °C
MMP15 ACGGTCGTTTTGTCTTTTCA/GTCAGCGGCTGTGGGTAG 85 bp 57°C
b-Actin CTACGTCGCCCTGGACTTCGAGC/GATGGAGCCGCCGATCCACACGG 385 bp 54-65 °C

100 uM DCFDA (from a 10 mM stock in DMSO, D6883,
Sigma-Aldrich/Merck, Germany), dissolved in DMEM with-
out FCS, and incubated for 35 min at 37 °C. Some cells were
left unstained to be later used as background control. After
the end of incubation, the cells were washed 2 X with medium
without FCS, trypsinized, counted, and transferred to two
black clear bottom 96well plates at density 1x 10* cells per
well in a total volume of 100 pL per well. One plate was left
as 0 J non-irradiated control and the other one was immedi-
ately irradiated with a single dose of 6 J/cm? 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 graphical repre-
sentation of the treatment see Supplementary Figure S. 1b).

5.6 DNA extraction and detection of 8-OHdG

In order to retrieve DNA for subsequent 8-OHdG experi-
ments, UVA treated cells and controls (for standard irradia-
tion protocol see Supplementary Figure S. 1a), cultured on
20 cm Petri dishes at a seeding density of 8 x 10° cells per
petridish, were trypsinized, centrifuged, and re-suspended
in 200 pL/sample PBS. From then on, a QUIamp Mini Kit
(#51306, QIAGEN, USA) was used for the isolation.

The method used to detect oxidative DNA damage in
UVA-irradiated cells was based on the OxiSelect™ ELISA
Kit (STA-320, Cell Biolabs Inc., USA). This kit is a com-
petitive enzyme immunoassay for the detection and quantita-
tion of 8-OHdG in DNA samples.

5.7 RNA extraction and qPCR

RNA extraction from the treated cells was performed via
NucleoSpin RNA-isolation kit (# 740955.250, Machery-
Nagel, Germany) in accordance with the manufacturer’s
protocol. The concentration of RNA in the samples as deter-
mined via NanoDrop. For the reverse transcription, 500 ng
RNA per sample was used. A master mix was prepared for
the reverse transcription, containing 1 uL random primer
(#11034731001, Roche, Germany), 4 uL 5 x buffer (Super-
Script I, # 18064-014 Invitrogen/Thermo Fisher, Germany),

1 uL dNTPs (N0446S, New England Bio Labs, Germany),
1 uL DTT (SuperScript II, # 18064-014 Invitrogen/Thermo
Fisher, Germany), and 2 pL water per sample. Up to 10 pL
RNA was added to the mix and the rest of the volume up
to 19 pL was filled with water. The RNA was stretched
for 10 min at 70 °C. Afterward, 1 pl SuperScript enzyme
(SuperScript I, # 18064-014 Invitrogen/Thermo Fisher,
Germany) 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, each sample contained 10 pL
SybrGreen (#06924204001, Roche, Germany), 0.5 pL for-
ward primer, 0.5 pL reverse primer, 8 uL water, and 1 pL
cDNA. For the negative control, 1 uLL water was used instead
of cDNA. 20 pL from each sample were pipetted in dupli-
cates on a 96-well LightCycler plate (#04729692001, Roche,
Germany). Optimal annealing temperatures were determined
for each gene of interest as shown in Table 1. The qPCR
reaction was performed in Roche LightCycler 96 (Roche,
Germany), programmed for 45 cycles of amplification.

The end results were calculated with LightCycler 96 soft-
ware and presented as a ratio to the housekeeper (b-actin).

5.8 Statistical analysis

Data are shown as the mean with standard deviation of at
least three independent experiments and statistical signifi-
cance was tested with two-way ANOVA with Bonferroni’s
multiple comparisons post-test analysis (a P value <0.05 was
considered significant). Statistical analysis was performed
with GraphPad Prism 10 (GraphPad, USA).
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