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ABSTRACT

Aged and photoaged skin exhibit fine wrinkles that are signs of epidermal inflammation and degenera-
tion. It has been shown that healthy elderly skin expresses amyloidogenic proteins, including «-Synuclein,
which are known to oligomerize and trigger inflammation and neurodegeneration. However, little is
known about their putative role in skin physiology and sensitivity. To unravel this possible role, we inves-
tigated the impact of oligomeric a-Synuclein (O«-Syn) in 2D and 3D keratinocyte human models. Exoge-
nous Oa-Syn caused degeneration of reconstructed human epidermis (RHE) by diminishing proliferation
and thickness of the stratum basale. Ox-Syn also increased NF-kB nuclear translocation in keratinocytes
and triggered inflammation in the RHE, by increasing expression of interleukin-18 and tumor necrosis
factor-alpha, and the release of tumor necrosis factor-alpha in a time-dependent manner. Dexamethasone
and an IL-18 inhibitor partially diminished RHE degeneration caused by Oc«-Syn. These findings sug-
gest that Oa-Syn induces epidermal inflammation and decreases keratinocyte proliferation, and therefore
might contribute to epidermal degeneration observed in human skin aging.

© 2022 The Authors. Published by Elsevier Inc.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

The epidermis is the outermost layer of the skin and is mainly
composed of keratinocytes. The proliferation of keratinocytes is

Abbreviations: «-Syn, «-Synuclein; Ow-Syn, oligomeric «-Synuclein; IL, inter-
leukin; TNF-¢r, tumor necrosis factor-alpha; UV, ultraviolet; NF-xB, nuclear factor
kappa-light-chain-enhancer of activated B cells; A, S-Amyloid; RHE, reconstructed
human epidermis; HEKn, human neonatal epidermal keratinocytes; PBS, phosphate-
buffered saline; DMEM, Dulbecco’s Modified Eagle Medium; DAPI, 4’,6-diamidino-
2-phenylindole.

* Corresponding author: Federal University of Rio de Janeiro (UFR]) and D’Or In-
stitute for Research and Education (IDOR). Tel: +55 21 3883 6000.
E-mail address: srehen@lance-uftj.org (S. Rehen).
# These authors contributed equally to this work.

restricted to the basal layer, which is crucial to skin homeosta-
sis and regeneration. Chronological skin aging, which is accompa-
nied by epidermal degeneration, is a natural process that occurs
throughout life. However, it can be accelerated by some factors,
such as smoking (Martires et al., 2009) and ultraviolet (UV) ex-
posure (Baumann, 2007). Aged skin displays high levels of inflam-
matory mediators including the proinflammatory cytokine tumor
necrosis factor-alpha (TNF-¢). Many pro-inflammatory agents, in-
cluding TNF-«, trigger the RelA/p65 NF-kB subunit translocation
to the nucleus, thereby regulating various processes including cell
proliferation and further expression of itself and other inflamma-
tory cytokines (Joyce et al, 2001; Lan et al., 2005; Pupe et al,
2003). NF-«B plays a pivotal role in skin homeostasis and aging
(Grinberg-Bleyer et al., 2015).
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Aggregation of amyloidogenic proteins in the central nervous
system, such as «-Synuclein («¢-Syn) and B-Amyloid (AB), are
the pathological hallmarks of neurodegenerative processes un-
derlying Parkinson’s and Alzheimer’s diseases, respectively. The
leading molecular signature in Parkinson’s disease is the accu-
mulation of misfolded «-Syn, including oligomeric «-Syn (Ow-
Syn), in dopaminergic neurons of the substantia nigra. Oligomers
with different morphologies and fibrils of ®-Syn are toxic species
of this protein, which can be influenced by post-transcriptional
modifications, including phosphorylation, and aggregates. Both
species are involved in the pathophysiology of neurodegeneration
(Lashuel et al., 2013).

A growing body of evidence demonstrates abnormal aggregates
in other tissues with consequences to physiology and pathology
(Beach et al., 2010; Braak and Del Tredici, 2017; Gelpi et al., 2014;
Wakabayashi et al., 1990). For instance, neurodegenerative disease-
related proteins, such as tau, AB34, and «-Syn, were found in the
epidermal layer of human skin (Akerman et al., 2019; Rodriguez-
Leyva et al., 2017). In the case of Parkinson’s disease, o-Syn sub-
stantially accumulates in the epidermis of patients but also occurs
in healthy individuals to a lesser extent (Rodriguez-Leyva et al.,
2017). Although studies have detected «-Syn and other amyloido-
genic proteins in human skin, how they affect skin homeostasis is
not clear yet. Evidence from studies in the nervous system sug-
gests inflammation among the consequences of protein misfolding
(Alvarez-Erviti et al., 2011).

In this work, we aimed to investigate the possible functional
role(s) of exogenous Ow-Syn in 2D and 3D keratinocyte models,
the last termed reconstructed human epidermis (RHE).

2. Materials and methods
2.1. Cell culture

2.1.1. Human Epidermal Keratinocytes, neonatal (HEKn)

Human neonatal epidermal keratinocytes (HEKn) (Life Tech-
nologies - C0015C) were cultivated in EpilLife Medium (Thermo
Fisher Scientific - MEPI5S00CA) with 1x HKGS (Thermo Fisher Sci-
entific - S-001-5) on a T75 culture flask. When HEKn achieved 80%
of confluence, they were split with TrypLE Express Enzyme (1X)
(Thermo Fisher Scientific - 12605028) for 10 minutes, counted, and
centrifuged at 200 x g for 10 minutes. Then, the cells were replated
at 3 x 10° cells per T75 culture flask or at 1.2 x 10* cells per well
in 96-well plates and maintained in an incubator at 37 °C with 5%
CO2. The medium was changed every other day. For the inflam-
matory inhibition assay, HEKn were pretreated for 2 hours with
dexamethasone (Diprospan, 10 M) or IL-18 inhibitor (Kineret, 25
g/mL), which were added or not at the time Oa-Syn was admin-
istered. The TNF-« inhibitor (Etanercept, 500 ug/mL) was admin-
istered at the same time as Oc-Syn, and the incubation carried on
for 24 hours.

2.1.2. Reconstructed Human Epidermis (RHE)

SkinEthic RHE was reconstructed in vitro from healthy human
keratinocytes, which were donated by volunteers with signed con-
sent terms, and expanded before use. RHE was grown on an in-
ert polycarbonate filter (0.5 cm?2) at the air-liquid interface, in a
chemically defined medium (Rosdy and Clauss, 1990). The RHE is
a multilayered human epidermis model, with clearly visible basal,
spinous, granular, and corneal layers. This model features a func-
tional permeability barrier and is reliable to test skin permeability
and toxicity (Tornier et al., 2010). Each RHE batch was checked ac-
cording to standard quality control criteria, and the tests included
viability, barrier function, and morphology (Vecchi et al., 2018).
Seventeen-day-old RHEs were used in the experiments as this is

the time point when maturity is achieved, meaning they have all
layers completely formed. All substances tested were administered
from the stratum basale side.

2.2. Oligomer preparation and characterization

2.2.1. a-Synuclein («-Syn)

Wild-type «-Syn monomers were expressed and purified ac-
cording to Kriiger et al. (1998). A step was added to the purifica-
tion procedure to remove lipopolysaccharide, a bacterial endotoxin,
that could interfere with the results in cell culture assays. To obtain
a lipopolysaccharide-free protein, purified «-Syn monomers were
passed through a polymyxin B-conjugated resin (Detoxi-gel endo-
toxin removing column, Thermo Scientificc, Waltham, MA, USA).
Oa-Syn was produced by incubating 120 uM monomers in PBS
for 18 hours at pH 7.5, 37°C under stirring (800 RPM) in a ther-
momixer. The presence of oligomers was confirmed by transmis-
sion electron microscopy imaging and dot blot assay (Supplemen-
tary Fig. 1). The definition of oligomer used in the present work is
of a heterogeneous population, with non-fibrillary structure, some-
times amorphous or with a ring-like appearance, which size can
be probed by transmission electron microscopy (Braga et al., 2011;
Fernandes et al., 2020; Kumar et al., 2020; Montoliu-Gaya et al.,
2017).

2.2.2. Transmission electron microscopy

Copper grids (carbon- and formvar-coated 400 mesh) (Electron
Microscopy Sciences, Hatfield PA) were glow discharged and 5 uL
of the sample was applied for 5 minutes. The excess sample was
removed with filter paper and the grids were immediately incu-
bated with 2% uranyl acetate solution for 5 min. The excess stain
was removed and the grid was allowed to dry thoroughly. Grids
were then examined on a Tecnai Spirit (FEI Company) microscope
at 120 kv.

2.2.3. Dot-blot

Samples were blotted on nitrocellulose membranes (0.45 pum,
Bio-Rad) and incubated for 1 hour with 10% skimmed milk.
Membranes were washed using Tris-buffered saline with 0.05%
Tween 20, incubated with A1l antibody (1:1000, anti-oligomers;
AHB0052, ThermoFisher), OC antibody (1:1000; anti-amyloid
fibrils; AB2286, Sigma-Aldrich), and anti-a-synuclein (1:1000;
AHB0261, ThermoFisher) for 2 hours at 25°C, and, then, incu-
bated with horseradish peroxidase-conjugated secondary antibody
(1:2000; Sigma). Membranes were revealed using an ECL Plus kit
(GE Healthcare).

2.3. Sample preparation and immunostaining

RHEs and HEKn were fixed in 4% paraformaldehyde for 20 min-
utes and washed 3 times in PBS. RHE samples were embedded in a
Tissue-Tek OCT compound and frozen in liquid nitrogen. Longitudi-
nal cryosections were cut at 10 um on a cryostat (Leica CM 1850)
and mounted on gelatin precoated slides. The immunostaining pro-
cedure occurred as follows. Samples were permeabilized with 0.3%
triton x-100 for 15 minutes, blocked in 3% bovine serum albu-
min for 1 hour at room temperature, and incubated overnight at
4°C in 2% blocking solution containing diluted primary antibodies.
Then, samples were washed 3 times in PBS, reblocked for 20 min-
utes, and incubated with corresponding secondary antibodies di-
luted in 2% blocking solution for 40 minutes at room temperature.
Finally, samples were rinsed 3 times in PBS, stained with the nu-
clear marker 4’,6-diamidino-2-phenylindole (DAPI, 0.5 ug/mL) for
5 minutes, rinsed again 3 times in PBS, and slides were mounted
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with Aqua-Poly-mount (Polysciences) or cell plate wells were cov-
ered with glycerol (Sigma). We used the following primary an-
tibodies: mouse anti-Ki67 (1:50, 550609, BD Pharmigen); mouse
anti-o-synuclein (1:200, AHB0261, Thermo Fisher Scientific); and
mouse anti-NF-xB p65 (1:200, SC-8008, Santa Cruz Biotechnology).
The secondary antibodies used were: Goat anti-Mouse IgG (H+L)
Secondary Antibody, Alexa Fluor 488 conjugate (A-11001, Invitro-
gen); and Goat anti-Mouse IgG (H+L) Secondary Antibody, Alexa
Fluor 594 conjugate (A-11032, Invitrogen).

The hematoxylin-eosin-safran staining was performed on paraf-
fin sections using the Sakura Tissue-Tek Prisma automated slide
stainer, according to the manufacturer’s protocol.

2.4. Image acquisition

Images of immunostained RHE sections were acquired with a
confocal microscope Leica TCS SP8 using a 63x objective lens,
while images of immunostained HEKn were acquired with the high
content screening microscope Operetta (PerkinElmer, Waltham,
MA, USA) using a 40x objective lens. For capturing HEKn images, 9
fields per well were systematically selected.

2.5. Proliferation and nuclei quantification assays

HEKn and RHEs were immunostained for the proliferation
marker Ki67 as described above. For RHE analysis, we quantified
the percentage of total Ki67+ nuclei/ total DAPI+ nuclei using
the Image] software. HEKn analysis, in turn, was performed with
the software Columbus Image Data Storage and Analysis System
(PerkinElmer), as follows. First, the total amount of nuclei was se-
lected using the DAPI channel. Then, we found the Ki67+ nuclei
using the Alexa 488 channel, which was the emission spectrum
of the secondary antibody used, inside the pre-selected DAPI+ re-
gions. Results were defined by the ratio of Ki67+ nuclei/ DAPI+
nuclei and plotted as the percentage of positive cells. Quantifica-
tion of DAPI-stained HEKn nuclei was also used as an indicator of
cell survival, and the results were presented as the percentage of
DAPI+ nuclei relative to control.

2.6. NF-kB nuclear translocation assay

NF-kB nuclear translocation assay is based on the amount of
nuclear NF-kB relative to its cytoplasmic counterpart. To establish
the assay, HEKn and RHEs were treated with 2, 10, or 20 ng/mL
TNF-o¢ (TNA-H4211, ACROBIlosystems, DE, USA) for 45 minutes,
fixed with 4% paraformaldehyde for 30 minutes, and immunos-
tained for the p65 (RelA) subunit of NF-«B. For the RHE analysis,
we created a mask to identify the cytoplasms immunostained for
NF-«kB and the nuclei stained with DAPI using the same grayscale
and threshold for all images. Immunostaining intensity from the
two masks, which was represented as arbitrary units, was quanti-
fied and plotted as the ratio of nucleus/cytoplasm NF-«B fluores-
cence intensity. All RHE images (10 per sample) were processed
and quantified using Image] software. Conversely, for HEKn anal-
ysis, we systematically selected 9 fields per image and used the
high-content image analysis software Harmony 5.1 (PerkinElmer,
Waltham, MA, USA) to generate the ratio of nucleus/cytoplasm in-
tensity.

2.7. Quantitative RT-PCR (RT-qPCR)

RHE samples were sliced into thick sections, transferred to
2.0 mL pre-filled tubes with 1.5 mm Triple-Pure Zirconium ho-
mogenizer beads (Benchmark Scientific, USA), containing a fresh

amount of Lysis Buffer (ThermoFisher Scientific, USA) plus 2-
mercaptoethanol (1% v/v) (Sigma-Aldrich, USA) for each purifica-
tion procedure, and shaken vigorously using the BeadBug Micro-
tube Homogenizer apparatus (D1030-E, Benchmark Scientific). Sub-
sequently, total RNA was isolated using the PureLink RNA Mini kit
(ThermoFisher Scientific, USA) in accordance with the manufac-
turer’s instructions. After isolation, RNA was treated with DNase
I (ThermoFisher Scientific). RNA concentration and quality were
quantified on a NanoDrop 2000c spectrophotometer (ThermoFisher
Scientific) and integrity was evaluated by 2% agarose gel elec-
trophoresis using a UV light photodocumentation system (L-PIX,
Loccus Biotecnologia). One microgram of total RNA obtained from
each sample was reverse transcribed into complementary DNA us-
ing SuperScript VILO Master Mix, according to the manufacturer’s
instructions (ThermoFisher Scientific). RT-qPCR reactions carried
out with a total reaction volume of 10 pL containing 1X of each
TagMan designed primers [human; TNF (Hs99999043_m1), inter-
leukin (IL)-1 (Hs01555410_m1), IL-6 (Hs00985639_m1), and IL-
18 (Hs010003716_m1) ThermoFisher Scientific], TagMan Universal
Master Mix II, with UNG (ThermoFisher Scientific), and 10 ng of
cDNA resuspended in UltraPure DNase/RNase-free distilled water.
No reverse transcriptase control and no template controls were in-
serted into each assay. The reactions were amplified in a StepOne-
Plus Real-Time PCR Systems thermocycler (ThermoFisher Scientific)
under standard conditions. Thermal cycling conditions comprised
an initial incubation at 50°C for 2 minutes, 95°C for 10 minutes, 40
cycles of denaturation at 95°C for 15 seconds, and annealing and
extension at 60°C for 1 minute. The relative expression of target
genes was normalized by Glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH; Hs99999905_m1). RT-qPCR data analysis was real-
ized with the Ny method implemented in LinRegPCR v. 2020.2. The
results were obtained from 3 independent experiments containing
4 technical replicates, and, for the assay, duplicates for each sample
were performed. For the analysis, the mean of data from each ex-
periment was obtained and normalized by the mean of the house-
keeping (GAPDH) from each experiment.

2.8. ELISA for TNF-a

To quantify the levels of TNF- « release in the RHE supernatant,
the RHEs were challenged for 2 or 24 hours with 10 M Oc«-Syn.
Each sample was a pool of the supernatants of at least 3 technical
replicates from 3 independent experiments, and for the assay, we
performed duplicates for each sample, which were kept frozen at
-80°C until needed. Immediately after thawing, the samples were
centrifuged at 600 x g for 5 minutes to remove particulates. Then,
the samples were analyzed using the Human TNF-alpha quantikine
ELISA kit (DTAOOD, R&D systems) in accordance with the manufac-
turer’s instructions. Absorbance at 450 nm with wavelength cor-
rection set to 540 nm was measured with a Tecan Infinite 200 PRO
(Life Sciences, Switzerland) spectrophotometer.

2.9. Statistical analyses

Data were analyzed either by student t-test, one-way ANOVA
or two-way ANOVA, followed by the Dunnett test, as applicable. A
95% confidence interval was accepted as statistically significant. All
analyses were performed with GraphPad Prism software 8.0.

3. Results
3.1. Oa-Syn decreases RHE proliferation and thickness

o-Syn, particularly in melanocytes and sensory neurons
(Rodriguez-Leyva et al., 2017), as well as AB (Heinonen et al,
1994), are found in samples from human skin biopsies. First, we
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checked whether the RHEs also express «-Syn by immunostaining.
We found «-Syn immunoreactivity in a few cells from the stratum
basale of the RHEs (Supplementary Fig. 2).

Second, we investigated the possible toxic role of «-Syn in RHE
biology. We challenged RHEs with exogenous 10 pM Oc¢-Syn or 20
ng/mL TNF-o for 24 hours. We noticed that some treated RHEs
were apparently thinner than control ones. One hypothesis to ex-
plain this thinning could be an impairment in cell proliferation. We
measured the thickness of the proliferative stratum of the RHEs
and found that some treatments indeed reduced this dimension
of the samples. Ox-Syn-challenged RHEs had a statistically signif-
icant thinner proliferative stratum (55.02 + 3.53 pm) compared
with control RHEs (67.5 + 2.58 pm, p < 0.01). TNF-«¢-treated RHEs
were also thinner, but the difference was not statistically signif-
icant (58.61 + 0.66 nm) (Fig. 1A). Additionally, the RHE sections
were immunostained for the proliferation marker Ki67 and quan-
tified over total nuclei. Indeed, we found that TNF-«-challenged
RHEs (2.18 + 0.54%, p < 0.05) and, more pronouncedly, Oc-Syn-
challenged RHEs (0.72 + 0.3%, p < 0.0001) presented a lower per-
centage of Ki67 positive nuclei compared with controls (5.95 +
0.71%) (Fig. 1B-E).

To further pursue the anti-proliferative effect of O«-Syn, we
questioned whether this action required a 3D tissue arrangement
or if it would be present in isolated keratinocytes. HEKn were chal-
lenged for 24 hours with 10 pM O«-Syn, fixed, and immunostained
for Ki67. As expected, we observed that the percentage of Ki67
positive cells was lower in O«-Syn-challenged HEKn at both 10
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UM (56.5 £ 25.66%, p < 0.0001) and 30 uM (44.81 + 37.01%, p <
0.0001) concentrations (Fig. 2). In addition, to certify that the ag-
gregated «-Syn species, which is known as toxic, accounted for the
decrease in keratinocyte proliferation, we compared the effects of
monomeric and oligomeric o-Syn forms on the HEKn. The percent-
age of proliferative HEKn treated with monomeric «-Syn (96.32 +
7.4) was comparable with controls (Fig. 2).

The reduction in the number of proliferative keratinocytes was
quantified here as relative to the total cell amount because there
was still the possibility that Ox-Syn may also cause cell death
24 hours following the insult. To rule this possibility in or out,
we counted the total number of nuclei from HEKn that had been
treated with 10 uM O«-Syn and controls. We found that the num-
ber of nuclei from O«-Syn-challenged HEKn (91.5 + 4.86%) was
comparable with controls (100 + 4.2%), suggesting that no signifi-
cant cell death took place under these conditions (Supplementary
Fig. 3).

3.2. Oa-Syn prompts NF-kB nuclear translocation in keratinocytes

NF-kB nuclear translocation is considered key for the aging pro-
cess, and several senescence pathways converge through NF-kB
(Wang et al., 2019). Together with the fact that Ox-Syn causes in-
flammation in the nervous system, we asked if it could have de-
creased keratinocyte proliferation by eliciting an inflammatory re-
sponse such as activation of the NF-kB pathway.
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Bl TNF-a
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@

T
L

Ki67+ nuclei (%)
e i

Fig. 1. Oligomeric «-Synuclein (Ox-Syn) and tumor necrosis factor-alpha (TNF-or) decreased keratinocyte proliferation in RHE. (A) Measurement of the thickness of the
RHE proliferative stratum (n = 3 experiments, plotted as average + SEM, analyzed by one-way ANOVA followed by Dunnett’ post-hoc test; **p < 0.01). (B) Percentage
of Ki67 + nuclei relative to total nuclei (n = 3 experiments, plotted as average + SEM, analyzed by one-way ANOVA followed by Dunnett’ post-hoc test; *p < 0.05,
****p < 0.0001) (C, D, E) Photomicrographs of control and challenged RHE with 10 ©M Oc«-Syn or 20 ng/mL TNF-« for 24 hours, and immunostained for Ki67 (green)
and counterstained with DAPI (blue). Scale bar: 50 pwm. Abbreviations: DAPI, 4’,6-diamidino-2-phenylindole; RHE, reconstructed human epidermis. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. Oligomeric (Oc-Syn) but not monomeric «-Synuclein (Ma-Syn) causes a decrease in HEKn proliferation. (A-D) Photomicrographs of control and HEKn challenged
with Oa-Syn (10 M or 30 ©M) or Ma-Syn (30 M) for 24 hours, immunostained for Ki67 (green) and counterstained with DAPI (blue, insets). (E) Percentage of Ki67 + cells
relative to control (CTRL) (n = 3 experiments, plotted as average + SEM, analyzed by one-way ANOVA followed by Dunnett’ post-hoc test; ****p < 0.0001). Scale bar: 50
pm. Abbreviations: DAPI, 4',6-diamidino-2-phenylindole; HEKn, human neonatal epidermal keratinocytes. (For interpretation of the references to color in this figure legend,

the reader is referred to the Web version of this article.)
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Fig. 3. Oligomeric a-Synuclein (Ox-Syn) 45 minutes-treatment triggers nuclear factor-« B (NF-kB) translocation to the nucleus in HEKn. (A-C) Photomicrographs of control
(CTRL), Tumor necrosis factor-alpha (TNF-«)- and Oa-Syn-challenged HEKn immunostained for NF-kB. (D) Nucleus/cytoplasm NF-kB fluorescence intensity ratio (n = 2
experiments, plotted as average + SEM, analyzed by one-way ANOVA followed by Dunnett’ post-hoc test; ****p < 0.0001). Scale bar: 50 pm. Abbreviation: HEKn, human

neonatal epidermal keratinocytes.

First, we established the NF-kB nuclear translocation response
in HEKn and RHE. For this, we challenged HEKn with 2, 10, and 20
ng/mL TNF-« for 45 minutes and observed that TNF-« increased
the nuclear/cytoplasm ratio of NF-kB fluorescence intensity at all
tested concentrations (1.69 £ 0.03, p < 0.001; 1.64 + 0.04, p <
0.05; and 1.68 + 0.02, p < 0.001, respectively) compared with con-
trol (1.29 4+ 0.07) (Supplementary Fig. 4). Because the RHE is a
tridimensional structure composed of layers, we challenged it for
45 minutes only with the highest concentration that induced the

translocation response in HEKn, which was 20 ng/mL, applied from
the stratum basale side. We found that this insult also increased
the nucleus/cytoplasm NF-kB fluorescence intensity in RHEs com-
pared with controls (0.94 4+ 0.02 and 0.63 + 0.03, respectively, p
< 0.001) (Supplementary Fig. 4). These results confirmed that ker-
atinocytes in 2D and 3D cultures efficiently exhibit the NF-kB nu-
clear translocation response following insult with TNF-c.

Next, we challenged HEKn with 10 pM Oc-Syn or 20 ng/mL
TNF-a¢ for 45 minutes and analyzed the NF-kB nuclear translo-
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Fig. 4. Oligomeric a-Synuclein (O«-Syn) induces tumor necrosis factor-alpha (TNF-«) and interleukin (IL)-18 expression and the release of TNF-« by the RHE. (A-D) RT-qPCR
for the proinflammatory cytokines IL-18, IL-6, IL-18, and TNF-« 2 hours after challenge, plotted as absolute values normalized by housekeeping gene expression (GAPDH).
(E) ELISA for TNF-« in the RHEs supernatant at 2 and 24 hours after the challenge. n = 3 experiments, plotted as average + SEM, analyzed by paired t-test (A-D) or two-way
ANOVA followed by Tukey’s post-hoc test (E); *p < 0.05, **p < 0.01, ****p < 0.0001). Abbreviations: GAPDH, Glyceraldehyde-3-phosphate dehydrogenase; RHE, reconstructed

human epidermis.

cation ratio. We found that Oc-Syn-challenged HEKn (1.35 + O,
p < 0.0001) had a higher nuclear/cytoplasm NF-kB fluorescence
intensity, equivalent to TNF-«-challenged HEKn (1.28 + 0.01, p <
0.0001) when compared with control (1.06 + 0) (Fig. 3).

3.3. O-Syn increases expression and release of cytokines by RHE
and its degenerative effect is partially blocked by cytokine inhibitors

As Ow-Syn induced NF-kB nuclear translocation, which is a
transcription factor involved in the regulation of several inflamma-
tory genes, we asked whether Ox-Syn could increase the expres-
sion of proinflammatory cytokines in the RHE. For this purpose,
RHEs were then treated with 10 uM Ow«-Syn for 2 hours. Subse-
quently, the mRNA expression of IL-18, IL-6, IL-18, and TNF-«, was
analyzed by RT-qPCR. We found that Ow-Syn caused an increase
in IL-18 (Control: 0; O«x-Syn: 0.4, p < 0.05) and TNF-« (Control:
0; Oa-Syn: 0.18 + 0.03, p < 0.05) mRNA levels compared with
control (Fig. 4A and D). Other tested cytokines did not have their
mRNA levels significantly changed (IL-18 control: 0.1 + 0.03; Oc«-

Syn: 0.06 + 0.02 and IL-6 control: 0.58 + 7.35; O«-Syn: 0) (Fig. 4B
and C).

Of the two pro-inflammatory cytokines that had increased ex-
pression after treatment, TNF-o was of particular interest, since it
had a similar effect to Oa-Syn in decreasing keratinocyte prolif-
eration. To ensure that there was also more TNF-o being released
after incubation with Ow-Syn, this cytokine was quantified in the
supernatant by ELISA. Indeed, TNF-« release increased following
Oc-Syn insult in a time-dependent manner (Ow-Syn 2h vs. Ox-Syn
24h, p < 0.01) compared with control (Control 2h: 0; O«-Syn 2h:
864.3 + 172.75 pg/mL, p < 0.05; Control 24h: 7.2 + 3.74 pg/mL;
Ow-Syn 24h: 2,215 4+ 264.52 pg/mL, p < 0.0001) (Fig. 4E).

Since Oa-Syn decreased proliferation and increased TNF-« and
IL-18 expression in keratinocytes, we investigated whether the
proliferation-inhibiting effect of Ow-Syn on these cells was due
to inflammation, namely through the release of these cytokines.
To test this hypothesis, we treated keratinocytes with an IL-18
inhibitor (Kineret, 25 pg/mL), a TNF-«¢ inhibitor (Etanercept, 500
ng/mL), or dexamethasone (Diprospan, 10 uM) along with 10 pM
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Fig. 5. Dexamethasone and IL-18 inhibitor partially prevent the anti-proliferative
effect of Ow-Syn in HEKn. HEKn were treated or not with dexamethasone or tu-
mor necrosis factor-alpha (TNF-«) (Etanercept, 500 pg/mL), or interleukin (IL)-18
(Kineret, 25 pg/mL) inhibitors along with Oligomeric «-Synuclein (O«-Syn) for 24
hours. Percentage of Ki67 + cells relative to control (n = 2 experiments, plotted as
average + SEM, analyzed by one-way ANOVA followed by Tukey’s post-hoc test; *p
< 0.05, **p < 0.01, ****p < 0.0001). Abbreviation: HEKn, human neonatal epidermal
keratinocytes.
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Oc«-Syn. Twenty four hours later the cells were fixed and im-
munostained for Ki67, and the percentage of proliferation relative
to control was determined. We confirmed that O«-Syn (45.56 +
3.99%, p < 0.0001) decreased keratinocyte proliferation compared
with control, and found that the IL-18 inhibitor (71.3 + 4.74%, p <
0.0001) and dexamethasone (66.04 + 4.74%, p < 0.01), but not the
TNF-« inhibitor alone (42.75 + 3.9%, p < 0.05), partially inhibited
the anti-proliferative effect of Ox-Syn (Fig. 5).

4. Discussion

The aggregation of proteins and peptides, such as «-Syn, AB,
and tau, is one of the hallmarks of age-related neuroinflamma-
tion (Glass et al., 2010). A growing body of evidence supports
the presence of these aggregates also outside of the central ner-
vous system. For instance, both monomeric and oligomeric -
Syn were described in the plasma, cerebrospinal fluid (Park et al.,
2011), and basal tears from patients with Parkinson’s disease
but also from healthy elderly (Hamm-Alvarez et al., 2019).
Phosphorylated-aSyn, which is a post-translational modification
of «a-Syn that promotes toxic aggregation, was found in post-
mortem skin biopsies from individuals with non-synucleinopathic
neurodegenerative diseases and from one non-neurodegenerative
control (Wang et al., 2021). In addition, ¢-Syn expression was
observed in the skin of patients with «-synucleinopathies as
well as healthy individuals (Rodriguez-Leyva et al., 2017). Oa-
Syn and phosphorylated-«Syn were found within autonomic
skin nerve fibers from individuals with Parkinson’s disease and
other «aSynucleinopathies, respectively (Donadio et al, 2018;

Mazzetti et al., 2020), with differences in localization and loading
according to the specific synucleinopathy (Donadio et al., 2018).
Using spectroscopy of human skin biopsy samples, Akerman and
collaborators (2019) showed that some amyloidogenic proteins, in-
cluding «-Syn, build up as the skin ages. Even though it is not nec-
essarily an aging model, we also found «-Syn expression in the
RHE.

The expression of «-Syn in the skin has been mainly as-
cribed to peripheral nerve terminals and melanocytes (Kim et al.,
2019; Rodriguez-Leyva et al, 2017). Dermal fibroblasts are also
another possible source of «-Syn accumulation in the aged
skin, releasing exosomes containing «-Syn and pro-inflammatory
mediators by cell-to-cell transmission from the dermis to the
epidermis (Cerri et al, 2021; Danzer et al, 2012). Further-
more, a study showed o«-Syn immunopositive keratinocytes
from the skin of patients with Parkinson’s disease and atyp-
ical parkinsonism (Rodriguez-Leyva et al, 2014). Additionally,
Akerman et al. (2019) detected «-Syn throughout the epidermal
layer from human skin samples. Interestingly, misfolded «-Syn can
propagate from the gut to the brain but also to several peripheral
organs and tissues, including the skin (Van Den Berge et al., 2021).
Regardless of the source, both monomeric and oligomeric «-Syn
species might coexist in the epidermis, as seen in other tissues,
and aggregation of monomeric o-Syn might occur at some level as
the skin ages.

Interestingly, exogenous Ox-Syn decreased epidermal thickness,
which is similar to what happens in senior skin as a result of a
decrease in cellular proliferation and reduced innervation (Besné
et al.,, 2002; Gilhar et al., 2004). In this work, we found that both
exogenous TNF-« and, more pronouncedly, Oc-Syn, decreased cel-
lular proliferation. TNF-¢ represses the transcription of genes im-
plicated in the cell cycle in human keratinocytes (Banno et al.,
2004; Kono et al., 1990; Pillai et al., 1989), and inhibits human ker-
atinocyte proliferation in vitro (Detmar and Orfanos, 1990). With
regard to Ocw-Syn, this is the first evidence that this aggregate
hampers keratinocyte proliferation. However, It has been shown
that forced expression of «-Syn causes deregulation of genes in-
volved in the cell cycle, including downregulation of Ki67, in Lund
human mesencephalic and H4 neuroglioma cells (Pinho et al.,
2019). Verma et al. (2021) demonstrated that the protein levels of
p21, a cell cycle-arrester and senescence marker, were higher in
human Parkinson’s disease postmortem substantia nigra pars com-
pacta than in control samples.

One way Oc«-Syn might be toxic to keratinocytes is triggering
inflammation, and it is well-known that this aggregate plays a
notable role in neuroinflammation. NF-kB is considered the cen-
tral regulator of inflammatory processes and, not coincidentally,
the transcription factor most associated with aging (Tilstra et al.,
2011). Both TNF-¢ and UVB-irradiation induce NF-kB DNA-binding
activity in human keratinocytes (Lewis and Spandau, 2007). Here
we demonstrated for the first time that Oc«-Syn also elicited
NF-kB nuclear translocation in keratinocytes. One of the mecha-
nisms by which extracellular Ox-Syn exerts its toxic effects on
microglia and astrocytes is through activating Toll-like receptors
1, 2, or 4. This activation, in turn, leads to the nuclear translo-
cation of NF-kB, which triggers the expression of proinflam-
matory cytokines, such as IL-6, TNF-¢, and IL-18. Human ker-
atinocytes express Toll-like receptors 1, 2, and 4 (Kollisch et al.,
2005; Pivarcsi et al., 2004). Therefore, Toll-like receptors might
play a role in the Ow-Syn-mediated toxic effects observed in
keratinocytes.

Herein, we showed that besides causing nuclear translocation
of NF-kB, exogenous Oa-Syn caused overexpression of the proin-
flammatory cytokines IL-18 and TNF-«. Indeed, studies have been
shown that Ow-Syn causes the release of several pro-inflammatory
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Fig. 6. The working hypothesis for the role of oligomeric «-Synuclein in skin degeneration with aging. (I) Ultraviolet (UV) exposure and aging might contribute to
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cytokines, such as tumor necrosis factor-alpha (TNF-«) and interleukin (IL)-18. (IV) One of the observed effects of these cytokines on the epidermis is the reduced ker-
atinocyte proliferation, which contributes to skin degeneration and, ultimately, to epidermal thinning, characteristic of aged skin. Illustration prepared with Mind the Graph
(https://mindthegraph.com). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

cytokines (Roodveldt et al., 2010). In line with this work, Oc«-Syn
increased TNF-« expression and release from RHE. However, ex-
ogenously but not endogenously-induced TNF-« decreased prolif-
eration in the RHE. One hypothesis is that the endogenous lev-
els of TNF-« released following O«-Syn administration were not
sufficient to cause a direct antiproliferative effect in the RHE, as
seen when exogenous 20 ng/mL TNF-o was administered. On the
other hand, Ox-Syn-induced endogenous IL-18 had an antiprolif-
erative effect in the RHE, which was partially blocked by its cy-
tokine inhibitor. IL-18 is released by activation of the NLR family
pyrin domain containing 3 inflammasome, which has also been im-
plicated in O«-Syn-induced responses by microglia (Trudler et al.,
2021). Additionally, both cytokines, IL-18 and TNF-«, when overex-
pressed, may trigger positive feedback of themselves and of other
proinflammatory cytokines previously described in skin inflam-
maging studies (Fuller, 2019; Pilkington et al., 2021; Zhuang and
Lyga, 2014). This can result in keratinocyte loss, epidermal degen-
eration, and ultimately, fine lines and impaired mechanical skin
properties.

«-Syn is poorly expressed in the RHE and, as a prion-like pro-
tein, it can be transported by cell-to-cell propagation. Accordingly,
our hypothesis is that peripheral nerve terminals and melanocytes
convey «-Syn to the epidermis. Interestingly, «-Syn is found in
postmortem tissues of the peripheral nervous system from pa-
tients with a-synucleinopathy (Sumikura et al., 2015), in sensory
nerve terminals in the skin (Akerman et al, 2019), and in sen-
sory neurons derived from human induced pluripotent stem cells
(Guimardes et al., 2018). Therefore, simply by accumulation or via
other factors, such as UV radiation (Carmo-Gongalves et al., 2014),
a-Syn could aggregate into Ow-Syn, causing epidermal inflamma-
tion and degeneration (Fig. 6).

It is noteworthy that epidermal degeneration was partially
caused by Oc«-Syn-related inflammation, therefore Oa-Syn may
also act by other mechanisms. Indeed, Oc«-Syn-induced toxic-
ity is complex and has not been completely unveiled. For in-
stance, studies have shown that this aggregate can be incorpo-
rated into neurons and damage organelles, such as mitochondria
(Park et al., 2020) and lysosomes (Senol et al.,, 2021), hampering
cellular metabolism.

5. Conclusions

Oa-Syn remarkably affected the epidermal basal layer, which
is critical to tissue regeneration because it mostly contains pro-
liferative keratinocytes. Decreased proliferation caused by O«-Syn
yielded a thin epidermis as seen in sun-damaged, aged, as well
as diseased skin. Our translational cellular models allow the un-
derstanding of aspects of skin aging, observed in clinical studies
related to neurodegenerative diseases, but also important on skin
homeostasis in aging. This study opens new avenues for therapies
targeting Oc-Syn accumulation in the skin, important not only for
skin degeneration caused by neurodegenerative diseases but also
by normal aging. Further studies focusing on O«-Syn incorpora-
tion and organelles damaging might clarify additional mechanisms
by which Oa-Syn promotes skin degeneration.
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