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Abstract

Fluoxetine is a safe antidepressant with remarkable anti-inflammatory actions; there-
fore, we aimed to investigate its effects on immortalized (HaCaT) as well as primary
human epidermal keratinocytes in a polyinosinic-polycytidylic acid (p(l:C))-induced
inflammatory model. We found that a non-cytotoxic concentration (MTT-assay,
CyQUANT-assay) of fluoxetine significantly suppressed p(l:C)-induced expression
and release of several pro-inflammatory cytokines (Q-PCR, cytokine array, ELISA),
and it decreased the release of the itch mediator endothelins (ELISA). These effects
were not mediated by the inhibition of the NF-kxB or p38 MAPK pathways (western
blot), or by the suppression of the p(l:C)-induced elevation of mitochondrial ROS
production (MitoSOX Red labeling). Instead, unbiased activity profiling revealed that
they were most likely mediated via the inhibition of the phosphoinositide 3-kinase
(PISK) pathway. Importantly, the PI3K-inhibitor GDC0941 fully mimicked the effects

Abbreviations: AD, atopic dermatitis; FX, fluoxetine; p(l:C), polyinosinic-polycytidylic acid; PI3K, phosphoinositide 3-kinase; SSRI, selective serotonin reuptake inhibitor; TLR, toll-like

receptor.
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1 | INTRODUCTION

Human skin is not only an indispensable protective barrier,® but
also an active neuroendocrinoimmune organ.z’3 Epidermal kerati-
nocytes are central players in the formation of the physicochem-
ical barrier of the skin,! and may thus be considered as ‘universal
sensors’. Indeed, they are capable of detecting various external
signals (including, but not limited to for example, temperature,
osmolarity, mechanical stimuli, UV light, presence of various mi-
crobes, etc.).*” Moreover, following appropriate ‘processing’ of
the incoming information, they are able to release several pro- and
anti-inflammatory cytokines and chemokines, itch mediators (e.g.
endothelin 1, 2 and 3),8'11 anti-microbial peptides, etc. Thus, kera-
tinocytes can ‘translate’ these signals to other cell types, includ-
ing sensory neurons and professional immune cells.*?** Indeed,
altered keratinocyte functions, as well as pathological release pat-
terns of certain keratinocyte-derived mediators were shown to be
involved in the pathogenesis of multiple inflammatory and/or pru-
ritic dermatoses (including e.g. atopic dermatitis [AD]). Therefore,
targeting keratinocytes may represent a promising therapeutic
opportunity in different skin conditions.>~2°

Fluoxetine (FX) is a selective serotonin reuptake inhibitor (SSRI)
that has been in clinical use as an antidepressant agent since 1988.21
Importantly, besides its ‘core’ effects on the central nervous system,
it has been shown to exert remarkable anti-inflammatory actions in
various systems, including the skin.?22¢ Moreover, it has clinically

2728 it appears to promote (re)pigmen-

relevant anti-pruritic effects,
tation of microdissected human hair follicles,?’ it improves wound
healing following topical application in diabetic mice®® as well as in
humans with infected wounds,®! and it was demonstrated to ame-
liorate AD-like skin lesions in a murine model of AD.3? Moreover,
recent studies demonstrated that, most likely due to direct anti-
viral and immune regulatory effects, FX administration benefi-

cially influenced the clinical outcome in SARS-CoV-2 infection as

of fluoxetine (Q-PCR, ELISA). Although fluoxetine was able to occupy the binding
site of GDC0941 (in silico molecular docking), and exerted direct inhibitory effect
on PI3K (cell-free PI3K activity assay), it exhibited much lower potency and efficacy
as compared to GDC0941. Finally, RNA-Seq analysis revealed that fluoxetine deeply
influenced the transcriptional alterations induced by p(l:C)-treatment, and exerted
an overall anti-inflammatory activity. Collectively, our findings demonstrate that
fluoxetine exerts potent anti-inflammatory effects, and suppresses the release of
the endogenous itch mediator endothelins in human keratinocytes, most likely via
interfering with the PI3K pathway. Thus, clinical studies are encouraged to explore
whether the currently reported beneficial effects translate in vivo following its topi-

cal administration in inflammatory and pruritic dermatoses.

atopic dermatitis, COVID-19, endothelin, fluoxetine, inflammation, itch, keratinocyte,
phosphoinositide 3-kinase, polyinosinic-polycytidylic acid, toll-like receptor 3

well.33-3% Importantly, certain pieces of evidence argue that the anti-
inflammatory effects of FX might be independent of classical sero-
toninergic signalling,34 and may rather be coupled to interactions
with other pathways, including NLRP3-mediated inflammasome
activation,®® nitric oxide production,®”
3-kinase (PI3K) pathway.38-4

Considering the remarkable safety profile of FX*?*% as well as

or the phosphoinositide

the aforementioned growing body of evidence supporting its addi-
tional beneficial biological effects, it is not surprising that reposi-
tioning it to treat various diseases and pathological conditions has
already been suggested.’%324445 Thus, in the current study, we
aimed to further explore its putative beneficial effects on human
epidermal keratinocytes.

Although common wisdom considers it to be merely a recep-
tor to detect viral infections, toll-like receptor (TLR)-3 appears
to play a complex role in skin (patho)physiology. Indeed, it was
shown to be upregulated in the lesional epidermis of itching (and
hence, chronically scratched) skin of patients suffering from AD
and other pruritic dermatoses.*® Moreover, activation of TLR3
by polyinosinic-polycytidylic acid (p(l:C)) was shown to have two
important and synergistic effects in relation to non-histaminergic
itch. On the one hand it stimulated the release of the well-known

8-1147 endothelin 1 from keratinocytes,*® and on the

itch mediator
other hand it upregulated TLR3 expression as well. These two ef-
fects together strongly support the hypothesis that TLR3 signal-
ling may contribute to the development of the vicious circle of the
itch-scratch cycle, where scratching-induced cellular damage and
the subsequent release of self-RNA may maintain, or even worsen,
itching by activating TLR3.%¢ Based on these data, we decided to
test the effects of FX in our previously optimized p(l:C)-induced
inflammatory model*® in order to simultaneously assess the anti-
inflammatory efficiency of FX in a model system in which it has
never been tested before, and to obtain some hints about its puta-

tive anti-pruritic activity as well.
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2 | METHODS

Primary normal human epidermal keratinocytes (NHEKSs) were isolated
from dermatologically healthy individuals undergoing surgical interven-
tions following written informed consent adhering to Helsinki guide-
lines, and after obtaining Institutional Research Ethics Committee's
and Government Office for Hajdu-Bihar County's permission (docu-
ment IDs: IX-R-052/01396-2/2012, |IF-1647-2/2016, |F-1647-9/2016,
IF-778-5/2017, 61566-5/2021/EUIG, DE RKEB/IKEB 4988-2018).
Relevant anamnestic data of the donors can be found in Table 1.
Description of the applied materials and cell culture techniques to culti-
vate HaCaT keratinocytes and NHEKS, as well as of the various molecu-
lar biology and other assays, including the MTT- and CyQUANT-assays,
measurement of mitochondrial ROS production (MitoSOX Red labelling),
guantitative, real-time polymerase chain reaction (Q-PCR), RNA-Seq
analysis, cytokine array, ELISA, western blot, BioMAP® Diversity PLUS®
profile analysis, in silico molecular docking analysis, as well as of the as-
sessment of PI3K-activity together with the description of the applied

statistical tests can be found in the Supplementary Methods section.

3 | RESULTS

3.1 | Upto14uM, FX does not decrease viability
and cell count of human epidermal keratinocytes

First, we intended to identify the highest concentration of FX that
exerts no detrimental effects on the viability of the keratinocytes in
course of 24-h treatments. As shown on Figure S1, we challenged the
keratinocytes by using several concentrations of FX (up to 100uM).
Appropriate curve fitting indicated that, in course of 24-h treatments,
half-cytotoxic concentration of FX was ~25.43uM, whereas the high-
est concentration that did not decrease signal intensity below the level
of the vehicle control was 14 M (Figure S1). Next, in order to confirm
that FX does not induce cytotoxic effects at 14 uM, we investigated its
effects on the cell count by using another technique (CyQUANT-assay)
as well. This assay confirmed that, up to 14 M, FX did not decrease the
number of cells as compared to the vehicle-treated control group over
the course of a 24-h treatment (Figure S2), while it greatly reduced it
when applied at 100uM. Thus, we concluded that FX can be used at
14 pMin our planned short- (3-h) and medium-term (24-h) experiments
without the risk of obvious cytotoxicity.

TABLE 1 Relevant anamnestic data of
the NHEK donors.
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3.2 | FXsuppresses p(l:C)-induced up-regulation of
several pro-inflammatory cytokines in human
epidermal keratinocytes

Next, in order to investigate the putative anti-inflammatory effects
of FX, we used our previously established pro-inflammatory model
system,48 and administered the TLR3 activator p(l:C) (20ug/mL). As
expected, p(I:C) greatly increased the mRNA expression of several pro-
inflammatory cytokines (interleukin [IL]-1a, IL-1p, IL-6, and IL-8 [a.k.a.
CXCL8]) over the course of 3-h treatments. Importantly, simultaneous
administration of FX (14uM) was able to significantly suppress the
effect in case of IL-1a, IL-1p and IL-8 (CXCL8), and tended to decrease
the expression of IL-6 (p=0.1615) as well (Figure 1A-D).

3.3 | FXsuppresses p(l:C)-induced release of IL-8
from human epidermal keratinocytes

By using our optimized readout parameters, we found that the test
concentration of FX may be efficient in alleviating pro-inflammatory
effects of p(l:C); therefore, we next wanted to extend our investiga-
tion to the protein level. In order to get a deeper insight into the
actions of FX, we first assessed its effects in a pilot experiment by
using a commercially available cytokine array kit. We found that 3-h
treatment with p(1:C) (20 pg/mL) was able to influence the release of
several immunologically active molecules. More precisely, we found
that release of 13 molecules was increased, whereas production of
4 molecules was reduced by p(l:C) (Figure S3; Table S1; note that
we considered 21.5-fold change compared to the control signal in-
tensity as relevant alteration). Of great importance, all of the said
alterations appeared to be decreased upon the co-administration
of FX (14uM; Figure S3) arguing that its anti-inflammatory effect
previously seen at the mRNA-level may translate to the level of the
released cytokines/chemokines as well. In order to challenge this hy-
pothesis, we assayed the supernatants of keratinocytes following 3-
and 24-h treatments to monitor the inflammatory stimulus-induced
immediate release of the already available cytokine pool (3h) as well
as of the secretion of the de novo synthesized cytokines (24 h). We
found that, in line with our Q-PCR data, although FX tended to sup-
press the p(l:C)-induced release of IL-6, the effect failed to reach
statistical significance at either time point, whereas it significantly
suppressed the release of IL-8 (CXCL8) at 24 h (Figure 1E-H).

ID Sex
17-26 Female
17-62 Female
17-48 Male
17-43 Female
16-86 Female

Colour code
Age (y) Region Passage No. on Figure 1)
48 Abdomen 3
42 Abdomen 3
69 Abdomen 3
41 Abdomen 3
35 Abdomen 2 _

Note: Each color represents data of cells of an independent donor.
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FIGURE 1 FX exerts anti-inflammatory action, and suppresses p(l:C)-induced endothelin release in human keratinocytes. (A-D)

mRNA expression of IL-1a (A), IL-1p (B), IL-6 (C), and IL-8 (CXCL8) (D) was assessed by Q-PCR following the indicated 3-h treatments of
HaCaT keratinocytes. Data are presented by using the AACT method regarding 18S RNA-normalized mRNA expressions of the vehicle-
treated control group as 1 (dashed line). Data are expressed as mean+SD of N=9 biological replicates (each determined as mean of

three technical replicates). (E-H) ELISA. HaCaT keratinocytes were treated as indicated for 3 (E, G) or 24 (F, H) hours. Supernatants were
collected and subsequently assayed by using specific ELISA kits to detect IL-6 (E and F) and IL-8 (CXCL8) (G and H). Data are expressed

as mean +SD of N=7-9 biological replicates (each determined as mean of three technical replicates), as indicated. (I, J) Endothelin ELISA.
HaCaT keratinocytes (I) as well as primary human epidermal keratinocytes (J) isolated from 5 donors were treated as indicated for 24 h.
Supernatants were collected and subsequently assayed by using a specific ELISA kit to detect endothelin release. Data are expressed as
mean+SD of N=5 biological replicates (each determined as mean of three technical replicates; HaCaT keratinocytes) (I) or 5 donors (primary
epidermal keratinocytes; each determined as mean of three technical replicates) (J). Mean of the vehicle-treated control cultures is shown as
a dashed line in both cases. In case of primary epidermal keratinocytes, each colour represents an independent donor. * and **p <0.05, and
0.01, respectively, as indicated. ns, not significant. FX, fluoxetine (14 uM); IL, interleukin; p(I:C), polyinosinic-polycytidylic acid (20 ug/mL).
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3.4 | FXsuppresses p(l:C)-induced release of the
itch mediator endothelins from immortalized (HaCaT)
as well as primary human epidermal keratinocytes

Having demonstrated that FX may exert potentially clinically rel-
evant anti-inflammatory effects in our model system, we aimed to
further explore its putative beneficial actions. As mentioned above,
itch is one of the most common symptoms of a wide-variety of der-

16,18,19,49 and, via the release of different

matological conditions,
pruritogens, epidermal keratinocytes are important players in its de-
velopment.2®® Notably, endothelin 1 (together with the much less
studied, structurally similar endothelin 2 and 3) is a key keratinocyte-
derived itch-promoting mediator.8** Indeed, endothelin 1 was
found to be upregulated in the lesional epidermis of AD patients,°
and its plasma level was not only elevated in AD patients during exac-
erbation of the disease, but it also showed a positive correlation with
the severity of the symptoms.>* Because TLR3 was recently found to
be upregulated in several pruritic dermatoses, and its activation by
p(I:C) greatly increased endothelin-release from primary human epi-
dermal keratinocytes,*® we intended to investigate how FX can influ-
ence this process. First, in a pilot experiment, we demonstrated that,
similar to the primary epidermal keratinocytes, endothelin release
peaks at 24 h upon 20 pg/mL p(l:C) treatment in HaCaT keratinocytes
(Figure S4). In our subsequent experiments, we challenged the ke-
ratinocytes by using 20pg/mL p(l:C) in course of 24-h treatments.
We found that simultaneous administration of FX (14 uM) was able to
efficiently abrogate the p(l:C)-induced endothelin-release in HaCaT
keratinocytes (Figure 11), as well as in primary human epidermal ke-
ratinocytes (Table 1; Figure 1J). Thus, our data argue that FX may not
only exert anti-inflammatory effects, but might have the potential
to alleviate certain types of itch as well, and its effects are likely to

develop in a donor-independent manner.

3.5 | FXdoes not influence the p(l:C)-induced
phosphorylation of p38 and IkBa, and does not
prevent the elevation of mitochondrial production of
reactive oxygen species (mtROS)

Stimulation of TLR3 may lead to the activation of the NF-xB path-
way>? via the phosphorylation (and hence inactivation) of the in-
hibitory regulator IkBa. Moreover, TLR3 can also activate the p38
mitogen-activated protein kinase (MAPK) pathway.’® Data obtained
in a preliminary experiment, in which we compared the effects of
10-, 20-, 30-, and 60-min p(l:C)-treatments (20 ug/mL), indicated
that p(l:C) induced the most robust phosphorylation of IkBa and
p38 following 60minutes (western blot; data not shown). Thus, in
our subsequent experiments, we decided to employ 60-min treat-
ments. As shown on Figure S5A-D, we found that co-administration
of FX (14 uM) did not influence p(l:C)-induced phosphorylation of
IkBa or p38 (western blot), indicating that its anti-inflammatory ac-
tion may develop without direct interaction with the NF-xB or p38
MAPK activity.

. 50f15
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Besides its effects on the NF-kB and p38 MAPK pathways, ac-
tivation of TLR3 was also shown to elevate mitochondrial produc-
tion of reactive oxygen species (MtROS).>* However, as shown on
Figure S5E, although co-administration of FX tended to suppress
p(l:C)-induced mtROS production (MitoSOX Red labelling; 30-min
treatments), the difference failed to reach statistical significance
(p=0.142).

3.6 | Activity profiling reveals remarkable similarity
between the biological effects of FX and the
PI3K-inhibitor GDC0941

Having excluded three of the most obvious pro-inflammatory

signalling pathways,>>>%

we decided to opt for a different, more
general method to unveil the mechanism of the effects of FX. In
order to follow a perfectly unbiased approach, we performed activity
profiling using BioMAP® Diversity PLUS® panel of 12 primary
human cell-based systems with 148 protein-based and functional

readouts,” >’

including assessment of proliferation, viability,
production of several key cytokines and chemokines (e.g. IL-2, IL-6,
IL-8 [CXCLS8], IL-10, IL-17A, IL-17F, tumour necrosis factor [TNF]-a,
etc.), expression of selected biomarkers (e.g. CD40, etc.) and various
other molecules (e.g. urokinase plasminogen activator surface
receptor [uPAR], P-selectin [Psel], vascular cell adhesion molecule
1 [VCAM-1], monocyte chemoattractant protein-1 [MCP-1],
plasminogen activator inhibitor-1 [PAI-1], secreted immunoglobulin
G [slgG], etc.) that are relevant for the investigated cell types (the
complete list of all readout parameters can be found in Table S2).
Evaluation of the carefully selected, standardized set of readout
parameters in every model results in a unique ‘activity fingerprint’
that reflects the characteristic biological effects of the agent to be
tested. This ‘fingerprint’ is then mathematically compared to the ac-
tivity profiles of other benchmark compounds in the database. Such
comparison with compounds that have well-characterized target
spectra is therefore able to highlight signalling pathway(s) that are
influenced by the tested concentration of the compound of inter-
est. This analysis revealed that, when applied at 14 uM, the activity
profile of FX exhibited remarkable similarity based on Pearson's cor-
relation coefficient to the one of GDC0941 (a.k.a. pictilisib; 370nM),
a well-known inhibitor®® of the PI3K pathway (Table 2; Figure 2A).
Notably, although FX is known as an SSRI that primarily acts
by elevating serotonin tone, serotonin was not among the top hits
(Pearson's correlation coefficient (r)=0.354 when compared to
90uM serotonin), suggesting that at its potent anti-inflammatory
concentration, FX exerts its effects independently from 'classical’
serotoninergic signalling. This was further confirmed by the clus-
ter analysis of the data. This analysis clearly demonstrated that
while lower (520 and 1600nM) concentrations of FX clustered
away from the higher doses (and closer to serotonin), its higher
(4.7 and 14 uM) concentrations formed a distinct cluster that ex-
hibited great similarity to the effects of GDC0941 (Figure 2B). This
suggested that anti-inflammatory and itch mediator suppressing
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TABLE 2 Activity profiling of the potent anti-inflammatory concentration of FX reveals remarkable similarity to the biological actions of

the PI3K-inhibitor GDC09%941.

Test agent Target agent Z-score

Fluoxetine (14 pM) GDC0941 (370nM) 19.631
Amitriptyline (30 pM) 18.973
Cysteamine Hydrochloride (680 uM) 18.967

effects of 14 uM FX were most likely independent of its classical
targets in the serotoninergic signalling system, and were rather
dependent on the direct or indirect interference with the pro-

inflammatory PI3K signalling.>?~%2

3.7 | GDCO0941 mimics the anti-inflammatory as
well as endothelin suppressing effects of FX

As mentioned above, PI3K is known to be a key orchestrator of
inflammatory processes.’” %2 Notably, FX was already shown
to inhibit phosphorylation (and hence activation) of PI3K in vivo
in diabetic rats,38 in murine BV-2 microglia ceIIs,39 as well as in
macrophages,41 whereas others reported a concentration- and
treatment duration-dependent indirect, bi-phasic effect on PISK
activity.40

We found that, when applied at 370nM, GDC0941 could mimic
the effects of FX in human keratinocytes. Indeed, just like FX (14 uM),
it prevented the p(l:C)-induced up-regulation of IL-1«, IL-1p, and IL-8
(CXCL8), and it had no significant effect on the mRNA expression
of IL-6 (Figure 3A-D; Q-PCR, 3-h treatments). Moreover, it signifi-
cantly suppressed p(l:C)-induced elevation of the levels of IL-6, IL-8
(CXCL8), and endothelins in course of 24-h treatments (Figure 3E-G;
ELISA). Thus, our data indicated that beneficial anti-inflammatory
and pruritogen-release suppressing effects of FX applied at 14uM
may indeed be mediated via the direct or indirect inhibition of the
PI3K pathway.

3.8 | Insilico molecular docking data suggest that
GDC0941 and FX may occupy the same binding site
on PI3K

As mentioned above, several lines of recently published
evidence indicate that FX can modulate the activity of the PI3K
pathway.38'41 However, to the best of our knowledge, it has never
been examined whether FX directly or indirectly inhibits the
activity of PI3K. Thus, to test this hypothesis, we decided to use
in silico molecular docking to explore the potential of FX to bind
PI3K in an ATP-competitive manner, that is, in a similar way as
GDC0941 does.

The docking protocol was optimized using the coordinates of
the GDC0941-PI3K complex (PDB ID:3DBS).63 The semi-empirical
free energy scoring function®® within AutoDock 4.2%° was found

Pearson's  Common

Score Readouts Mechanism

0.926 148 PI3K Inhibitor

0.918 148 Noradrenaline/Serotonin Reuptake Inhibitor
0.918 148 Cystine Modulator

to consistently reproduce the experimental pose of GDC09%941,
with a top-ranked pose which differed only by 0.81A from the
experimentally observed binding mode (Figure S6A). Notably, key
molecular interactions that mediate binding were successfully re-
produced, including the hydrogen bonds that the indazole moiety
of GDC0941 forms with the carbonyl group of D841 and the phe-
nol oxygen of Y867. The same holds true for the H-bonds formed
between the morpholine moiety and the main chain of V882, and
for the sulfonyl group at the piperazine ring of the ligand which
addresses the side chain of K802 (denoted by blue dashed lines
on Figure S6A).

Docking of FX within the ATP binding cleft of PI3K using
our validated protocol yielded a top-scored docking pose,
where the nitrogen of the propan-l-amine and the oxygen of
the 4-(trifluoromethyl)phenoxy moieties address the side chains
of D841 and Y867 through H-bonds, respectively (Figure S6B).
These residues are also experimentally addressed by indazole
moiety of GDC0941. Moreover, the (trifluoromethyl)benzene and
phenyl moieties of FX partially fill the hydrophobic cavity defined
by W812, 1831, 1881, F961 and 1963, which is experimentally ad-
dressed by the hydrophobic thienopyrimidine core of GDC0941.6°
Notably, the 5 best ranked poses of GDC0941 had superior binding
energies than the 5 best ranked poses of FX (Table S3). This could
account for the smaller size of FX in comparison to GDC09%941,
which experimentally engages in additional interactions by ex-
tending its 4-methanesulfonyl-piperazin-1-ylmethyl arm towards
the side chain of K802 and M804.

3.9 | FXexerts minor inhibition on the activity of
PI3K in cell-free enzyme activity assay

Next, in order to provide definitive proof, we probed whether FX is
able to directly inhibit activity of PI3Kin a cell-free assay. Although
high concentration of FX could significantly inhibit activity of
PI3K (Figure S7A), the observed inhibition was much weaker as
compared to the one seen in case of GDC0941 (Figure S7B). Thus,
our data argue that, although at sufficiently high concentrations,
FX may directly inhibit the activity of PI3K, its anti-inflammatory
effects are most likely mediated via indirect interference with the
PI3K pathway, and not through direct inhibition of the enzyme.
Alternatively, there may be other factors that contribute to the in
silico predicted FX binding in whole cells that were not recuperated
in a cell-free environment.
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FIGURE 2 Unbiased profiling of FX reveals that when applied at 14 uM, its biological effects exhibit remarkable similarities to that of
the PI3K-inhibitor GDC0941 (370nM). Note that the profiles (A) of FX (14 uM) and the PI3K-inhibitor GDC0941 (370nM) greatly overlap.
The grey shadow indicates significance envelope calculated using historical vehicle control data at a 95% confidence interval. There are 23
common activities that are annotated within the following systems: 3C (uPAR, Prolif, SRB), 4H (P-selectin, uPAR), LPS (VCAM-1, CD40),
SAg (MCP-1, IL-8, Prolif), BT (Prolif, Pcyto, slgG, sIL-17A, sIL-17F, sIL-2, slL-6, sTNFa), CASM3C (Prolif), HDF3CGF (PAI-1, Prolif 72), MyoF
(VCAM-1) and IMphg (sIL-10). Common biomarker readouts are annotated when the readout for both profiles is outside of the significance
envelope with an effect size >20% (|log,, ratio|>0.1) in the same direction. There are 32 differentiating activities (not shown) within the
following systems: 3C (TF, HLA-DR), 4H (MCP-1, VEGFR2), LPS (CDé69, IL-8 [CXCL8], IL-1a, M-CSF, sPGE,, sSTNFa), SAg (E-selectin), BF4T
(tPA), BE3C (IL-8 [CXCL8], HLA-DR, PAI-1, tPA), CASM3C (VCAM-1, TM, TF, uPAR, LDLR, SAA), HDF3CGF (Collagen Ill, TIMP-2), KF3CT
(IL-1a), MyoF (Collagen I, Collagen Ill, PAI-1), and IMphg (MCP-1, VCAM-1, CDé69, IL-8 [CXCL8]). Differentiating biomarkers are defined
when one profile has a readout outside of the significance envelope with an effect size >20% (|log,, ratio|>0.1), and the readout for the
other profile is either inside the envelope or in the opposite direction. Importantly, comparative analysis (B) of multiple concentrations of FX
(0.52,1.6,4.7,and 14 uM), GDC0941 (14, 41, 120 and 370nM), and serotonin (3.3, 10, 30 and 90 uM) demonstrates that serotonin clearly
clusters away from FX and GDC0941. Darker colours indicate higher concentrations. Dots are connected if their Pearson's correlation
coefficient is greater than 0.7. CD, cluster of differentiation; FX, fluoxetine; HLA-DR, class Il histocompatibility antigen; IL: interleukin;
LDLR, low density lipoprotein receptor; MCP-1: monocyte chemoattractant protein-1; M-CSF, macrophage colony-stimulating factor;
PAI-1, plasminogen activator inhibitor-1; Pcyto, PBMC cytotoxicity; PBMC, peripheral blood mononuclear cell; Prolif, proliferation; Prolif
72, proliferation at 72 h; SAA, serum amyloid A; slgG, secreted immunoglobulin G; slL, soluble interleukin; sSPGE2, soluble prostaglandin
E,; SRB, sulforhodamine B; TF, tissue factor; TM, thrombomodulin; sTNFa, soluble tumour necrosis factor alpha; TIMP-2, tissue inhibitor of
metalloproteinases 2; tPA, tissue plasminogen activator; uPAR, urokinase plasminogen activator surface receptor; VCAM-1, vascular cell
adhesion molecule 1; VEGFR2, vascular endothelial growth factor receptor 2.
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FIGURE 3 When applied at 370nM, GDC0941 mimics key cellular effects of FX. (A-D) Q-PCR. HaCaT keratinocytes were treated as

indicated for 3h. Data are presented by using the AACT method regarding 18S RNA-normalized mRNA expressions of the vehicle control
group as 1 (dashed line). Data are expressed as mean +SD of N=8 biological replicates (each determined as mean of three technical
replicates), as indicated. GDC0941 was efficient in preventing p(l:C)-induced up-regulation of IL-1a (A), IL-1B (B), and IL-8 (CXCL8) (D), and
tended to suppress up-regulation of IL-6 (C). (E-G) ELISA. HaCaT keratinocytes were treated as indicated for 24 hours. Supernatants were
collected and assayed by using specific ELISA kits to detect IL-6 (E), IL-8 (CXCL8) (F), and endothelins (G). Data are expressed as mean+SD

of N=5 biological replicates (each determined as mean of three technical replicates), as indicated. Mean of the vehicle-treated control
cultures is shown as a dashed line. *, **, and ***p <0.05, 0.01, and 0.001, respectively, as indicated. ns: not significant. IL: interleukin; p(l:C):

polyinosinic-polycytidylic acid (20 ug/mL).

3.10 | FX greatly modulates p(l:C)-induced gene
expression pattern

Finally, in order to get a deeper insight to the exact nature of the anti-
inflammatory effect of FX on human keratinocytes, we collected RNA
samples following 24-h treatments with p(l:C) (20 pg/mL), p(I:C) + FX
(14 uM), or appropriate vehicles. First, principal component analy-
sis revealed that co-administration of FX resulted in a distinct clus-
ter as compared to the p(l:C)-treated cultures, arguing that FX may
have a major impact on the p(l:C)-induced transcriptional response
of human keratinocytes (Figure 4A). In a perfect agreement with
these findings, pathway analysis of the significantly up-regulated
(>1.5 fold-change; p<0.05; p(I:C) vs. control) genes using g:Profiler

toolset®® indicated that, as expected, p(I:C)-treatment led to the en-
richment of GO: molecular function terms related to inflammation
(e.g. ‘cytokine activity’, ‘cytokine receptor binding’, ‘chemokine ac-
tivity’, ‘CXCR chemokine receptor binding’, or ‘chemokine receptor
binding’; the top ten GO: molecular function terms are shown on
Figure 4B). Importantly, analysis of the genes that were significantly
(>1.5 fold-change; p<0.05) down-regulated by FX (p(l:C)+FX vs.
p(l:C)) yielded very similar results (‘CXCR chemokine receptor bind-
ing’, ‘chemokine activity’, or ‘chemokine receptor binding’; Figure 4C)
highlighting that FX can indeed alleviate pro-inflammatory action of
p(l:C). Moreover, analysis of the differentially expressed genes (Excel
S1) revealed that FX was able to abrogate the p(l:C)-induced up-
regulation of several key pro-inflammatory molecules and potential
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FIGURE 4 FX profoundly impacts on the p(l:C)-induced pro-inflammatory response in human keratinocytes. RNA-Seq analysis. HaCaT
keratinocytes were treated as indicated for 24 h. (A) Principal component analysis (PCA) was performed by using the normalized gene
expression values of all genes. PCA plot represents the relationship of the examined samples to each other. The replicates in the same
treatment group show high similarity to each other and the three different treatment groups are clearly separated. Each symbol represents
a biological replicate. (B-C) Pathway analysis of the significantly (>1.5 fold-change; p <0.05) up-regulated (p(I:C) vs. control) (B) or down-
regulated (p(l:C)+FX vs. p(l:C)) genes (C) using g:Profiler toolset. Enrichment analysis was performed against the GO: molecular function
pathways database, and the top ten GO: molecular function terms are shown. (D, E) Volcano plots created by using all genes exhibiting
significant (p <0.05) alterations. Red dots highlight genes exhibiting more significant (p <0.01) alterations. Genes of the most important
inflammatory regulators as well as itch mediators are highlighted as blue dots, and are named next to the corresponding dots. FX: fluoxetine
(14 pM); CXCL: C-X-C motif chemokine ligand; IF16: interferon alpha inducible protein 6 (G1P3); IL: interleukin; IL1R2: interleukin-1
receptor type 2; p(I:C): polyinosinic-polycytidylic acid (20 pg/mL); TNFRSF11B: tumour necrosis factor receptor superfamily member 11b
(osteoprotegerin).
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itch mediators. Indeed, without being exhaustive, co-administration
of FX suppressed the expression of IL-6, IL-8 (CXCL8), GRO« (a.k.a.
CXCL1),%” CXCL5 (a.k.a. ENA-78),%® interferon alpha inducible pro-
tein 6 (IF16, a.k.a. G1P3),°”7° tumour necrosis factor (TNF) receptor
superfamily member 11b (TNFRSF11B, a.k.a. osteoprotegerin),71 and

),”2 and up-regulated the rather

interleukin-1 receptor type 2 (IL1R2
immunosuppressive CXCL17 (Figure 4D,E).”® Collectively, these
data strongly argue that FX may exert a profound anti-inflammatory

effect in human epidermal keratinocytes.

4 | DISCUSSION

FX is a widely used antidepressant agent that belongs to the SSRI

4243 and it was

27,28

family.21 It possesses a remarkable safety profile,

23-26 anti-pruritic,

also shown to exert anti-inflammatory, pro-
wound healing,2%3! and anti-AD®? effects. Thus, it is not surprising
that it has already been recommended to treat various diseases
and pathological conditions outside of its current indication as an
antidepressant.so'g’l"w"45 Hence, within the confines of this study, we
aimed to further investigate its putative beneficial actions by using

human epidermal keratinocytes.

4.1 | FXexerts anti-inflammatory effects on
human epidermal keratinocytes

We found that a non-cytotoxic concentration (14 uM; Figures S1,
S2) of FX could abrogate the upregulation of several important
pro-inflammatory cytokines (IL-1a, IL-1B, and IL-8 [CXCL8])
induced by the TLR3 activator p(l:C), whereas it only tended to
suppress expression of IL-6 in course of 3-h treatments (Q-PCR;
Figure 1A-D). Moreover, FX was able to significantly suppress
p(l:C)-induced release of IL-8 (CXCL8) (ELISA; 24-h treatments;
Figure 1H), a key regulator of cutaneous inflammatory processes
that has been suggested as a biomarker for monitoring therapeutic
efficiency in AD.4

Because itch is a key symptom of several inflammatory epider-

D,“”ig’49 and the itch-scratch cycle

mal skin diseases, including A
is known to contribute to the pathogenesis of these diseases,
we next intended to extend our investigations towards the highly
AD-relevant, keratinocyte-derived itch mediator endothelin 1.
Endothelin 1 was not only demonstrated to be elevated in the le-
sional epidermis of AD patients,’® but its plasma level was found
to correlate with the severity of the symptoms.51 Importantly, en-
dothelin 1 release appears to operate under the control of TLR3
signalling. Indeed, via activating TLR3, p(l:C) was shown to in-
crease the release of endothelin 1 from primary human epidermal
keratinocytes. Moreover, TLR3 itself was found to be upregulated
in the chronically scratched, lesional epidermis of patients suffer-
ing from pruritic dermatoses (namely AD, prurigo nodularis, and
psoriasis) compared to the skin of healthy individuals (all three
conditions) and compared to the symptom-free, perilesional skin

of the patients (prurigo nodularis).*® Interestingly, in case of pru-
rigo nodularis and psoriasis (but not of AD), TLR3 protein expres-
sion was found to be elevated in the perilesional, symptom-free
epidermis as well when compared to the skin of healthy donors.*¢
Because p(l:C) treatment also upregulated TLR3 expression in
human epidermal keratinocytes, it was hypothesized that TLR3 as
well as the keratinocyte-derived endothelin 1 release guided by
pathological TLR3-signalling may be significant contributors to the
itch-scratch cycle.“ Because besides endothelin 1, endothelin 2
and endothelin 3 were also shown to be produced by epidermal
keratinocytes, as well as to evoke itch,® %% we decided to use a
pan-endothelin-specific ELISA kit. Importantly, we found that the
above potent anti-inflammatory concentration (14 pM) of FX was
able to suppress p(l:C)-induced endothelin release in HaCaT ke-
ratinocytes as well as in primary human epidermal keratinocytes
(Figure 11,J). These data argue that FX may have the potential to
exert both anti-inflammatory as well as clinically relevant anti-
pruritic effects. Further discussion of the putative beneficial ef-
fects of FX can be found in the Supplementary Discussion section.

Here, it is important to note that, according to the available scant
evidence, concentration of FX in the skin may be less than half (ca.
41%) of its concentration in the plasma.”® Thus, considering the usual
plasma levels (i.e. ~0.4-2uM)’®”7 of FX, it seems highly unlikely that
one can achieve a sufficiently high cutaneous concentration follow-
ing systemic application at non-toxic doses.”” Importantly, however,
14-uM concentration could easily be achieved using appropriate
topical formulations. Such limited, local FX administration would
most likely not lead to relevant systemic FX exposure, and hence to
systemic (side) effects.*

4.2 | FXexerts its anti-inflammatory actions
most likely via interfering with the activity of the
pro-inflammatory PI3K signalling

Next, we intended to unveil the mechanism of the aforementioned
beneficial actions. Here, it should be emphasized that the test con-
centration of FX (i.e. 14 uM) used in our study is much higher than its
reported K, value (i.e. 3nM) at the serotonin transporter (SLceAn4),”®
and, as mentioned above, also exceeds its usual plasma levels (i.e.
~0.4-2pM)’®77 found in FX-treated patients. This, together with
the aforementioned reports,®#%¢~*! argued that the effects of FX
may be mediated via the modulation of unexpected cellular targets.
Having excluded three potential anti-inflammatory mechanisms (i.e.
inhibition of p(l:C)-induced NF-kB and p38 MAPK activation, and
suppression of mtROS production; Figure S5A-E), in order to un-
veil its mechanism of action, we decided to follow an unbiased ap-
proach, and performed activity profiling using a BioMAP® Diversity
PLUS® panel of 12 human primary cell-based systems (Table S2;
Figure 2A,B). We found that, when applied at 14uM, the activity
profile of FX, which is based on the modulated levels of 148 bio-
markers, greatly overlapped with the ones of amitriptyline (30puM;
a norepinephrine/serotonin reuptake inhibitor that was also shown
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to exert anti-inflammatory effects in various model systems;”?-8°

Table 2), and of GDC09%941 (a.k.a. pictilisib; 370nM), a well-known
inhibitor®® of the PI3K enzymes (Table 2; Figure 2A). Importantly,
serotonin was not among the top hits (Pearson's correlation coef-
ficient (r)=0.354 when compared to 90uM serotonin), suggesting
that the observed effects of 14 uM FX were most likely independent
from ‘classical’ serotoninergic signalling. Indeed, although lower (520
and 1600nM) concentrations (i.e. concentrations that are normally
achieved in the plasma of FX-treated patients)76’77 of FX clustered
closer to serotonin, higher concentrations (4.7 and 14uM) clearly
clustered away from it, and grouped rather together with GDC0941
(Figure 2B). Thus, our data indicated that, at 14 uM, FX most likely
interferes with the PI3K signalling either by direct or indirect inhibi-
tion of the PI3K enzymes, or by direct or indirect inhibition of some
of its key down-stream effectors. Importantly, the activity profile
reveals the phenotypic effects of each test agent on the cell(s) in
the system rather than informing on the underlying mechanism. If
a test agent has higher similarity (Pearson's correlation coefficient
(r)>0.7) or clusters test agents with well-characterized mechanisms,
this indicates that there is phenotypic similarity most likely due to
shared mechanisms.

Dysregulation of cutaneous PI3K signalling may lead to severe
pathological conditions characterized by uncontrolled cutaneous

5986 and FX was already shown to

proliferation and inflammation,
interfere with this pathway.>¢*' Thus, our findings argued that, at
least when applied at 14 uM, FX may exert its beneficial actions by
directly or indirectly inhibiting the PI3K pathway. In order to chal-
lenge this hypothesis, we repeated our experiments by using the
aforementioned PI3K inhibitor (GDC0941; 370nM). We found that
GDCO0941 mimicked the effects of FX, that is, it prevented the p(l:C)-
induced upregulation of IL-1a, IL-1B, and IL-8 (CXCL8), while it had no
significant effect on the expression of IL-6 (Q-PCR; 3-h treatments;
Figure 3A-D), but suppressed the p(l:C)-induced endothelin and IL-8
(CXCL8) release (ELISA; 24-h treatments; Figure 3E-G). Intriguingly,
we also observed a subtle difference as compared to FX, since, un-
like FX, GDCO09%41 significantly decreased p(l:C)-induced release of
IL-6 (ELISA; 24-h treatments; Figure 3E).

Despite the aforementioned minor difference, our data collec-
tively argued that FX might inhibit PI3K-coupled signalling in human
keratinocytes. Although the idea that (at certain concentrations)
FXis capable of influencing the activity of the PI3K is not unprece-

38-4) to the best of our

dented in the literature (see e.g. references
knowledge, it is still unknown whether this is exerted via direct or in-
direct (or maybe combined, i.e. direct and indirect) inhibition of PI3K.
In order to answer this question, first, we performed in silico docking
analysis. This revealed that FX may have favourable shape comple-
mentary and cavity filling potential towards the ATP binding site of
PI3K, that is, towards the site where GDC0941 binds (Figure S6A,B).
However, it is also important to emphasize that the 5 best ranked
poses of GDC0941 had superior binding energies than the 5 best
ranked poses of FX (Table S$3), indicating that, even if it can indeed
bind to PI3K enzymes, FX may have inferior potency and efficacy
as compared to the genuine PI3K-inhibitor GDC0941. Next, having
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these data in hand, we probed the ability of FX to directly inhibit
PI3K activity by using a cell-free activity assay. Importantly, in a per-
fect agreement with our in silico data, we found that a sufficiently
high concentration of FX was indeed able to significantly inhibit
PI3K activity (Figure S7A); however, its action was much weaker as
compared to GDC0941 (Figure S7B). Thus, our data argue that, al-
beit its actions might be complemented by direct enzyme inhibition,
FX most likely indirectly inhibits the PI3K-coupled pro-inflammatory
signalling pathway in human epidermal keratinocytes. On one hand,
this could be possible via modulating one of its up-stream or feed-
back regulators,87 e.g. the 3-phosphoinositide-dependent protein ki-
nase 1 (PDK1)-related endogenous negative feedback loop that was
shown to regulate PI3K expression and hence activity in certain cell
types.® On the other hand, FX may also interfere with some down-
stream targets of the PI3K-coupled pro-inflammatory signalling. In
either case, our data highlight the possibility that appropriate chem-
ical modification of the FX backbone may result in new compounds
capable of addressing more of the residues at the ATP binding site
of PI3K. Thus, our current findings may inspire and guide intelligent

89,90

drug design studies, resulting in new FX-derivatives with im-

proved potency/efficacy towards PI3K.

4.3 | FXprofoundly influences the p(l:C)-induced
pro-inflammatory response in human keratinocytes

Finally, our RNA-Seq data revealed that FX had a great impact on
the pro-inflammatory action of p(l:C) in human keratinocytes,
as demonstrated by the results of principal component analysis,
pathway analysis as well as the assessment of the differentially
expressed genes (Excel S1; Figure 4A-E).

Indeed, without being exhaustive, FX suppressed the p(l:C)-
induced up-regulation of neutrophil chemoattractant chemokines
GRO« (a.k.a. CXCL1)®” and CXCL5 (a.k.a. ENA-78).°8 It is notewor-
thy that GROa (CXCL1) may also act as an itch mediator,®” and
our data indicated that FX may be able to suppress its release as
well (cytokine array; Figure S3). Moreover, FX was efficient in
suppressing p(l:C)-induced up-regulation of IFI16 (G1P3) that was
found to be upregulated in lesional and non-lesional skin of pso-
riasis patients.”’° Furthermore, FX down-regulated TNFRSF11B
(osteoprotegerin), a well-known decoy receptor for receptor ac-
tivator of NF-kB (RANK) ligand (RANKL). Because epidermally
expressed RANKL was found to induce immunosuppression via in-
creasing the number of regulatory T cells,”* lowering TNFRSF11B
expression may add an additional layer to the anti-inflammatory
effects of FX in vivo. Likewise, FX decreased the p(l:C)-induced
up-regulation of IL1R2, a decoy receptor for IL-1a and IL-1.
Because high level of IL1R2 is thought to play a role in the im-
paired migration of Langerhans cells in aged skin,”? normalization
of its expression may help restoring the physiological cutaneous
immune surveillance (Excel S1; Figure 4D,E).

Finally, it is also noteworthy that while p(l:C) down-regulated
CXCL17, co-administration of FX could significantly suppress this
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action (Excel S1; Figure 4D,E). CXCL17 was recently found to atten-
uate cutaneous inflammation via recruiting myeloid-derived sup-
pressor cells and regulatory T cells in an imiquimod-induced mouse
model of psoriasis.73 Obviously, it remains to be determined in fu-
ture targeted studies whether FX-induced up-regulation of CXCL17
translates to the released cytokine level, and whether it is restricted
to the p(l:C)-induced inflammatory response, or it is part of a more
general anti-inflammatory activity. In either case, FX-induced up-
regulation and release of CXCL17 may reinforce anti-inflammatory
action of FX on the longer (>24h) time scale in vivo.

Collectively, our data clearly demonstrate that FX may exert
potent anti-inflammatory effects, and, by suppressing the release
of the endogenous itch mediators such as endothelins (and maybe
others, e.g. GROa [CXCL1]), its application may also lead to bene-
ficial anti-pruritic activity, most likely via interfering with the pro-
inflammatory PI3K pathway. Considering its well-known safety
profile, clinical studies are encouraged to explore whether the cur-
rently reported beneficial effects translate in vivo in inflammatory
and pruritic skin diseases following its administration in appropriate
topical formulations ensuring a sufficiently high local, cutaneous

concentration.

AUTHOR CONTRIBUTIONS

Conceptualization: Attila Olah, Tamas Bird, and Christoph Abels;
Methodology: Kinga Fanni Téth, Dorottya Adam, Jozsef Arany, Yesid
A. Ramirez, Jennifer |. Drake, Szilard Pdliska, Alison O'Mahony,
and Attila Olah; Validation: Yesid A. Ramirez, Jennifer |. Drake,
Szilard Pdliska, Alison O'Mahony, and Attila Olah; Formal analysis:
Kinga Fanni Téth, Dorottya Adam, Jozsef Arany, Yesid A. Ramirez,
Jennifer |. Drake, Szilard Pdliska, Alison O'Mahony, and Attila Olah;
Investigation: Kinga Fanni Téth, Dorottya Adam, Jézsef Arany, Yesid
A. Ramirez, Jennifer |. Drake, Attila Gabor Szollési, Szilard Pdliska,
Alison O'Mahony, and Attila Olah; Resources: Ana Kili¢, and Michael
Soeberdt; Data curation: Kinga Fanni Téth, Dorottya Adam, Jézsef
Arany, Yesid A. Ramirez, Jennifer |. Drake, Szilard Péliska, Alison
O'Mahony, Attila Gabor Szoll6si, and Attila Olah; Writing—original
draft preparation: Kinga Fanni Téth, and Attila Olah; Writing—review
and editing: Kinga Fanni Téth, Dorottya Adam, Jézsef Arany, Yesid A.
Ramirez, Tamas Bir6, Jennifer |. Drake, Alison O'Mahony, Ana Kili¢,
Michael Soeberdt, Christoph Abels, Szilard Pdliska, Attila Gabor
Sz6ll6si, and Attila Olah; Visualization: Yesid A. Ramirez, Jennifer I.
Drake, Szilard Poliska, Alison O'Mahony, and Attila Olah; Supervision:
Tamas Bird, Ana Kili¢, Michael Soeberdt, Christoph Abels, and Attila
Olah; Project administration: Kinga Fanni Téth, Dorottya Adam,
Jézsef Arany, Yesid A. Ramirez, Jennifer I. Drake, Szilard Péliska,
Alison O'Mahony, Ana Kili¢, and Michael Soeberdt; Funding ac-
quisition: Attila Olah, Attila Gabor Szoll6si, Yesid A. Ramirez, and
Christoph Abels. All authors have read and agreed to the published

version of the manuscript.

ACKNOWLEDGEMENTS
This research was funded by the National Research, Development
and Innovation Office (grant numbers: 125055, 134235, 134993,

GINOP-2.3.2-15-2016-00015, GINOP-2.3.3-15-2016-00020,
EFOP-3.6.3-VEKOP-16-2017-00009). A.O. is recipient of the Janos
Bolyai Research Scholarship of the Hungarian Academy of Sciences
(ID: BO/00660/21/5). A.O. was supported by the New National
Excellence Program of the Ministry for Culture and Innovation
from the source of the National Research, Development and
Innovation Fund (“Bolyai+ Scholarship”) under the grant IDs UNKP-
22-5-DE-427 and UNKP-23-5-DE-477. Sz.P. was supported by the
Thematic Excellence Program (grant number TKP2021-NKTA-34)
of the University of Debrecen. Y.A.R. was supported by Research
Stays for University Academics and Scientists scholarship from the
German Academic Exchange Service (“Deutscher Akademischer
Austauschdienst” [DAAD]). This study was in part supported by
an industry research grant of Dr. August Wolff GmbH & Co. KG
Arzneimittel (Bielefeld, Germany). The authors are grateful to Ms.
Judit Szab6-Papp, Ms. Erika Hollési, and to Ms. Anita Galicz for their
excellent technical support. The authors are grateful to Markus Zehe
for his assistance in setting up the AutoDock docking protocol.

CONFLICT OF INTEREST STATEMENT

This study was in part supported by an industry research grant from
Dr. August Wolff GmbH & Co. KG Arzneimittel (Bielefeld, Germany)
(see Funding), and three of the authors (A.K., M.S., and C.A.) were
employees of Dr. August Wolff GmbH & Co. KG Arzneimittel at the
time the study was performed. A.O. provides consultancy services
to Monasterium Laboratory Skin & Hair Research Solutions GmbH
(Munster, Germany), whereas T.B provides consultancy services to
Dr. August Wolff GmbH & Co. KG Arzneimittel (Bielefeld, Germany).
The funding entities had no role in the collection, analyses, or
interpretation of data, in the writing of the manuscript, or in the

decision to publish the results.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available from
the corresponding author upon reasonable request. Raw data of
the RNA-Seq analysis are accessible in the NCBI SRA database
(hyperlink to the data: http://www.ncbi.nlm.nih.gov/bioproject/
1022043).

ORCID
Kinga Fanni Téth " https://orcid.org/0000-0002-5184-8082
https://orcid.org/0000-0002-3543-4146
https://orcid.org/0000-0003-1976-1216
https://orcid.org/0000-0003-1399-8511
https://orcid.org/0000-0002-3770-6221
https://orcid.org/0000-0002-2808-4475
https://orcid.org/0000-0003-0510-6931
https://orcid.org/0000-0001-6046-8236
Szildrd Pdliska "= https://orcid.org/0000-0002-9722-251X
Ana Kili¢ "= https://orcid.org/0000-0001-5011-8734
Michael Soeberdt "= https://orcid.org/0000-0003-2594-9901
Christoph Abels " https://orcid.org/0000-0002-7778-7740
Attila Oldh "= https://orcid.org/0000-0003-4122-5639

Dorottya Addm
Jozsef Arany
Yesid A. Ramirez
Tamds Biré
Jennifer I. Drake
Alison O’Mahony
Attila Gdbor Széll6si

85U8D 17 SUOWIWIOD 3RS0 3(eoldde 3y} Aq pausenob afe sappiie YO ‘SN Jo S9INJ 104 A%eiq1 T 8UIUO AB|IM UO (SUOIPUOD-PLE-SWULS}/L0D A8 | IM A leIq [oUJUO//STNY) SUORIPUOD PUe SWB L 38U} 89S *[£202/2T/2z] Uo Arigiauliuo A8|im ‘ArBunH aueiyooD Aq 8861 T PXe/TTTT OT/I0p/W0o &3] im Akeiqeuljuo//SAny Wwoly papeo|umoq ‘T ‘#202 ‘G290009T


http://www.ncbi.nlm.nih.gov/bioproject/1022043
http://www.ncbi.nlm.nih.gov/bioproject/1022043
https://orcid.org/0000-0002-5184-8082
https://orcid.org/0000-0002-5184-8082
https://orcid.org/0000-0002-3543-4146
https://orcid.org/0000-0002-3543-4146
https://orcid.org/0000-0003-1976-1216
https://orcid.org/0000-0003-1976-1216
https://orcid.org/0000-0003-1399-8511
https://orcid.org/0000-0003-1399-8511
https://orcid.org/0000-0002-3770-6221
https://orcid.org/0000-0002-3770-6221
https://orcid.org/0000-0002-2808-4475
https://orcid.org/0000-0002-2808-4475
https://orcid.org/0000-0003-0510-6931
https://orcid.org/0000-0003-0510-6931
https://orcid.org/0000-0001-6046-8236
https://orcid.org/0000-0001-6046-8236
https://orcid.org/0000-0002-9722-251X
https://orcid.org/0000-0002-9722-251X
https://orcid.org/0000-0001-5011-8734
https://orcid.org/0000-0001-5011-8734
https://orcid.org/0000-0003-2594-9901
https://orcid.org/0000-0003-2594-9901
https://orcid.org/0000-0002-7778-7740
https://orcid.org/0000-0002-7778-7740
https://orcid.org/0000-0003-4122-5639
https://orcid.org/0000-0003-4122-5639

TOTH T AL.

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Proksch E, Brandner JM, Jensen JM. The skin: an indispensable
barrier. Exp Dermatol. 2008;17(12):1063-1072. doi:10.1111/j.
1600-0625.2008.00786.x

Ramot Y, Bohm M, Paus R. Translational neuroendocrinology
of human skin: concepts and perspectives. Trends Mol Med.
2021;27(1):60-74. doi:10.1016/j.molmed.2020.09.002

Soeberdt M, Kilic A, Abels C. Current and emerging treatments
targeting the neuroendocrine system for disorders of the skin and
its appendages. Exp Dermatol. 2020;29(9):801-813. doi:10.1111/
exd.14145

Talagas M, Lebonvallet N, Berthod F, Misery L. Cutaneous nocicep-
tion: role of keratinocytes. Exp Dermatol. 2019;28(12):1466-1469.
doi:10.1111/exd.13975

Klicznik MM, Szenes-Nagy AB, Campbell DJ, Gratz IK. Taking the
lead—how keratinocytes orchestrate skin T cell immunity. Immunol
Lett. 2018;200:43-51. doi:10.1016/j.imlet.2018.06.009

Bitschar K, Wolz C, Krismer B, Peschel A, Schittek B. Keratinocytes
as sensors and central players in the immune defense against
Staphylococcus aureus in the skin. J Dermatol Sci. 2017;87(3):215-
220. doi:10.1016/j.jdermsci.2017.06.003

Denda M, Nakanishi S. Do epidermal keratinocytes have sensory
and information processing systems? Exp Dermatol. 2022;31(4):459-
474. doi:10.1111/exd.14494

Kido-Nakahara M, Buddenkotte J, Kempkes C, et al. Neural
peptidase endothelin-converting enzyme 1 regulates endo-
thelin 1-induced pruritus. J Clin Invest. 2014;124(6):2683-2695.
doi:10.1172/JC167323

Akiyama T, Nagamine M, Davoodi A, et al. Intradermal endothe-
lin-1 excites bombesin-responsive superficial dorsal horn neurons
in the mouse. J Neurophysiol. 2015;114(4):2528-2534. doi:10.1152/
jn.00723.2015

Adur J, Takizawa S, Uchide T, Casco V, Saida K. High doses of ul-
traviolet-C irradiation increases vasoactive intestinal contrac-
tor/endothelin-2 expression in keratinocytes of the newborn
mouse epidermis. Peptides. 2007;28(5):1083-1094. doi:10.1016/j.
peptides.2007.03.009

Zhong W, Wu X, Zhang W, et al. Aberrant expression of histamine-
independent pruritogenic mediators in keratinocytes may be
involved in the pathogenesis of prurigo Nodularis. Acta Derm
Venereol. 2019;99(6):579-586. doi:10.2340/00015555-3150
Wilson SR, Thé L, Batia LM, et al. The epithelial cell-derived atopic
dermatitis cytokine TSLP activates neurons to induce itch. Cell.
2013;155(2):285-295. doi:10.1016/j.cell.2013.08.057

Nasiri G, Azarpira N, Alizadeh A, Goshtasbi S, Tayebi L. Shedding
light on the role of keratinocyte-derived extracellular vesicles on
skin-homing cells. Stem Cell Res Ther. 2020;11(1):421. doi:10.1186/
s13287-020-01929-8

Herman A, Herman AP. Antimicrobial peptides activity in the skin.
Skin Res Technol. 2019;25(2):111-117. doi:10.1111/srt.12626
Karsak M, Gaffal E, Date R, et al. Attenuation of allergic con-
tact dermatitis through the endocannabinoid system. Science.
2007;316(5830):1494-1497. doi:10.1126/science.1142265

Adam D, Arany J, Toth KF, Toth Bl, Szoll6si AG, Olah A. Opioidergic
signaling—a neglected, yet potentially important player in atopic der-
matitis. Int J Mol Sci. 2022;23(8):4140. doi:10.3390/ijms23084140
Toth KF, Adam D, Biré T, Olah A. Cannabinoid signaling in the skin:
therapeutic potential of the “C(ut)annabinoid” system. Mol Basel
Switz. 2019;24(5):E918. doi:10.3390/molecules24050918

Sz6llési AG, Olah A, Lisztes E, Griger Z, Toth BI. Pruritus: a sen-
sory symptom generated in cutaneous Immuno-neuronal crosstalk.
Front Pharmacol. 2022;13:745658. doi:10.3389/fphar.2022.745658
Furue K, Ulzii D, Tanaka Y, et al. Pathogenic implication of epider-
mal scratch injury in psoriasis and atopic dermatitis. J Dermatol.
2020;47(9):979-988. doi:10.1111/1346-8138.15507

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

xperimental Dermatology SAV.VA B ) =A%

Olah A, Ambrus L, Nicolussi S, et al. Inhibition of fatty acid amide
hydrolase exerts cutaneous anti-inflammatory effects both in vitro
and in vivo. Exp Dermatol. 2016;25(4):328-330. doi:10.1111/
exd.12930

Hillhouse TM, Porter JH. A brief history of the development of
antidepressant drugs: from monoamines to glutamate. Exp Clin
Psychopharmacol. 2015;23(1):1-21. doi:10.1037/a0038550
Nazimek K, Kozlowski M, Bryniarski P, et al. Repeatedly ad-
ministered antidepressant drugs modulate humoral and
cellular immune response in mice through action on macro-
phages. Exp Biol Med Maywood NJ. 2016;241(14):1540-1550.
doi:10.1177/1535370216643769

Curzytek K, Kubera M, Majewska-Szczepanik M, et al. Inhibition of
2,4-dinitrofluorobenzene-induced contact hypersensitivity reac-
tion by antidepressant drugs. Pharmacol Rep PR. 2013;65(5):1237-
1246. doi:10.1016/s1734-1140(13)71481-6

Curzytek K, Kubera M, Szczepanik M, et al. Crosstalk be-
tween contact hypersensitivity reaction and antidepressant
drugs. Pharmacol Rep PR. 2013;65(6):1673-1680. doi:10.1016/
s1734-1140(13)71529-9

Kim K. Neuroimmunological mechanism of pruritus in atopic derma-
titis focused on the role of serotonin. Biomol Ther. 2012;20(6):506-
512. doi:10.4062/biomolther.2012.20.6.506

Curzytek K, Maes M, Kubera M. Immune-regulatory and molecu-
lar effects of antidepressants on the inflamed human keratinocyte
HaCaT cell line. Neurotox Res. 2021;39(4):1211-1226. doi:10.1007/
s12640-021-00367-5

Boozalis E, Khanna R, Kwatra SG. Selective serotonin reuptake
inhibitors for the treatment of chronic pruritus. J Dermatol Treat.
2018;29(8):812-814. doi:10.1080/09546634.2018.1456639
Kouwenhoven TA, van de Kerkhof PCM, Kamsteeg M. Use of oral
antidepressants in patients with chronic pruritus: a systematic re-
view. J Am Acad Dermatol. 2017;77(6):1068-1073.e7. doi:10.1016/j.
jaad.2017.08.025

Chéret J, Gherardini J, Bertolini M, Paus R. Fluoxetine promotes
human hair follicle pigmentation ex vivo: serotonin reuptake inhibi-
tion as a new antigreying strategy? BrJ Dermatol. 2020;182(6):1492-
1494. doi:10.1111/bjd.18819

Nguyen CM, Tartar DM, Bagood MD, et al. Topical fluoxetine as
a novel therapeutic that improves wound healing in diabetic mice.
Diabetes. 2019;68(7):1499-1507. doi:10.2337/db18-1146

Yoon DJ, Nguyen C, Bagood MD, et al. Topical fluoxetine as a
potential nonantibiotic adjunctive therapy for infected wounds.
J Invest Dermatol. 2021;141(6):1608-1612.e3. do0i:10.1016/j.
jid.2020.11.016

LiY,Chen L, DuY, Huang D, Han H, Dong Z. Fluoxetine ameliorates
atopic dermatitis-like skin lesions in BALB/c mice through reducing
psychological stress and inflammatory response. Front Pharmacol.
2016;7:318. d0i:10.3389/fphar.2016.00318

Németh ZK, Szlics A, VitraiJ, Juhdsz D, Németh JP,Holl6 A. Fluoxetine
use is associated with improved survival of patients with COVID-19
pneumonia: a retrospective case-control study. Ideggyogyaszati Szle.
2021;74(11-12):389-396. d0i:10.18071/is2.74.0389

Mahdi M, Herman L, Réthelyi JM, Balint BL. Potential role of
the antidepressants fluoxetine and fluvoxamine in the treat-
ment of COVID-19. Int J Mol Sci. 2022;23(7):3812. doi:10.3390/
ijms23073812

Hoertel N, Sdnchez-Rico M, Vernet R, et al. Association between
antidepressant use and reduced risk of intubation or death in
hospitalized patients with COVID-19: results from an observa-
tional study. Mol Psychiatry. 2021;26(9):5199-5212. doi:10.1038/
s41380-021-01021-4

Ambati M, Apicella I, Wang SB, et al. Identification of fluoxetine as
a direct NLRP3 inhibitor to treat atrophic macular degeneration.
Proc Natl Acad Sci U S A. 2021;118(41):e2102975118. doi:10.1073/
pnas.2102975118

85U8D 17 SUOWIWIOD 3RS0 3(eoldde 3y} Aq pausenob afe sappiie YO ‘SN Jo S9INJ 104 A%eiq1 T 8UIUO AB|IM UO (SUOIPUOD-PLE-SWULS}/L0D A8 | IM A leIq [oUJUO//STNY) SUORIPUOD PUe SWB L 38U} 89S *[£202/2T/2z] Uo Arigiauliuo A8|im ‘ArBunH aueiyooD Aq 8861 T PXe/TTTT OT/I0p/W0o &3] im Akeiqeuljuo//SAny Wwoly papeo|umoq ‘T ‘#202 ‘G290009T


https://doi.org//10.1111/j.1600-0625.2008.00786.x
https://doi.org//10.1111/j.1600-0625.2008.00786.x
https://doi.org//10.1016/j.molmed.2020.09.002
https://doi.org//10.1111/exd.14145
https://doi.org//10.1111/exd.14145
https://doi.org//10.1111/exd.13975
https://doi.org//10.1016/j.imlet.2018.06.009
https://doi.org//10.1016/j.jdermsci.2017.06.003
https://doi.org//10.1111/exd.14494
https://doi.org//10.1172/JCI67323
https://doi.org//10.1152/jn.00723.2015
https://doi.org//10.1152/jn.00723.2015
https://doi.org//10.1016/j.peptides.2007.03.009
https://doi.org//10.1016/j.peptides.2007.03.009
https://doi.org//10.2340/00015555-3150
https://doi.org//10.1016/j.cell.2013.08.057
https://doi.org//10.1186/s13287-020-01929-8
https://doi.org//10.1186/s13287-020-01929-8
https://doi.org//10.1111/srt.12626
https://doi.org//10.1126/science.1142265
https://doi.org//10.3390/ijms23084140
https://doi.org//10.3390/molecules24050918
https://doi.org//10.3389/fphar.2022.745658
https://doi.org//10.1111/1346-8138.15507
https://doi.org//10.1111/exd.12930
https://doi.org//10.1111/exd.12930
https://doi.org//10.1037/a0038550
https://doi.org//10.1177/1535370216643769
https://doi.org//10.1016/s1734-1140(13)71481-6
https://doi.org//10.1016/s1734-1140(13)71529-9
https://doi.org//10.1016/s1734-1140(13)71529-9
https://doi.org//10.4062/biomolther.2012.20.6.506
https://doi.org//10.1007/s12640-021-00367-5
https://doi.org//10.1007/s12640-021-00367-5
https://doi.org//10.1080/09546634.2018.1456639
https://doi.org//10.1016/j.jaad.2017.08.025
https://doi.org//10.1016/j.jaad.2017.08.025
https://doi.org//10.1111/bjd.18819
https://doi.org//10.2337/db18-1146
https://doi.org//10.1016/j.jid.2020.11.016
https://doi.org//10.1016/j.jid.2020.11.016
https://doi.org//10.3389/fphar.2016.00318
https://doi.org//10.18071/isz.74.0389
https://doi.org//10.3390/ijms23073812
https://doi.org//10.3390/ijms23073812
https://doi.org//10.1038/s41380-021-01021-4
https://doi.org//10.1038/s41380-021-01021-4
https://doi.org//10.1073/pnas.2102975118
https://doi.org//10.1073/pnas.2102975118

14 0f 15 -
AV\VA I B A& Experimental Dermatology

37.

38.
39.
40.
41.

42.

43.

44,
45.
46.

47.
48.

49.

50.
51.

52.
53.

54.

TOTH T AL.

Su HC, Ma CT, Yu BC, et al. Glycogen synthase kinase-3p regulates
anti-inflammatory property of fluoxetine. Int Immunopharmacol.
2012;14(2):150-156. doi:10.1016/j.intimp.2012.06.015

Yang H, Cao Q, Xiong X, et al. Fluoxetine regulates glucose and
lipid metabolism via the PI3K-AKT signaling pathway in dia-
betic rats. Mol Med Rep. 2020;22(4):3073-3080. doi:10.3892/
mmr.2020.11416

Park BK, Kim YH, Kim YR, et al. Antineuroinflammatory and neuro-
protective effects of Gyejibokryeong-Hwan in lipopolysaccharide-
stimulated BV2 microglia. Evid-Based Complement Altern Med ECAM.
2019;2019:7585896. doi:10.1155/2019/7585896

Bai Q, Song D, Gu L, Verkhratsky A, Peng L. Bi-phasic regula-
tion of glycogen content in astrocytes via Cav-1/PTEN/PI3K/
AKT/GSK-3p pathway by fluoxetine. Psychopharmacology (Berl).
2017;234(7):1069-1077. doi:10.1007/s00213-017-4547-3

Onal HT, Yetkin D, Ayaz F. Immunostimulatory activity of flu-
oxetine in macrophages via regulation of the PI3K and P38 sig-
naling pathways. Immunol Res. 2022;71:413-421. doi:10.1007/
s12026-022-09350-4

Solmi M, Fornaro M, Ostinelli EG, et al. Safety of 80 antidepres-
sants, antipsychotics, anti-attention-deficit/hyperactivity med-
ications and mood stabilizers in children and adolescents with
psychiatric disorders: a large scale systematic meta-review of 78
adverse effects. World Psychiatry off J World Psychiatr Assoc WPA.
2020;19(2):214-232. doi:10.1002/wps.20765

Magni LR, Purgato M, Gastaldon C, et al. Fluoxetine versus other
types of pharmacotherapy for depression. Cochrane Database Syst Rev.
2013;17(7):CD004185. doi:10.1002/14651858.CD004185.pub3
Foletto VS, Serafin MB, da Rosa TF, et al. Fluoxetine and parox-
etine: repositioning as a therapeutic alternative in the treatment
of various diseases. Am J Ther. 2020;27(5):e547-e551. doi:10.1097/
MJT.0000000000001011

Abels C, Soeberdt M. Can we teach old drugs new tricks?-
repurposing of neuropharmacological drugs for inflammatory
skin diseases. Exp Dermatol. 2019;28(9):1002-1009. doi:10.1111/
exd.13987

Sz6llési AG, McDonald |, Szabé IL, Meng J, van den Bogaard E,
Steinhoff M. TLR3 in chronic human itch: a keratinocyte-associated
mechanism of peripheral itch sensitization. J Invest Dermatol.
2019;139(11):2393-2396.e6. doi:10.1016/j.jid.2019.04.018
Katugampola R, Church MK, Clough GF. The neurogenic vasodi-
lator response to endothelin-1: a study in human skin in vivo. Exp
Physiol. 2000;85(6):839-846.

Mihaly J, Angyal A, Szilagyi SB, et al. 303 establishment and optimi-
zation of pro-inflammatory model systems in human keratinocytes.
J Invest Dermatol. 2016;136(9):5212. doi:10.1016/j.jid.2016.06.323
Olek-HrabK,HrabM,Szyfter-HarrisJ,AdamskiZ.Pruritusinselected
dermatoses. Eur Rev Med Pharmacol Sci. 2016;20(17):3628-3641.
Aktar MK, Kido-Nakahara M, Furue M, Nakahara T. Mutual up-
regulation of endothelin-1 and IL-25 in atopic dermatitis. Allergy.
2015;70(7):846-854. doi:10.1111/all.12633

Tsybikov NN, Petrisheva IV, Kuznik Bl, Magen E. Plasma endothe-
lin-1 levels during exacerbation of atopic dermatitis. Allergy Asthma
Proc. 2015;36(4):320-324. d0i:10.2500/aap.2015.36.3846

Wu W, Chen L, Jia G, et al. Inhibition of FGFR3 upregulates MHC-I
and PD-L1 via TLR3/NF-kB pathway in muscle-invasive blad-
der cancer. Cancer Med. 2023;12(14):15676-15690. doi:10.1002/
cam4.6172

ChenY, Lin J, Zhao Y, Ma X, Yi H. Toll-like receptor 3 (TLR3) regu-
lation mechanisms and roles in antiviral innate immune responses.
J Zhejiang Univ Sci B. 2021;22(8):609-632. doi:10.1631/jzus.
B2000808

Ahmed D, Roy D, Jaworski A, et al. Differential remodeling of the
electron transport chain is required to support TLR3 and TLR4 sig-
naling and cytokine production in macrophages. Sci Rep. 2019;9:9.
doi:10.1038/s41598-019-55295-4

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Berg EL, Yang J, Melrose J, et al. Chemical target and pathway toxic-
ity mechanisms defined in primary human cell systems. J Pharmacol
Toxicol Methods. 2010;61(1):3-15. doi:10.1016/j.vascn.2009.10.001
Shah F, Stepan AF, O'Mahony A, et al. Mechanisms of skin toxic-
ity associated with metabotropic glutamate receptor 5 negative
allosteric modulators. Cell Chem Biol. 2017;24(7):858-869.e5.
doi:10.1016/j.chembiol.2017.06.003

Houck KA, Dix DJ, Judson RS, Kavlock RJ, Yang J, Berg EL. Profiling
bioactivity of the ToxCast chemical library using BioMAP pri-
mary human cell systems. J Biomol Screen. 2009;14(9):1054-1066.
doi:10.1177/1087057109345525

Schoffski P, Cresta S, Mayer IA, et al. A phase |b study of pictil-
isib (GDC-0941) in combination with paclitaxel, with and with-
out bevacizumab or trastuzumab, and with letrozole in advanced
breast cancer. Breast Cancer Res. 2018;20(1):109. doi:10.1186/
s13058-018-1015-x

Karagianni F, Pavlidis A, Malakou LS, Piperi C, Papadavid E.
Predominant role of mTOR signaling in skin diseases with ther-
apeutic potential. Int J Mol Sci. 2022;23(3):1693. doi:10.3390/
ijms23031693

Hawkins PT, Stephens LR. PI3K signalling in inflammation.
Biochim Biophys Acta. 2015;1851(6):882-897. do0i:10.1016/j.
bbalip.2014.12.006

Stark AK, Sriskantharajah S, Hessel EM, Okkenhaug K. PI3K in-
hibitors in inflammation, autoimmunity and cancer. Curr Opin
Pharmacol. 2015;23:82-91. doi:10.1016/j.coph.2015.05.017

Chou WC, Rampanelli E, Li X, Ting JPY. Impact of intracellular in-
nate immune receptors on immunometabolism. Cell Mol Immunol.
2022;19(3):337-351. doi:10.1038/s41423-021-00780-y

Folkes AJ, Ahmadi K, Alderton WK, et al. The identification of 2-(1H
-indazol-4-yl)-6-(4-methanesulfonyl-piperazin-1-ylmethyl)-4-morp
holin-4-yl-thieno[3,2-d]pyrimidine (GDC-0941) as a potent, selec-
tive, orally bioavailable inhibitor of class | PI3 kinase for the treat-
ment of cancer. J Med Chem. 2008;51(18):5522-5532. doi:10.1021/
jm800295d

Huey R, Morris GM, Olson AJ, Goodsell DS. A semiempirical free
energy force field with charge-based desolvation. J Comput Chem.
2007;28(6):1145-1152. doi:10.1002/jcc.20634

Morris GM, Huey R, Lindstrom W, et al. AutoDock4 and
AutoDockTools4: automated docking with selective receptor
flexibility. J Comput Chem. 2009;30(16):2785-2791. doi:10.1002/
jcc.21256

Raudvere U, Kolberg L, Kuzmin I, et al. G:profiler: a web server for
functional enrichment analysis and conversions of gene lists (2019
update). Nucleic Acids Res. 2019;47(W1):W191-W198. doi:10.1093/
nar/gkz369

Deftu AF, Filippi A, Gheorghe RO, Ristoiu V. CXCL1 Activates
TRPV1 via Gi/o protein and Actin filaments. Life Sci. 2018;193:282-
291. doi:10.1016/j.1fs.2017.09.041

Smith KJ, Boyer JA, Muku GE, et al. Editor's highlight: ah receptor
activation potentiates neutrophil chemoattractant (C-X-C motif)
ligand 5 expression in keratinocytes and skin. Toxicol Sci off J Soc
Toxicol. 2017;160(1):83-94. doi:10.1093/toxsci/kfx160

Szegedi K, Sonkoly E, Nagy N, et al. The anti-apoptotic pro-
tein G1P3 is overexpressed in psoriasis and regulated by the
non-coding  RNA PRINS. Exp Dermatol. 2010;19(3):269-278.
doi:10.1111/j.1600-0625.2010.01066.x

Szlavicz E, Olah P, Szabo K, et al. Analysis of psoriasis-relevant gene
expression and exon usage alterations after silencing of SR-rich
splicing regulators. Exp Dermatol. 2018;27(6):656-662. doi:10.1111/
exd.13530

Loser K, Mehling A, Loeser S, et al. Epidermal RANKL controls reg-
ulatory T-cell numbers via activation of dendritic cells. Nat Med.
2006;12(12):1372-1379. d0i:10.1038/nm1518

Pilkington SM, Ogden S, Eaton LH, Dearman RJ, Kimber [, Griffiths
CEM. Lower levels of interleukin-1f gene expression are associated

85U8D 17 SUOWIWIOD 3RS0 3(eoldde 3y} Aq pausenob afe sappiie YO ‘SN Jo S9INJ 104 A%eiq1 T 8UIUO AB|IM UO (SUOIPUOD-PLE-SWULS}/L0D A8 | IM A leIq [oUJUO//STNY) SUORIPUOD PUe SWB L 38U} 89S *[£202/2T/2z] Uo Arigiauliuo A8|im ‘ArBunH aueiyooD Aq 8861 T PXe/TTTT OT/I0p/W0o &3] im Akeiqeuljuo//SAny Wwoly papeo|umoq ‘T ‘#202 ‘G290009T


https://doi.org//10.1016/j.intimp.2012.06.015
https://doi.org//10.3892/mmr.2020.11416
https://doi.org//10.3892/mmr.2020.11416
https://doi.org//10.1155/2019/7585896
https://doi.org//10.1007/s00213-017-4547-3
https://doi.org//10.1007/s12026-022-09350-4
https://doi.org//10.1007/s12026-022-09350-4
https://doi.org//10.1002/wps.20765
https://doi.org//10.1002/14651858.CD004185.pub3
https://doi.org//10.1097/MJT.0000000000001011
https://doi.org//10.1097/MJT.0000000000001011
https://doi.org//10.1111/exd.13987
https://doi.org//10.1111/exd.13987
https://doi.org//10.1016/j.jid.2019.04.018
https://doi.org//10.1016/j.jid.2016.06.323
https://doi.org//10.1111/all.12633
https://doi.org//10.2500/aap.2015.36.3846
https://doi.org//10.1002/cam4.6172
https://doi.org//10.1002/cam4.6172
https://doi.org//10.1631/jzus.B2000808
https://doi.org//10.1631/jzus.B2000808
https://doi.org//10.1038/s41598-019-55295-4
https://doi.org//10.1016/j.vascn.2009.10.001
https://doi.org//10.1016/j.chembiol.2017.06.003
https://doi.org//10.1177/1087057109345525
https://doi.org//10.1186/s13058-018-1015-x
https://doi.org//10.1186/s13058-018-1015-x
https://doi.org//10.3390/ijms23031693
https://doi.org//10.3390/ijms23031693
https://doi.org//10.1016/j.bbalip.2014.12.006
https://doi.org//10.1016/j.bbalip.2014.12.006
https://doi.org//10.1016/j.coph.2015.05.017
https://doi.org//10.1038/s41423-021-00780-y
https://doi.org//10.1021/jm800295d
https://doi.org//10.1021/jm800295d
https://doi.org//10.1002/jcc.20634
https://doi.org//10.1002/jcc.21256
https://doi.org//10.1002/jcc.21256
https://doi.org//10.1093/nar/gkz369
https://doi.org//10.1093/nar/gkz369
https://doi.org//10.1016/j.lfs.2017.09.041
https://doi.org//10.1093/toxsci/kfx160
https://doi.org//10.1111/j.1600-0625.2010.01066.x
https://doi.org//10.1111/exd.13530
https://doi.org//10.1111/exd.13530
https://doi.org//10.1038/nm1518

TOTH T AL.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

with impaired Langerhans' cell migration in aged human skin.
Immunology. 2018;153(1):60-70. doi:10.1111/imm.12810

OkaT, Sugaya M, Takahashi N, et al. CXCL17 attenuates imiquimod-
induced psoriasis-like skin inflammation by recruiting myeloid-
derived suppressor cells and regulatory T cells. J Immunol Baltim.
2017;198(10):3897-3908. doi:10.4049/jimmunol.1601607

Murata S, Kaneko S, Morita E. Interleukin-8 levels in the stratum
corneum as a biomarker for monitoring therapeutic effect in atopic
dermatitis patients. Int Arch Allergy Immunol. 2021;182(7):592-606.
doi:10.1159/000512965

Neudeck BL, Taddonio TE, Garner WL, Welage LS. Determination
of fluoxetine and norfluoxetine concentrations in cadaveric al-
lograft skin. Pharmacotherapy. 1998;18(4):851-855.

Hiemke C, Baumann P, Bergemann N, et al. AGNP consen-
sus guidelines for therapeutic drug monitoring in psychia-
try: update 2011. Pharmacopsychiatry. 2011;21(6):195-235.
doi:10.1055/5-0031-1286287

Pope S, Zaraa SG. Serum fluoxetine and norfluoxetine levels
support the safety of fluoxetine in overdose. Ann Gen Psychiatry.
2016;15:30. doi:10.1186/512991-016-0117-z

Tatsumi M, Groshan K, Blakely RD, Richelson E. Pharmacological
profile of antidepressants and related compounds at human mono-
amine transporters. Eur J Pharmacol. 1997;340(2-3):249-258.
doi:10.1016/s0014-2999(97)01393-9

Dejban P, Sahraei M, Chamanara M, Dehpour A, Rashidian A.
Anti-inflammatory effect of amitriptyline in a rat model of acetic
acid-induced colitis: the involvement of the TLR4/NF-kB signaling
pathway. Fundam Clin Pharmacol. 2021;35(5):843-851. doi:10.1111/
fcp.12642

Scheuermann K, Orellano LAA, Viana CTR, et al. Amitriptyline
downregulates chronic inflammatory response to biomate-
rial in mice. Inflammation. 2021;44(2):580-591. doi:10.1007/
s10753-020-01356-0

Xia BT, Beckmann N, Winer LK, et al. Amitriptyline reduces in-
flammation and mortality in a murine model of sepsis. Cell Physiol
Biochem. 2019;52(3):565-579. d0i:10.33594/000000040

Gurgel JA, Lima-Junior RCP, Rabelo CO, Pessoa BBGP, Brito GAC,
Ribeiro RA. Amitriptyline, Clomipramine, and Maprotiline Attenuate
the Inflammatory Response by Inhibiting Neutrophil Migration and
Mast Cell Degranulation. Rev Bras Psiquiatr Sao Paulo Braz 1999
2013;35(4):387-392. d0i:10.1590/1516-4446-2012-0977
Clemons A, Vasiadi M, Kempuraj D, Kourelis T, Vandoros G,
Theoharides TC. Amitriptyline and prochlorperazine inhibit proin-
flammatory mediator release from human mast cells: possible

84.

85.

86.

87.

88.

89.

90.

xperimental Dermatology SAV.VA B ) =A%

relevance to chronic fatigue syndrome. J Clin Psychopharmacol.
2011;31(3):385-387. d0i:10.1097/JCP.0b013e3182196€50
SadeghiH, HajhashemiV, Minaiyan M, Movahedian A, TalebiA. Astudy
on the mechanisms involving the anti-inflammatory effect of amitrip-
tyline in carrageenan-induced paw edema in rats. Eur J Pharmacol.
2011;667(1-3):396-401. doi:10.1016/j.ejphar.2011.05.053

Vismari L, Alves GJ, Palermo-Neto J. Amitriptyline and acute inflam-
mation: a study using intravital microscopy and the carrageenan-
induced paw edema model. Pharmacology. 2010;86(4):231-239.
doi:10.1159/000317064

Zillikens H, Kasprick A, Osterloh C, et al. Topical application of the
PI3Kp-selective small molecule inhibitor TGX-221 is an effective
treatment option for experimental epidermolysis bullosa Acquisita.
Front Med. 2021;8:8. doi:10.3389/fmed.2021.713312

Carracedo A, Pandolfi PP. The PTEN-PI3K pathway: of feedbacks
and cross-talks. Oncogene. 2008;27(41):5527-5541. doi:10.1038/
onc.2008.247

Dieterle AM, Bohler P, Keppeler H, et al. PDK1 controls upstream
PI3K expression and PIP3 generation. Oncogene. 2014;33(23):3043-
3053. doi:10.1038/0nc.2013.266

Dorahy G, Chen JZ, Balle T. Computer-aided drug design to-
wards new psychotropic and neurological drugs. Mol Basel Switz.
2023;28(3):1324. doi:10.3390/molecules28031324
Mullins JGL. Drug repurposingin silico screening platforms. Biochem
Soc Trans. 2022;50(2):747-758. doi:10.1042/BST20200967

SUPPORTING INFORMATION
Additional supporting information can be found online in the

Supporting Information section at the end of this article.

Data S1.
Data S2.

How to cite this article: Téth KF, Adam D, Arany J, et al.
Fluoxetine exerts anti-inflammatory effects on human
epidermal keratinocytes and suppresses their endothelin
release. Exp Dermatol. 2024;33:€14988. doi:10.1111/

exd.14988

85U8D 17 SUOWIWIOD 3RS0 3(eoldde 3y} Aq pausenob afe sappiie YO ‘SN Jo S9INJ 104 A%eiq1 T 8UIUO AB|IM UO (SUOIPUOD-PLE-SWULS}/L0D A8 | IM A leIq [oUJUO//STNY) SUORIPUOD PUe SWB L 38U} 89S *[£202/2T/2z] Uo Arigiauliuo A8|im ‘ArBunH aueiyooD Aq 8861 T PXe/TTTT OT/I0p/W0o &3] im Akeiqeuljuo//SAny Wwoly papeo|umoq ‘T ‘#202 ‘G290009T


https://doi.org//10.1111/imm.12810
https://doi.org//10.4049/jimmunol.1601607
https://doi.org//10.1159/000512965
https://doi.org//10.1055/s-0031-1286287
https://doi.org//10.1186/s12991-016-0117-z
https://doi.org//10.1016/s0014-2999(97)01393-9
https://doi.org//10.1111/fcp.12642
https://doi.org//10.1111/fcp.12642
https://doi.org//10.1007/s10753-020-01356-0
https://doi.org//10.1007/s10753-020-01356-0
https://doi.org//10.33594/000000040
https://doi.org//10.1590/1516-4446-2012-0977
https://doi.org//10.1097/JCP.0b013e3182196e50
https://doi.org//10.1016/j.ejphar.2011.05.053
https://doi.org//10.1159/000317064
https://doi.org//10.3389/fmed.2021.713312
https://doi.org//10.1038/onc.2008.247
https://doi.org//10.1038/onc.2008.247
https://doi.org//10.1038/onc.2013.266
https://doi.org//10.3390/molecules28031324
https://doi.org//10.1042/BST20200967
https://doi.org/10.1111/exd.14988
https://doi.org/10.1111/exd.14988

	Fluoxetine exerts anti-�inflammatory effects on human epidermal keratinocytes and suppresses their endothelin release
	Abstract
	1|INTRODUCTION
	2|METHODS
	3|RESULTS
	3.1|Up to 14 μM, FX does not decrease viability and cell count of human epidermal keratinocytes
	3.2|FX suppresses p(I:C)-�induced up-�regulation of several pro-�inflammatory cytokines in human epidermal keratinocytes
	3.3|FX suppresses p(I:C)-�induced release of IL-�8 from human epidermal keratinocytes
	3.4|FX suppresses p(I:C)-�induced release of the itch mediator endothelins from immortalized (HaCaT) as well as primary human epidermal keratinocytes
	3.5|FX does not influence the p(I:C)-­induced phosphorylation of p38 and IκBα, and does not prevent the elevation of mitochondrial production of reactive oxygen species (mtROS)
	3.6|Activity profiling reveals remarkable similarity between the biological effects of FX and the PI3K-�inhibitor GDC0941
	3.7|GDC0941 mimics the anti-�inflammatory as well as endothelin suppressing effects of FX
	3.8|In silico molecular docking data suggest that GDC0941 and FX may occupy the same binding site on PI3K
	3.9|FX exerts minor inhibition on the activity of PI3K in cell-�free enzyme activity assay
	3.10|FX greatly modulates p(I:C)-�induced gene expression pattern

	4|DISCUSSION
	4.1|FX exerts anti-�inflammatory effects on human epidermal keratinocytes
	4.2|FX exerts its anti-�inflammatory actions most likely via interfering with the activity of the pro-�inflammatory PI3K signalling
	4.3|FX profoundly influences the p(I:C)-�induced pro-�inflammatory response in human keratinocytes

	AUTHOR CONTRIBUTIONS
	ACKNO​WLE​DGE​MENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


