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Simple Summary

Psoriasis is a chronic immune-mediated skin disease with a highly negative impact on
quality of life. It is important to fill the gap between the well-known specific skin plaques
and the scenario which takes place before we can visualize them. This can be achieved by
using suitable experimental models. This paper shows an experimental model of psoriatic
cells’ microenvironment and some pathogenetic mechanism of the lesion evaluation, such
as, for example, ferroptosis. Ultimately, but not less importantly, the key goal of this effort
is to plan an appropriate and targeted therapeutic treatment.

Abstract

Background: The interaction between keratinocytes and proinflammatory cytokines is es-
sential in the development of psoriatic lesions. The synergism among these cytokines and
their involvement in ferroptosis are not yet elucidated. This study aimed at evaluating
the early impact of a complete proinflammatory microenvironment on keratinocyte dif-
ferentiation, intercellular adhesion, proliferation, and induction of ferroptosis. Methods:
HaCaT cells were differentiated with 1.8 mM CaCl2 and treated with a cytokine combi-
nation (MIX) containing IL-17A, IL-22, IL-23, and TNF-alpha for 24 and 48 h. Claudin 1
(CLDN-1), Zonula Occludens 1 (ZO-1), and keratins (K)10/K14 expression was analyzed by
immunofluorescence and immunoblot analysis, paralleled by proliferation and ultrastruc-
tural analysis. Ferroptosis was induced with erastin and RSL3 and evaluated by testing
glutathione (GSH)/glutathione peroxidase 4 (GPX4) protein expression, GSH levels, cell
availability/toxicity, intracellular iron and ATP levels. Results: After MIX incubation at
T48, CLDN-1 and ZO-1 immunofluorescences were reduced in HaCaT cells, while K10 and
K14 were unaffected. The proliferative activity was reduced. Psoriatic-like MIX triggered
the ferroptotic pathway, as shown by the increase in intracellular iron levels as well as
by the reduction in GPX4 protein expression, the decrease in GSH levels, cell availability,
and ATP levels. Conclusions: This experimental model mimics the early pathogenetic
processes underlying psoriatic plaque formation/progression paving the way for new
therapeutic strategies.
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1. Introduction
The histoarchitecture of the human epidermis provides our body with a powerful

and efficient physiological physicochemical barrier, able to respond promptly to a wide
range of stimuli preserving and restoring epidermal homeostasis [1]. The fine-tuning of cell
proliferation and terminal differentiation (TD) of the most represented epidermal cytotype,
i.e., keratinocytes (KCs), is crucial for the renewal of the epithelial compartment and
maintenance of its homeostasis. While the proliferative activity is confined to the lowermost
basal layer, the differentiative events involve all the suprabasal epidermal layers, from the
spinous layer upward to the stratum corneum, encompassing in parallel the cytoskeletal
apparatus and the composition of the intercellular junctions, mainly desmosomes and tight
junctions (TJs).

The delicate balance between proliferation and TD can be disturbed by a plethora of
exogenous stimuli [2–4], including pro-inflammatory cytokines, as observed in psoriasis [5].
In fact, the formation and progression of the typical psoriatic plaques are a direct conse-
quence of a complex interplay between the imbalance of proliferation/differentiation of
resident keratinocytes and the activation of the immune system [6].

The original hypothesis that psoriasis was solely a consequence of KC hyperprolif-
eration rapidly evolved and a key role for the immune system in pathogenesis of the
disease has been widely documented. Moreover, proinflammatory cytokines produced by
infiltrated immune cells can activate epidermal keratinocytes and other resident cutaneous
cells [7]. Tumor Necrosis Factor (TNF)-alpha, interleukin (IL)-17A, and IL-23 have emerged
as major drivers finally establishing the dominant pathogenetic role of IL-17/23 axis [8].
The contribution of IL-22 to psoriatic processes other than proliferation has been recently
reviewed [9].

The histopathological features of full-blown psoriatic lesions and the contribution of
psoriatic inflammatory milieu have been well characterized in the last three decades [10]. A
hallmark of psoriatic lesions is epidermal hyperproliferation localized into the suprabasal
layers, accompanied by profound alterations in keratinocyte differentiation [10,11]. These
changes are reflected by an abnormal keratin expression pattern, mainly consisting of a
reduced keratin 10 (K10) distribution and an increased expression of keratin 17 (K17), a
keratin of hyperproliferative disease [12]. Moreover, keratin 14 (K14), normally confined
to the basal layer, is aberrantly upregulated in psoriatic epidermis, consistent with an
accelerated and dysregulated differentiation programme [13]. Keratins are key structural
components of KCs, biomarkers of TD and of proliferating and immuno-mediated skin
diseases [12,14]. In physiological conditions, K5/K14 are the characteristic isoforms of the
proliferative basal layer, whilst the switch to K1/K10 isoforms occurs when KCs enter the
suprabasal layer starting TD. This tightly regulated differentiation process is paralleled by a
dynamic rearrangement of cell junctions with space-time modifications. In particular, tight
junctions (TJs), which are mainly localized in the granular layer, play a crucial barrier role
and are composed of transmembrane proteins such as claudin-1 (CLDN-1), and cytoplasmic
scaffolds between the cytoskeleton and cell membrane proteins, like zonula occludens-1
(ZO-1) [15,16]. Notably, TJ remodelling has been identified as an early event in psoriatic
lesion development and consists of a reduction in CLDN-1 and an altered localization of
ZO-1 in the epidermal layers, as pioneeringly reported by Kirschner et al. [17].
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While the histopathological features of established psoriatic plaques have been exten-
sively described, less is known about the early cellular events occurring in keratinocytes
upon exposure to a psoriatic inflammatory milieu. Previous studies have largely focused on
the effects of single cytokines or limited cytokine combinations, demonstrating alterations
in keratinocyte proliferation, differentiation markers, and junctional proteins [18–21]. More
complex cytokine mixtures, such as the M5 cocktail, which comprehends IL-17A, IL-22,
oncostatin M, IL-1alpha, and TNF-alpha, have been shown to reproduce selected aspects of
psoriasis in vitro [22–25]. However, these models do not include IL-23, which is considered
the master cytokine of the psoriatic cascade [26,27]. Consequently, the early synergistic
effects of a complete IL-17/23-centred inflammatory environment on keratinocyte biology
remain incompletely understood.

Furthermore, the mechanisms underlying cell death observed in psoriatic plaques are
still not fully elucidated. Emerging evidence from murine experimental models [28,29] and
human psoriatic lesions [30] suggests that ferroptosis-related pathways may be altered in
psoriasis. Ferroptosis is a non-apoptotic, regulated, and iron-dependent form of cell death
characterized by lipid peroxidation and membrane damage [31]. This process is driven by
oxidative stress linked to accumulation of reactive oxygen species (ROS) in the presence
of iron and depletion of antioxidants like glutathione (GSH). The ferroptotic cascade is
modulated by glutathione peroxidase 4 (GPX4), a GSH-dependent antioxidant enzyme that
typically prevents lipid peroxide accumulation [32].

Notably, in psoriatic patients ferroptotic ultrastructural modifications in mitochondria
were also reported and the hypothesis that ferrous iron overload in the epidermis might be
the cause of ferroptosis was advanced [28]. Moreover, in HaCaT cells the co-exposure
of the ferroptosis inducer RSL3 and the M5 cytokine mixture promoted keratinocyte
differentiation and inhibited proliferation [33], suggesting that ferroptosis in psoriatic KCs
can represent a protective compensatory response inversely correlated with disease severity.

However, whether ferroptosis represents a primary pathogenic mechanism or repre-
sents a secondary response to inflammation remains unclear. In particular, little is known
about the possible involvement of ferroptosis during the early phases of keratinocyte
exposure to a psoriatic proinflammatory microenvironment.

In this context, the present study aimed to investigate the early effects of a complete
psoriatic cytokine milieu, composed of IL-17A, IL-22, IL-23, and TNF-α (here defined as
MIX) [34,35], on differentiated human keratinocytes. Using HaCaT cells, we analyzed the
impact of this cytokine combination on keratinocyte differentiation, intercellular adhe-
sion, proliferation, and ferroptosis-related pathways, with the goal of clarifying whether
exposure to a psoriatic inflammatory milieu is sufficient to prime keratinocytes toward
ferroptosis-like changes at early stages. Specifically, to investigate the ferroptotic cascade
we used two different ferroptosis inducers, erastin and RSL3, which act through diverse
mechanisms. In fact, erastin induces ferroptosis by targeting and inhibiting the transporter
involved in importing cystine into cells, then used to produce GSH, while RSL3 seems to
induce ferroptosis by directly inhibiting GPX4 enzymatic activity [36,37] (Figure 1).
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Figure 1. Mechanisms of action of erastin and RSL3. Erastin induces ferroptosis by targeting
and inhibiting the transporter involved in importing cystine into cells, used to produce glutathione
(GSH). RSL3 induces ferroptosis by inhibiting glutathione peroxidase 4 (GPX4), a GSH-dependent
antioxidant enzyme that neutralize toxic lipid peroxides.

2. Materials and Methods
2.1. HaCaT Cell Culture and Treatment with Cytokine Mixture (MIX)

The human transformed keratinocyte cell line (HaCaT), purchased from CLS (Cell
Line Service GmbH, Eppelheim, Germany), was seeded into T25 flasks and maintained in
complete Dulbecco’s modified Eagle’s medium (DMEM; Corning, AZ, USA), supplemented
with 10% foetal bovine serum (FBS) (Dominique Dutscher, Bernolsheim, France), 1% L-
Glutamine 2 mM (Eurobio, Les Ulis, France), and 1% penicillin/streptomycin antibiotics
(Eurobio, Les Ulis, France) at 37 ◦C with 5% CO2. To perform experiments, cells were
harvested using trypsin-EDTA (Biowest, Nuaillé, France), centrifuged at 1200 rpm for 3 min,
washed with PBS without calcium (Sigma-Aldrich, St. Louis, MO, USA), and resuspended
in complete DMEM. Approximately 5 × 103 cells/cm2 were seeded of onto glass round
coverslips (diameter 12 mm, BioSigma, Cona, Italy) placed into 24-well plates and cultured
for 3 days in complete DMEM, until reaching 70% confluence. HaCaT cells were then
induced to differentiate by adding 1.8 mM CaCl2 to the medium (Figure 2). The extracellular
CaCl2 concentration of 1.8 mM was selected to promote early keratinocyte differentiation
while preserving proliferative capacity over the experimental time frame [38].

Figure 2. Experimental design. MIX: psoriatic cytokines mixture. IL–17A: interleukin 17A; IL–22:
interleukin 22; IL–23: interleukin 23; TNF-alpha: Tumor Necrosis Factor alpha. FIX: fixation.
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On the 4th day, the cells were treated for a further 24 h (T24) or 48 h (T48) with a
combination (defined as MIX) of IL-17A (10 ng/mL), IL-22 (20 ng/mL), IL-23 (10 ng/mL)
and TNF-alpha (20 ng/mL) (PeproTech, London, UK) as reported in prior models [22,39].
MIX was added to DMEM medium always with 1.8 mM CaCl2 [40]. Untreated cells were
used as controls, and all experiments were repeated three times.

2.2. Transmission Electron Microscopy Analysis on HaCaT Cells

Cells were fixed with 3% glutaraldehyde in sodium cacodylate 0.1 M pH 7.3 for 1 h at
4 ◦C, post-fixed in 1% osmium tetroxide at room temperature and dehydrated through an
ascending series of ethanols.

Cells were embedded in Durcupan (Sigma Aldrich, St. Louis, MO, USA), cut to
obtain semithin sections (2 µm thickness), and then stained with toluidine blue (Sigma
Aldrich, St. Louis, St. Louis, MO, USA). Ultrathin sections (60 nm thickness) were obtained
using an Ultracut ultramicrotome (Reichert Ultracut R, Leika, Wien, Austria), stained with
uranyl acetate/lead citrate, and examined by Talos 120 electron microscope (ThermoFisher
Scientific Inc., Waltham, MA, USA).

2.3. Immunofluorescence Analysis for Intercellular Adhesion, Cell Differentiation, and Cell
Proliferation in HaCaT Cells

HaCaT cells were fixed with paraformaldehyde 4% diluted in PBS 0.1 M were first
washed with PBS buffer 0.1 M pH 7.4 at room temperature for 5 min. To block unspecific
binding sites, PBS with 0.2% Tween-20 and 1% albumin (PTA) blocking solution was used
for 20 min at room temperature with agitation. HaCaT cells were incubated with the
primary antibodies as reported in Table 1.

After repeated washes with PTA in agitation, the incubation with the secondary
antibodies was performed for 30 min at room temperature. Samples were then washed
three times for 10 min in PBS, and nuclei were counterstained for DNA with 0.5 µg/mL
Hoechst 33258 (Sigma–Aldrich, St. Louis, MO, USA) for 5 min. Finally, after two washes
with PBS, the slides were mounted with Mowiol 4-88 (Sigma Aldrich, St. Louis, MO, USA)
and samples were analyzed after at least 1 h at RT.

To determine the proliferative activity before and after treatment with MIX, DNA
synthesis was analyzed by measuring the incorporation of 5-bromo-2′-deoxyuridine (BrdU)
as previously described [41]. Briefly, 30 µM BrdU (Sigma-Aldrich, St. Louis, MO, USA) was
added to the culture medium for 1 h before cell fixation with 70% ethanol. To hydrolyze the
DNA molecule, the dishes were incubated with HCl 2 N for 30 min at room temperature and
then sodium tetraborate 0.1 M pH 8.5 was used for 15 min to neutralize the acid solution.
Cells were washed twice for 5 min in PBS, incubated for 20 min in the PTA blocking solution,
and with a mouse monoclonal anti-BrdU primary antibody (Table 1). Finally, after three
washes for 10 min in PTA, cells were incubated for 30 min with a secondary antibody anti-
mouse FITC-conjugated (Sigma-Aldrich, St. Louis, MO, USA), diluted 1:100. Samples were
washed thoroughly, and the nuclear DNA was counterstained with 0.5 µm/mL Hoechst
33258 (Sigma-Aldrich, USA). Finally, the coverslips were mounted in Mowiol 4-88 (Sigma
Aldrich, St. Louis, MO, USA).

Cells were analyzed for immunofluorescence nuclear positivity with a Zeiss Axiophot
Fluorescence microscope (Karl Zeiss, Oberkochen„ Germany) and all images acquired by
a Coolpix 950 Digital Camera (Nikon, Tokyo, Japan). For cell proliferation analysis, each
counting was repeated by three different operators, and at least 500 cells were counted for
each experimental condition.

Images were analyzed using FiJi software (ImageJ 1.54p). Briefly, nuclei were counted
using the find maxima tool and, after a background subtraction, the integrated intensity of
the green signal in the area covered by cells was evaluated. Data presented represents the
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ratio between integrated intensity and number of nuclei, thus providing an average signal
expression (evaluation) per cell.

Table 1. Primary and secondary antibodies for indirect immunofluorescence (IF) analysis and Western
blot (WB) on HaCaT cells. CLDN-1: Claudin 1; ZO-1: Zonula Occludens 1; K: Keratin; PTA: PBS
with 0,2% Tween-20 and 1% albumin; RT: Room temperature; O.N.: Over night; PBT: PBS with 0.2%
Tween-20; BSA: Bovine Serum Albumin.

Primary and Secondary Antibodies IF
(Dilution in PTA)

WB
(Dilution in PBT)

rabbit polyclonal anti-human CLDN-1
(ThermoFisher Scientific, Invitrogen, Carlsbad,
CA, USA)

1:100 2 h at 37 ◦C 1:1000 1 h at 37 ◦C

rabbit polyclonal anti-human ZO-1
(ThermoFisher Scientific, Invitrogen, Carlsbad,
CA, USA)

1:50 2 h at 37 ◦C 1:1000 1 h at 37 ◦C

mouse monoclonal anti-human K10
(Santa Cruz Biotechnology, Dallas, TX, USA)
rabbit monoclonal anti-human K10

1:100 2 h at RT 1:1000 1 h at 37 ◦C, then O.N. at 4 ◦C
1:500 1 h at 37 ◦C, then O.N. at 4 ◦C

(Bioss, Woburn, MA, USA)
mouse monoclonal anti-human K14
(Santa Cruz Biotechnology, Dallas, TX, USA)
rabbit polyclonal anti-K14
(Cell Signalling Technology, Danvers, MA, USA)

1:100 2 h at RT 1:1000 1 h at 37 ◦C, then O.N.at 4 ◦C
1:1000 1 h at 37 ◦C, then O.N. at 4 ◦C

mouse monoclonal anti-BrdU
(clone BU-1, Cytiva uk Ltd. Amersham, UK) 1:100 1 h at RT

goat anti-mouse Alexa Fluor 488
FITC-conjugated
(ThermoFisher Scientific, Invitrogen, Carlsbad,
CA, USA)

1:100 30 min at RT -

goat anti-rabbit Alexa Fluor 488 FITC-conjugated
(ThermoFisher Scientific, Invitrogen, Carlsbad,
CA, USA)

1:100 30 min at RT -

mouse monoclonal anti-GPX4 (Cell Signalling
Technology, Danvers, MA, USA) 1:500 O.N. at 4 ◦C

mouse monoclonal anti-HSP60 (ThermoFisher
Scientific, Invitrogen, Carlsbad, CA, USA) 1:1000 O.N. at 4 ◦C

goat anti-mouse HRP-conjugated (Cell Signaling
Technology, Danvers, MA, USA) 1:2000 1 h at 37 ◦C

goat anti-rabbit HRP-conjugated (Cell Signaling
Technology, Danvers, MA, USA) 1:2000 1 h at 37 ◦C

2.4. Western blot Analysis on HaCat Cells

HaCaT cells grown at the same cell density described above into T75 flasks were
differentiated with CaCl2 and treated on the 4th day with psoriatic MIX, or erastin 20µM or
RSL3 5 µM, or with the combination of MIX/erastin and MIX/RSL3 and harvested at T24
or T48 after treatment. Cells were dissolved directly in ice-cold cytoplasm isolation RIPA
lysis buffer-PAGE (150 mM NaCl, 50 mM HEPES, 1% NP-40, 0.1% SDS in distilled water)
with protease inhibitor cocktail (Cell Signalling Technology, Danvers, MA, USA) for 5 min
on ice. After centrifugation for 5 min at 500× g, the supernatants with protein cytoplasmic
fraction were collected. Total protein concentration was determined by using BCA assay
(PierceTM BCA Protein Assay Kit, 23225; Thermo Fisher Scientific, Carlsbad, CA, USA).

Cell lysate proteins (10–20 µg for each sample) were loaded onto an SDS-PAGE gel
with a specific percentage of polyacrylamide (7.5–15%) related to the detectable antigen.
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Proteins were then transferred by electroblot (Amersham, Little Chalfont, UK) onto a
nitrocellulose membrane (Amersham, Little Chalfont, UK).

The membrane was saturated for 30 min with blocking solution (PBS with 0.2%
Tween20 and 5% non-fat dried milk) to block unspecific binding of antibodies and then
incubated with the different primary antibodies (Table 1). Mouse monoclonal anti-HSP60
antibody (Invitrogen, Carlsbad, CA, USA, #MA3-012) was used as internal control (1:1000).
Three consecutive washes with TBS-0.1% Tween20 solution were followed by incubation
at room temperature with the secondary horseradish (HRP)-conjugated antibody. After
three TBS washes, the detection of the protein bands on the membrane was revealed by
chemiluminescence using the ECL detection kit (Euroclone, Milan, Italy). Images were
acquired using the Biorad Chemidoc. Images were cropped and bands quantified using
Image J (1.53e Java 1.8.0_172 version) with the values being calculated after normalization
to the amount of HSP60. All protein expression levels are presented as fold changes
normalized to 1 (mean expression of CTR cells). Each experiment was performed at least
in triplicate.

2.5. Determination of GSH Content

Approximately 5 × 103 HaCaT cells/cm2 were seeded into a 96-well plate and, on
the 4th day of treatment with CaCl2, cells were treated with erastin 20µM, RSL3 5 µM,
psoriatic MIX, combination of MIX/erastin and combination MIX/RSL3 and harvested at
T24 or T48 after treatment. Once the treatment was completed, GSH levels were evaluated
by following the instruction of the GSHG/GSSG-Glo Assay (Promega Italia, Milan, Italy).
All data are presented as fold induction normalized to 1 (mean values of CTR cells). Each
experiment was performed at least in triplicate.

2.6. Cytotoxicity Test

Approximately 5 × 103 HaCaT cells/cm2 were seeded into a 96-well plate and, on the
4th day of differentiation with CaCl2, cells were treated with erastin 20 µM, RSL3 5 µM,
psoriatic MIX, combination of MIX/erastin and combination MIX/RSL3 and harvested
at T24 or T48 after treatment. Once the treatment was completed, the MTT assay was
performed and the cell toxicity was evaluated by following the manufacture instructions of
the CellTox Green Cytotoxicity assay (Promega Italia, Milan, Italy). All data are presented as
fold induction normalized to 1 (mean values of CTR cells). Each experiment was performed
at least in triplicate.

2.7. ATP Determination

Approximately 5 × 103 HaCaT cells/cm2 were seeded into a 96-well plate and, on
the 4th day of treatment with CaCl2 for cell differentiation, cells were treated with erastin
20 µM, RSL3 5 µM, psoriatic MIX, combination of MIX/erastin and combination MIX/RSL3
and harvested at T24 or T48 after treatment. Once treatment was completed, ATP levels
were evaluated by following the manufacturer’s instructions of the Mitochondrial ToxGlo
assay (Promega Italia, Milan, Italy). All data are presented as fold induction normalized to
1 (mean values of CTR cells). Each experiment was performed at least in triplicate.

2.8. Detection of the Intracellular Fe2+ Levels

Approximately 5 × 103 HaCaT cells/cm2 were seeded into 6-well plates and, on the
4th day of treatment with CaCl2 for cell differentiation, cells were treated with erastin
20 µM, RSL3 5 µM, psoriatic MIX, combination of MIX/erastin and combination MIX/RSL3
and harvested at T24 or T48 after treatment. Then, cells were collected and labile iron was
assessed by using the Fe2+ fluorescent probe FerroOrange (1µM FerroOrange working
solution, Cell Signalling Technology, USA) at 37 ◦C for 30 min. Then, the iron level was
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detected by Cytek Northern Lights™ flow cytometer (Cytek Biosciences, Fremont, CA,
USA), that incorporates the Full Spectrum Profiling™ (FSP™) technology in a three-laser
system (405, 488, 603 nm). Dead cells were excluded using the Zombie Aqua™ Fixable
Viability Kit (Biolegend, San Diego, CA, USA). Samples containing only the Zombie Aqua™
dye were used as negative controls. Unstained samples were used to check the relative
cellular autofluorescence and subtract it from the analyzed samples. Data analysis was
performed with the FlowJo software (FlowJo, LLC, Ashland, OR, USA).

2.9. Statistical Analysis

The results are presented as mean ± SEM. Statistically significant differences were
obtained after carrying out the Mann–Whitney test for independent two-tailed samples
using Prism software (version 10.6.1; 799 SEpt. 8/2025). Differences were considered
statistically significant when the p-value was * p < 0.05, ** p < 0.01 or p ***< 0.001. Statistical
significance was reported when present.

3. Results
3.1. Structure and Ultrastructure Are Not Perturbed by Psoriatic-like MIX Treatment in
HaCaT Cells

Light microscopy analysis showed that no evident changes were observed in HaCaT
cells (Figure 3A). After 48 h of treatment with the cytokine mixture, cell cultures showed
rounded clusters of cells (Figure 3A, inserts). By TEM, the ultrastructural analysis showed
that the monolayer was flattened with cytoskeletal filaments (white arrows) and scattered
desmosomes (arrow heads) (Figure 3B). These observations are in accordance with the
ultrastructural features previously reported in the literature [42–44]. No evident differences
were observed among the different experimental groups at both experimental time points
(T24 and T48).

Figure 3. Cont.
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Figure 3. Morphological analysis of HaCaT cells. HaCaT cells after four days of differentiation with
CaCl2 were treated for T24 or T48 with MIX. (A) Phase contrast photomicrographs of keratinocytes.
In the upper right corner, a zoomed-in view of a specific area from each image. (B) Transmission
electron microscopy analysis of araldite ultrathin sections. CTR: control; MIX: cytokine mixture
Arrows: cytoskeletal filaments. Arrowheads: desmosomes. (A) Scale bar: 20 µm; (B) Scale bar: 1 µm.

3.2. Cell Adhesion, Differentiation, and Proliferation Are Affected by Psoriatic-like MIX Treatment
in HaCaT Cells

In HaCaT cells, in control conditions, CLDN-1 immunofluorescence was homoge-
neously distributed in the keratinocyte membrane at T24 and T48 (Figure 4A). After MIX
incubation, a clear decrease in the membrane immunostaining was detectable at both
experimental time points (Figure 4A). The total quantitative protein expression was not
changed after MIX incubation. (Figure 4B).

For the scaffold plaque TJ cytoplasmic protein ZO-1, a clustered intracellular distri-
bution was observed at T24 in control HaCaT cells, which is enhanced in T24 MIX group
(Figure 4C). Notably, a clear increase in this protein was evident in the control group at T48,
whereas in the MIX samples at T48, the immunostaining decreased and was comparable to
T24 groups (Figure 4C). Accordingly, ZO-1 total protein expression tendentially increased in
a time-dependent way in control samples from T24 to T48 (Figure 4D), whereas in samples
treated with MIX a tendency to decrease at T48 was confirmed (Figure 4D).

Regarding the changes in the expression of K14 and K10, it is important to note that
immunofluorescence was always localized in keratinocyte cytoplasm (Figure 5A,C). In
control HaCaT cells, K14 immunofluorescence intensity was increased at T48 (Figure 5A),
although the quantitative Western blot analysis did not show any differences (Figure 5B).
Notably, the presence of cytokine MIX induced an increase in both cytoplasmatic and
total K14 levels at T24, but not at T48 (Figure 5A,B). In the case of K10, both Western blot
and quantitative immunofluorescence analyses showed relatively stable expression levels
(Figure 5C,D).
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Figure 4. Expression of CLDN-1 and ZO-1 in HaCaT cells. HaCaT cells after four days of differenti-
ation with CaCl2 were treated for T24 or T48 with MIX. (A) Quantification of immunofluorescence
of CLDN-1; representative immunofluorescence images are shown. Nuclei are counterstained with
Hoechst 33258 (blue fluorescence). Scale bars: 10 µm. Data are presented as mean values ± SEM.
n = 3 independent experiments. ** p < 0.01. See Materials and Methods for immunofluorescence
quantification details. a.u. = arbitrary unit. (B) Quantification of immunoblot analysis of CLDN-1;
representative immunoblots are shown. The values were normalized to HSP60 and expressed as a
fraction of CTR cells normalized to 1. Data are presented as mean values ± SEM. n = 6 independent
experiments. (C) Quantification of immunofluorescence of ZO-1; representative immunofluorescence
images are shown. Nuclei are counterstained with Hoechst 33258 (blue fluorescence). Scale bars:
10 µm. Data are presented as mean values ± SEM. n = 3 independent experiments. * p < 0.05.
See Materials and Methods for immunofluorescence quantification details. a.u. = arbitrary unit.
(D) Quantification of immunoblot analysis of ZO-1; representative immunoblots are shown. The
values were normalized to HSP60 and expressed as a fraction of CTR cells normalized to 1. Data are
presented as mean values ± SEM. n = 3 independent experiments.
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Figure 5. Expression of K14 and K10 in HaCaT cells. HaCaT cells after four days of differentiation
with CaCl2 were treated for T24 or T48 with MIX. (A) Quantification of immunofluorescence of K14;
representative immunofluorescence images are shown. Nuclei are counterstained with Hoechst 33258
(blue fluorescence). Scale bars: 10 µm. Data are presented as mean values ± SEM. n = 3 independent
experiments. * p < 0.05. See Materials and Methods for immunofluorescence quantification details.
a.u. = arbitrary unit. (B) Quantification of immunoblot analysis of K14; representative immunoblots
are shown in the inset. The values were normalized to HSP60 and expressed as a fraction of CTR
cells normalized to 1. Data are presented as mean values ± SEM. n = 4 independent experiments.
(C) Quantification of immunofluorescence of K10; representative immunofluorescence images are
shown. Nuclei are counterstained with Hoechst 33258 (blue fluorescence). Scale bars: 10 µm. Data
are presented as mean values ± SEM. n = 3 independent experiments. See Materials and Methods for
immunofluorescence quantification details. a.u. = arbitrary unit. (D) Quantification of immunoblot
analysis of K10; representative immunoblots are shown in the inset. The values were normalized
to HSP60 and expressed as a fraction of CTR cells normalized to 1. Data are presented as mean
values ± SEM. n = 7 independent experiments.

In parallel, cell proliferation was analyzed. BrdU incorporation was consistently
observed in the nuclei of S-phase proliferating keratinocytes (Figure 6A). A quantitative
analysis of cell proliferation revealed no significant differences between the control and MIX
groups at T24 (Figure 6B). However, at T48 the number of proliferating cells statistically
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significantly increased in the control samples (Figure 6A,B). In contrast, the MIX treatment
resulted in a statistically significant decrease in proliferation at T48, bringing levels down
to those like T24 samples (Figure 6B).

Figure 6. Cell proliferation analysis on HaCaT cells. HaCaT cells after four days of differentiation
with CaCl2 were treated for T24 or T48 with MIX. (A) Qualitative and (B) quantitative analysis of
cell proliferation after BrdU incorporation. (A) Scale bars: 10 µm. (B) Percentage of BrdU-positive
proliferating cells versus total counted cells. Data are presented as mean values ± SEM. * p < 0.005,
** p < 0.01. n = 3 independent experiments.

3.3. GPX4 Expression in HaCaT Cells

The GPX4 protein expression after treatment with erastin was reduced. Interestingly
also the MIX and the combination MIX/erastin induced a decrease in the GPX4 protein ex-
pression (Figure 7). This effect was even more evident at T48, with a statistically significant
reduction compared to controls. As expected, RSL3, alone or in combination with MIX, had
no effect on GPX4 protein levels expression, as it acts on its enzymatic activity [36,37].
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Figure 7. GPX4 protein expression in HaCaT cells. HaCaT cells after four days of differentiation with
CaCl2 were treated for T24 or T48 with erastin 20µM or RSL3 5 µM or MIX or with the combination
MIX/erastin or MIX/RSL3. Quantification of immunoblot analysis of GXP4. Representative im-
munoblots are shown. The values were normalized to HSP60 and expressed as a fraction of CTR cells
normalized to 1. Data are presented as mean values ± SEM. * p < 0.05. n = 3 independent experiments.

3.4. Psoriatic-like MIX Treatment Induced Ferroptosis-like Changes in HaCaT Cells

In HaCaT cells, after treatment with erastin, the levels of GSH significantly decreased at
both T24 and T48, while, as expected, RSL3 treatment did not affect GSH levels (Figure 8A).
The MIX significantly decreased GSH levels at T48 of treatment, suggesting an involvement
of psoriatic-like cytokines in the induction of ferroptosis pathway. The treatment with the
combination of MIX/erastin significantly reduced the GSH levels at both T24 and T48. To
demonstrate the efficacy of the treatments on the induction of ferroptosis-like pathway
we also analyzed the cells availability and cell toxicity. MTT analysis showed that erastin
and RSL3 significantly reduced cell availability. Interestingly, treatments with the MIX
significantly decreased cell availability and the combination treatments MIX/erastin or
MIX/RSL3 further reduced it (Figure 8B). The cell toxicity analysis confirmed the data of
cell availability (Figure 8C). Iron deposition assay further revealed elevated intracellular
Fe2+ levels following treatment with RSL3, as expected (Figure 8D). Notably, MIX alone or
in combination with RSL3 also induced an increase in intracellular iron levels comparable to
those observed with RSL3 treatment (Figure 8D). These increases were more evident at T24
than T48. Altogether, these data (Figure 8A–D) strongly support the role of psoriatic-like
cytokines MIX in inducing ferroptosis-associated modifications.
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Figure 8. Analysis of ferroptosis induction in HaCaT cells. HaCaT cells after four days of differ-
entiation with 1.8 mM CaCl2 were treated for T24 or T48 with erastin 20µM or RSL3 5 µM or the
MIX or with the combination MIX/erastin or MIX/RSL3. (A) Evaluation of GSH levels. CTR: dotted
line. Data as fold induction relative to CTR (CTR = 1). Mean values ± SEM (n = 6), * p ≤ 0.05 vs.
CTR, ** p < 0.01 vs. CTR. (B) Cell availability. CTR: dotted line. Data as percentage relative to CTR
(CTR = 100%). Mean values ± SEM (n = 6), ** p < 0.01 vs. CTR. (C) Cell toxicity. CTR: dotted line. Data
as fold induction relative to CTR (CTR = 1). Mean values ± SEM (n = 6), * p ≤ 0.05 vs. CTR, ** p < 0.01
vs. CTR. All data are presented as fold induction normalized to 1 (mean CTR). (D) Intracellular iron
levels. Representative FACS gating strategy and bar chart representing FACS quantitative analysis.
In bar chart data represented as Relative Mean Fluorescence Intensity (MFI) = MFI samples with
FerroOrange (FerroOrange+)—MFI samples containing only the Zombie Aqua™ dye (US). Mean
values ± SEM (n = 3), * p ≤ 0.05 vs. CTR.
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To better understand whether the ferroptosis-inducers (erastin and RSL3) and MIX
could induce mitochondrial damage we tested ATP levels and performed the ultrastructural
analysis by transmission electron microscopy (Figure 9).

Figure 9. Mitochondrial ferroptosis-induced alterations in HaCaT cells. HaCaT cells after four
days of differentiation with 1.8 mM CaCl2 were treated for T24 or T48 with erastin 20 µM or RSL3
5 µM or the MIX or with the combination MIX/erastin or MIX/RSL3. (A) Transmission electron
microscopy analysis of araldite ultrathin sections. Scale bar: 200 nm. Arrow and arrowhead indicate
the ultrastructural mitochondrial modifications (see Results). (B) Evaluation of ATP levels. Mean
values ± SEM (n = 6), *** p < 0.001 vs. CTR, ## p < 0.01 vs. erastin. Data are presented as fold
induction relative to CTR (CTR = 1).

By TEM analysis, no morphological alterations were detected in any sample regarding
the mitochondrial fine structure at T24. At T48, both erastin and RSL3 alone induced only a
slight disarrangement of the cristae if compared with control cells and MIX-incubated cells
(Figure 9A). On the other hand, the combined incubation with one inducer of ferroptosis
and the MIX, profoundly affected the HaCaT ultrastructure. The mitochondrial mem-
brane was always well-preserved, but in the case of MIX/erastin treatment mitochondrial
cristae were completely absent (Figure 9A, arrow), while when cells were incubated with
MIX/RSL3 the mitochondrial matrix exhibited electron-dense aggregates (Figure 9A, ar-
rowhead, MIX/RSL3 representative images, left). Moreover, abundant lamellar bodies were
evident in the cytoplasm of MIX/RSL3-treated cells (Figure 9A, MIX/RSL3 representative
images, right).

Accordingly, ATP levels were decreased after treatments with erastin, RSL3 as well
as MIX and the combination treatments. The combination treatment MIX/erastin further
reduced it significantly after T48. These data suggest that MIX has a direct involvement
in the alteration of the activity of the mitochondria (Figure 9B). In presence of an inducer
of ferroptosis, not only the activity but also the structural integrity of mitochondria was
affected (Figure 9A).
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4. Discussion
The early pathogenetic mechanisms underlying psoriatic lesion formation remain

incompletely understood, particularly concerning the initial responses of epidermal ker-
atinocytes to a complex inflammatory environment. For this reason, in this study we
investigated the effects of a complex proinflammatory psoriatic cytokine milieu, focusing
on the IL-17/23 axis, on differentiated HaCaT keratinocytes. We focused on three key
biological processes characterizing psoriatic plaque formation—proliferation, differentia-
tion, and ferroptosis—taking into account the additive/synergistic effect upon a specific
cytokinic milieu.

As a study model, we used HaCaT cells, spontaneously transformed keratinocytes
derived from human epidermis. These cells have a wide range of applications due to their
ability to efficiently proliferate and, under the presence of calcium, to differentiate in vitro,
making them a valuable tool for approaching keratinocyte differentiation in vitro. In our
experiments HaCaT cells were treated with a cytokines MIX reproducing a psoriatic-like
inflammatory milieu.

Previous studies have shown that exposure of keratinocytes to individual cytokines
exerts distinct effects on proliferation and differentiation. In HaCaT cells exposed to IL-17
alone, the expression of the differentiation marker filaggrin and of many genes involved
in cellular adhesion was significantly decreased [45]. IL-22 alone significantly inhibited
differentiation, but not proliferation, in NHEK [46]. Conversely, the combination of IL-22
and IL-17 induced proinflammatory cytokine production without affecting keratinocyte dif-
ferentiation [47]. Two recent studies investigated the effects of a psoriasis-like inflammation
with a mixture composed of IL-17, IL-22, TNF-alpha, IFN-gamma, and KGF [48] or IL-17,
IL-22, TNF-alpha, oncostatin, and IL-1alpha [5] on keratinocytes. However, we trust that
the co-presence of IL-23, the master psoriatic cytokine [26,27], with the effector psoriatic
cytokines has not been fully explored strictly considering the differentiative keratinocyte
process and hence should be considered, thereby adding valuable new insights. To the
best of our knowledge, this is the first study investigating a complete psoriatic milieu on
differentiated human keratinocytes, to highlight the current established knowledge.

A first relevant observation concerns keratinocyte proliferation. Control HaCaT cells
exhibited a time-dependent increase in proliferative activity. In contrast, the exposure to
the cytokine MIX significantly reduced proliferation at T48 (Figure 6) and decreased cell
availability at both time points examined (Figure 8). These findings regarding cell prolifera-
tion are in line with previous observations obtained in 3D organotypic cultures of human
skin exposed to proinflammatory cytokines [35] and support the concept that the known
suprabasal hyperproliferation detected in advanced stages of the psoriatic lesions could
represent a late response to early cytokine-induced injury affecting epidermal keratinocytes.

Regarding intercellular adhesion, control HaCaT cells showed a progressive in-
crease in CLDN-1 and ZO-1 immunofluorescence over time, reflecting ongoing calcium-
induced differentiation. Conversely, the cytokine MIX selectively impaired membrane-
associated CLDN-1 immunostaining, while total CLDN-1 protein levels remained un-
changed (Figure 4), with an apparent discrepancy between immunofluorescence analysis
and total protein content of CLDN1. We can hypothesize that our experimental proin-
flammatory microenvironment induced a CLDN1 mislocalization and/or disassociation
without affecting the total protein amount, as previously reported in stimulated HaCaT
cells [49–51]. In parallel, the MIX affected ZO-1 distribution and, to a lesser extent, ZO-1
total protein expression (Figure 4).

These observations are in accordance with evidence describing tight junction remod-
elling in early psoriatic plaques within the suprabasal layers [17]. The different effect
exerted by the MIX on the two TJ proteins can be explained considering that the role of
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CLDN-1 is exclusively involved in intercellular adhesion, while ZO-1 plays a broader
role, contributing not only to TJs formation during differentiation but also to cell prolifera-
tion [52,53]. A similar correlation between ZO-1 and cell proliferation induced by psoriatic
cytokines MIX exists in the 3D setting [35].

We next evaluated keratin expression as a marker of cell differentiation. Consistent
with the enhanced proliferation activity herein reported (Figure 6) and with previous
reports describing the coexistence of proliferation and early differentiation in calcium-
treated HaCaT cells [38], cytoplasmatic K14 displayed an increasing expression trend in
control samples at T48 as evidenced by immunofluorescence analysis, although same
results are not reflected by total K14 protein levels (Figure 5). This apparent discrepancy
likely reflects changes in K14 filament organization rather than overall expression and
is compatible with the intermediate differentiation state of our HaCaT model. Notably,
following 24 h of exposure to the psoriatic cytokine MIX, an increase in K14 levels was
observed (Figure 5A,B). These results mirror some observations in psoriatic epidermal
lesions reporting enhanced and more widespread expression in the suprabasal layers of the
basal/proliferative marker K14 [54]. At T48, however, no statistically significant differences
in K14 protein levels were detected between control and MIX-treated cells (Figure 5A,B).

Both Western blot and quantitative immunofluorescence analyses were instead agreed
in revealing relatively stable K10 expression levels (Figure 5C,D). These findings sug-
gest that, during the early phases of exposure to a psoriatic cytokine environment, K10
expression is not markedly affected. This interpretation does not contradict previous
reports demonstrating cytokine-dependent modulation of K10/K14 expression during
keratinocyte differentiation and stress responses [55,56], but rather indicates that such
changes may become more pronounced at later experimental time points or under different
experimental conditions.

Interestingly, in our experimental conditions, keratinocyte proliferation persisted
during the differentiation process (Figure 6), as previously reported by Wilson et al. [57].
Up to now, the correlation between HaCaT cell proliferation and differentiation has been
studied in other different experimental conditions [56,58,59]. In our setting, HaCaT cells
cultured in the presence of calcium for a short time represent a 2D cell model mimicking an
initial phase of epidermal differentiation, similar to that detected in the lowest layers of the
spinous epidermal compartment where the calcium gradient progressively increases from
the basal layer towards the most differentiated granular cells [60].

Beyond proliferation and differentiation, our study provides new insight into the
potential involvement of ferroptosis-related pathways in early psoriatic keratinocyte re-
sponses. Exposure to the cytokine MIX significantly decreased GPX4 expression (Figure 7),
in accordance with recent experimental and clinical studies reporting reduced GPX4
expression, enhanced lipid peroxidation, and mitochondrial alterations in psoriatic le-
sions [30,33,61–63]. However, the functional role of ferroptosis in psoriasis remains debated,
with conflicting evidence suggesting either a pathogenic contribution or a compensatory,
potentially protective response. Our data support a model in which inflammation and
ferroptosis are not mutually exclusive but rather represent interconnected processes. Specif-
ically, cytokine-induced oxidative stress may prime keratinocytes for ferroptosis, while
ferroptosis-associated cellular damage may, in turn, amplify inflammatory signalling. Con-
sistently, the cytokine MIX depleted intracellular GSH levels, impaired ATP production
(Figures 8 and 9), and sensitized keratinocytes to ferroptosis inducers such as erastin and
RSL3 (Figures 7–9). Consistently, cytokine MIX also induced an increase in intracellular
iron levels at T24, and to a lesser extent at T48 (Figure 8). These findings indicate that a
proinflammatory psoriatic environment can lower the antioxidant capacity of keratinocytes,
thereby facilitating ferroptosis-like changes. Notably, treatment with the cytokine MIX
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alone did not induce overt mitochondrial ultrastructural damage, although it significantly
reduced ATP levels, suggesting an early functional mitochondrial impairment. Structural
mitochondrial alterations became evident only in presence of ferroptosis inducers com-
bined with the cytokine MIX (Figure 9), indicating that the psoriatic inflammatory milieu
acts as a sensitizing factor rather than a direct trigger of terminal ferroptotic damage. This
distinction supports the use of the term “ferroptosis-like changes” to describe our findings.

Ultrastructural analyses further revealed differential mitochondrial responses to
erastin and RSL3, consistent with their distinct molecular targets within the ferroptotic
cascade (Figure 1). In the case of the MIX/erastin incubation, the disappearance of the
mitochondrial cristae suggested a direct and profound effect on these organelles, while
the treatment with MIX/RSL3 induced an uneven disarrangement of the subcellular mi-
tochondrial organization accompanied by abundant cytoplasmic multilamellar bodies.
These structures may represent storage compartments for oxidized material normally
eliminated by autophagy, a process that may be impaired under our experimental proin-
flammatory conditions. Overall, these subcellular observations add new insights into the
cellular/molecular events triggered by these two ferroptotic agents in the presence of a
psoriatic proinflammatory milieu.

5. Conclusions
Despite certain limitations of the present study, such as the lack of functional rescue

experiments using ferroptosis inhibitors, our data demonstrate that exposure of differenti-
ated keratinocytes to a complete psoriatic cytokine microenvironment is sufficient to affect
early differentiation and intercellular adhesion while simultaneously priming ferroptosis-
related pathways. This experimental model provides a useful platform for investigating
early pathogenic events in psoriasis and for exploring the interplay between inflammation,
oxidative stress, and regulated cell death, potentially opening new perspectives for targeted
therapeutic strategies. Some small molecules, such as JAK inhibitors, which are part of the
armamentarium for psoriasis treatment, can interfere—at a diverse level—with ferroptosis;
elucidating the relationship between the inflammatory psoriatic milieu and ferroptosis may
further support the potential clinical relevance of ferroptosis-modulating approaches in
psoriasis management.
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The following abbreviations are used in this manuscript:

CLDN-1 Claudin 1
ZO-1 Zonula Occludens 1
CTR Control
MIX Psoriatic cytokine mixture
BrdU 5-bromo-2′-deoxyuridine
K Keratin
IL Interleukin
GSH Glutathione
GPX4 Glutathione peroxidase 4
ERA Erastin
TEM Transmission Electron Microscopy
BSA Bovine Serum Albumin.
PBS Phosphate-Buffered Saline solution
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