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INTRODUCTION

Psoriasis — a chronic inflammatory skin disease affecting 2-3% of the
world’s population [1]. While systemic biologics are an advanced treatment
option, they are limited by variable responses and adverse effects [2].
Therefore, a deeper understanding of the underlying disease mechanisms is
essential for developing more effective, targeted therapeutic strategies.

Emerging evidence indicates that mitochondrial alterations play a
significant role in psoriasis pathogenesis [3—7]. In particular, mitochondrial
network disorganisation [4] and increased production of reactive oxygen
species (ROS) [3] have been identified as key contributors to disease
progression. Mitochondrial homeostasis depends on balanced fission and
fusion processes, which may become disrupted under inflammation, promoting
mitochondrial fragmentation and oxidative stress [8]. Pharmacological
targeting of dynamin-related protein (Drpl), a key regulator in mitochondrial
fission, and mitochondrial ROS may help to elucidate the mechanistic links
between mitochondrial changes and psoriasis progression. It remains unclear
whether keratinocytes and fibroblasts, critical cellular players in psoriasis
development, undergo such mitochondrial alterations and whether these
alterations contribute to the propagation of psoriatic inflammation.

In response to cellular stress, mitochondria undergo structural remodelling,
including changes in cristae architecture, which directly influence respiratory
efficiency and ROS generation [9,10]. Recent advances in super-resolution
microscopy have enabled the investigation of cristae dynamics in living cells
[11]; however, this field remains in its early stages. Elucidating how cristae
structural alterations relate to mitochondrial function may provide valuable
insights into psoriasis pathogenesis and highlight their potential as therapeutic
targets.

Plant-derived extracts are well known for their anti-inflammatory and
antioxidant activities and have been explored as potential treatments for
inflammatory skin disorders. For example, extracts obtained from Melissa
officinalis L., commonly known as lemon balm, demonstrated a significant
alleviation of symptoms associated with atopic dermatitis and psoriasis
[12,13]. Despite these promising effects, their therapeutic application is
limited by poor skin and cellular penetration, as well as rapid oxidative
degradation in biological fluids, which restricts the attainment of effective
concentrations at target sites.

In recent years, plant-derived nanovesicles have gained attention as
a potential alternative, owing to their intrinsic bioactivity and improved
bioavailability [14—16]. Notably, lemon balm extracts have been reported to



reduce DNA damage in UVB-exposed keratinocytes [17] and to markedly
suppress epidermal hyperplasia and scaling in psoriasis in vivo models [18].
However, the therapeutic potential of lemon balm-derived nanovesicles
remains largely unexplored, particularly with respect to their effects on
mitochondrial function in inflamed skin cells.

Aim and objectives

The doctoral thesis aims to characterise mitochondrial alterations in
psoriasis-like inflammation-induced skin cells, with a focus on mitochondrial
morphology and function, and assess the therapeutic potential of lemon balm-
derived nanovesicles.

Objectives

1. To induce psoriasis-like inflammation (PLI) in human keratinocyte
and fibroblast cell cultures using a cytokine cocktail comprising IL-17,
IL-22 and TNF-a.

2. To analyse mitochondrial morphology, membrane potential, ROS pro-
duction and bioenergetics changes in PLI-induced skin cells.

3. To assess Drpl and mitochondrial ROS role in mitochondrial fragmen-
tation and secretion of psoriasis-related proinflammatory mediators in
PLI-induced skin cells.

4. To determine the impact of lemon balm-derived nanovesicles on bioe-
nergetic processes, mitochondrial morphology, and mitochondrial ROS
production of PLI-induced skin cells.

5. To evaluate the role of lemon balm-derived nanovesicles in regulating
proinflammatory cytokine secretion and inflammatory signalling path-
ways associated with disease propagation in PLI-induced skin cells.

Novelty and relevance of the scientific work

This work provides novel evidence on (1) establishing mitochondria
as central regulators of psoriasis-like inflammation, demonstrating that
coordinated alterations in mitochondrial network, cristae architecture,
bioenergetics and mitoROS production occur both in keratinocytes and
fibroblasts, with distinct cell-type specific temporal dynamics; (2) the
mechanistic link between mitochondrial alterations and inflammatory
signalling, by identifying processes such as Drpl-mediated fission and
mitoROS accumulation as key contributors. The study also highlights (3) the
importance of integrating mitochondrial ultrastructure, particularly cristae
dynamics, into the understanding of psoriasis, demonstrating that cristae
disassembly occurs alongside impaired bioenergetics and inflammatory
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activation, suggesting their functional relevance. Lastly, the study de-
monstrates (4) previously unrecognised therapeutic potential of LB-NVs to
directly modulate mitochondrial function under inflammatory conditions,
demonstrated by LB-NVs restoring bioenergetics and mitochondrial network
integrity.

Taken together, these mechanistic and translational insights establish
a foundation for developing mitochondria-targeted strategies, including
nanovesicle-based approaches, for the treatment of inflammatory skin
diseases.
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1. LITERATURE REVIEW

1.1. Psoriasis

Psoriasis is a common, chronic inflammatory skin disease, which is
characterised by red, scaly skin plaques that tend to form on the elbows,
knees, and scalp. The global prevalence is 4.4% and in Europe is 4.6% [19]
which makes it one of the most common immune-mediated skin disorders.
Out of five clinical forms of psoriasis, plaque psoriasis is the most common,
affecting 85-90% of patients. The guttate form is marked by the sudden onset
of erythematous plaques and typically affects children following a type A
streptococcal tonsil infection [2]. Inverse psoriasis is most commonly found
in the armpits, groin, or other skin folds, while localised pustular psoriasis
usually affects the palms, soles, and fingertips [20]. Pustular psoriasis is
characterised by sterile pustules and erythema. It can be much more severe,
with patients developing fever, fatigue, and pain [2]. Finally, the rarest and
most life-threatening form is erythrodermic psoriasis, in which generalised
inflammatory erythema covers at least 75% of the body surface. This
condition disrupts normal body temperature and fluid balance, and patients
are at increased risk of infection, pneumonia, and heart failure [21].

Over 100 genetic regions have been implicated in increasing the risk
of psoriasis, with some of the best-characterised variants — HLA-C-06:02,
IL12B, IL23A4, ILI9RA. Nevertheless, a genetic predisposition alone does not
ensure disease development. Environmental triggers — including infections,
skin trauma, smoking, obesity and psychological stress — play a significant
role in initiating the condition and the driving disease [1].

Research shows that the inflammation characteristic of psoriasis is
not limited to the skin but also affects other organ systems. For example,
compared to healthy individuals, psoriasis patients exhibit hyperlipidemia,
hypertension, coronary artery disease, and type Il diabetes. It is also known that
such inflammation can eventually lead to psoriatic arthritis [22]. Moreover,
patients with psoriasis frequently experience depression and anxiety [23].
Therefore, it is recognised that this condition is a systemic disease that can
significantly impact patients’ quality of life.

1.1.1. Pathogenesis of psoriasis

Psoriasis is considered a T cell-mediated disease that depends on the
communication between cells of the innate and adaptive immune systems,
with dendritic cells and keratinocytes playing key roles. Although the disease
is recognised as an immune system disorder, interestingly, at the very onset,
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there are not enough immune cells present to activate an immune response.
Therefore, it is believed that in the initial phase of the disease, environmental
factors activate keratinocytes through innate immune effectors such as Toll-
like receptors, prompting them to release various signalling molecules [24].
This phase is followed by chronic inflammation, maintained by a positive
feedback loop in which activated immune cells promote uncontrolled
keratinocytes proliferation. This further amplifies the immune response [25].

The currently known mechanism of psoriasis pathogenesis is presented
in Figure 1.1.1.1. The initial phase may be triggered by infection, stress,
hormonal changes, or mechanical injury; however, the exact events remain
unknown. It is believed that after such skin damage, keratinocytes release
autoantigens such as the cathelicidin LL-37. It forms complexes with self-
DNA or RNA and activates plasmacytoid dendritic cells (pDCs) via the
TLR-9 and TLR-7 receptors, respectively [26].

pDCs are rare immune cells distinguished from conventional dendritic
cells (cDCs) by their high secretion of type I interferons (IFNs). IFNs, in turn,
activate antigen-presenting cDCs, which bridge innate and adaptive immune
responses [26]. Once activated, they migrate to lymph nodes, where they
activate T cells by presenting antigens and secreting cytokines such as tumor
necrosis factor (TNF-a), IL-12, and IL-23. This cytokine milieu drives the
differentiation of T helper (Th) 1, Th17, and Th22 cells, which secrete [FN-y
and TNF-q, IL-17 and IL-22, respectively.

It is believed that Th17 is the overall activator of the “feed-forward”
inflammatory response, which amplifies and extends to the activation and
recruitment of Th1 and Th22 cells into psoriatic lesions. Abnormal thickening
of the epidermis is associated with STAT3 activation, which is activated by
IL-22. Moreover, TNF-a functions both as an upstream inducer of ¢cDCs for
IL-23 synthesis and synergizes with IL-17. Overall, IL-17, IL-22 and TNF-a
drive a self-amplifying loop, leading to hyperplastic and inflamed plaques
[2,27] (Fig. 1.1.1.1)
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Fig. 1.1.1.1. Current concepts of the pathogenesis in psoriasis

Following skin injury, keratinocyte-derived LL37 forms complexes with DNA or RNA ac-
tivating plasmacytoid dendritic cells (pDCs) via TLR9 and TLR7, respectively. This induces
interferon production, stimulating conventional dendritic cells to activate Thl, Th17, and
Th22 cells through IL-12, IL-23, and TNF-a release. The resulting cytokine loop (IL-17,
IL-22, TNF-a) promotes keratinocyte activation, inflammation, and hyperproliferation.

Adapted from [26].

It is believed that such an inflammatory environment promotes increased
keratinocyte proliferation and the secretion of additional pro-inflammatory

cytokines (IL-1, IL-6), chemokines (CXCL1-3, CXCLS,

CXCLS,

CCL5), and antimicrobial peptides (S100A7/8/9, B-defensin 2, LL-37,
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SKALP/Elafin). These mediators further activate immune cells, sustain the
psoriatic inflammatory response, and contribute to epidermal thickening
[2,26,28]. In parallel, the cytokine milieu promotes vasodilation and
angiogenesis, leading to erythema.

These processes partly explain psoriasis pathogenesis; however, due
to the overlapping mechanisms of the immune system and the abundance
of different cell types involved as the disease progresses, some aspects
may remain overlooked — especially the limited understanding of innate
immune system activity. For example, one of the first cell types to respond to
keratinocyte-derived signals is neutrophils, which, as shown in studies, can
induce skin inflammation even without T-cell involvement [29]. In addition,
fibroblasts, which are in constant contact with both immune cells and the
epidermis, exhibit increased oxidative stress, which triggers inflammation
and stimulates keratinocyte proliferation [30].

1.1.2. Mechanistic overlap between psoriasis and atopic dermatitis

Atopic dermatitis and psoriasis have been considered as distinct skin
diseases with specific pathogenetic mechanisms. However, studies show
that a distinct group of patients displays overlapping clinical and histological
features [31].

Atopic dermatitis (AD) is primarily driven by Th2 cell-mediated responses,
which are characterised by the production of IL-4 and IL-13. These cytokines
downregulate key skin barrier proteins (filaggrin, involucrin, loricrin) and
promote B cells to secrete IgE, which triggers allergic inflammation. These
changes lead to skin barrier disruption.

The mechanistic overlap between AD and psoriasis stems from a mixed
Th2/Th17/Th22 immune environment. Many patients with both diseases
show simultaneous elevation of IL-17 and IL-22 in lesional skin, alongside
Th2 cytokines. This mixed milieu drives both keratinocyte hyperproliferation
and barrier disruption. Large proportion of risk loci are shared between the
two diseases: 81% of gene disruptions in AD also altered in psoriasis, proving
a common molecular background to co-express both pathways [32]. The
overlapping cases of psoriasis and AD were shown in severe AD or treatment-
resistant cases. There, IL-17 and IL-22 involvement was detected, and they
contributed to epidermal hyperplasia and barrier dysfunction [33,34]. An
overlapping phenotype is also observed in Asian AD, recently developed
pediatric AD, and non-allergic (intrinsic) AD, which has normal IgE levels.

Therapies targeting a single immune pathway may sometimes bypass
the inhibited pathway, leading to disease worsening. This is especially
important in individuals with overlapping disease phenotypes. IL-4
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inhibition with dupilumab, have proven highly effective in AD by attenuating
Th2-mediated inflammation and lowering IgE levels [35]. Nevertheless,
this targeted approach may unintentionally promote Thl/Thl7-driven
responses, potentially exacerbating psoriatic features [36—38]. This apparent
contradiction highlights the importance of developing therapeutic strategies
that can modulate multiple immune pathways concurrently while avoiding
the induction of compensatory inflammatory mechanisms.

The psoriasis-AD overlap phenotype is a complex clinical condition that
requires personalised therapeutic approaches.

1.1.3. Current state of psoriasis therapies

The treatment strategies account for psoriasis severity, the presence of
psoriatic arthritis, and other diseases. The International Psoriasis Council
classifies patients as suitable for topical therapy or systemic therapy. The
latter is defined as meeting at least three criteria: psoriasis at special sites like
the scalp, face, palms and soles, and genitalia; more than 10% of the body is
affected; and, lastly, non-responsiveness to topical therapy [39].

Treatment of mild psoriasis — typically involving <3—5% of body surface
area — primarily relies on topical therapies (Table 1.1.3.1). Topical cortico-
steroids provide anti-inflammatory, anti-proliferative and vasoconstrictive
effects, while vitamin D analogues slow keratinocyte proliferation and
promote their differentiation. Calcineurin inhibitors suppress T cell activation,
keratolytics reduce keratinocyte build-up and help remove scales, and targeted
phototherapy induces apoptosis of cutaneous T cells. With prolonged use of
corticosteroids, adverse effects may occur, such as skin atrophy, dilation of
broken blood vessels, and scars resulting from tearing of the skin’s connective
tissue. Also, abrupt discontinuation can trigger a rebound flare. Other
topical agents frequently cause skin irritation, burning, pruritus and oedema,
sometimes making further treatment modification necessary [2].

Table 1.1.3.1. Current therapies of psoriasis

Type of drug

| Mechanism of action

| Limitations

Topical therapy

Corticosteroids (fluticasone
propionate, betamethasone
dipropionate)

Downregulate pro-
inflammatory cytokine gene
expression

Skin atrophy, telangiectasia,
striae

Vitamin D analogues
(Calcitriol; combination
calcipotriene/calcipotriol)

Inhibit keratinocyte
proliferation and promote
differentiation via vitamin D
receptor activation

Skin irritation, burning,
pruritus, edema
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Table 1.1.3.1 cont.

Type of drug

Mechanism of action

Limitations

Topical calcineurin
inhibitors (Tacrolimus,
pimecrolimus)

Suppress IL-2 and IFN-y
production and thereby
prevent T-cell activation

Burning, pruritus

Keratolytics (Tazarotene,
Salicylic acid)

Reduce keratinocyte build-up
and help remove scales

Irritation, burning

Phototherapy Induce apoptosis of cutaneous | Pigmentary disorder,
T cells carcinogenesis

Oral agents

Deucravacitinib Tyrosine Kinase 2 (TYK?2) Infections
inhibitor leading to inhibition
of signalling pathways os
IL-12, IL-23 and IFN I, thus
reduce Th17 cell activation

Methotrexate Blocks dihydrofolate Bone marrow suppression,
reductase, slowing nucleotide |liver fibrosis, pulmonary
synthesis in activated T cells | toxicity
and keratinocytes, thereby
reducing proliferation and
inflammation

Ciclosporin Systemic calcineurin inhibitor, | Nephrotoxicity,
stops T-cell activation via hypertension, increased risk
blocking IL-2 transcription of infection,

Acitretin Synthetic retinoid, Teratogenicity in women of
normalize keratinocytes childbearing age
hyperproliferation and
decrease IL-6 and IFN-y

Fumarates Small molecules inhibiting Gastrointestinal intolerance
maturation of dendritic cells,
inducing T cell apoptosis.

Apremilast Phosphodiesterase-4 Gastrointestinal disturbance,
inhibitor, which activates worsening of depression
PKA by increasing cAMP.

This results in reduction of
proinflammatory cytokines

Biologics

TNF inhibitors

Adalimumab Human IgG1 monoclonal Infections, hypersensitivity,
antibody targeting TNF hepatitis B reactivation,

Certolizumab pegol PEGylated Fab fragment of | demyelinating disease

IgG1 targeting TNF

risk, congestive heart
failure, lupus, malignancy,
paradoxical psoriasis
eruptions
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Table 1.1.3.1 cont.

Type of drug Mechanism of action Limitations
Infliximab Chimeric monoclonal In addition to events
antibody targeting TNF above, cases of liver
damage, stroke, myocardial
infarction, and cardiac
arrhythmias.
IL-17 inhibitors
Secukinumab Human IgG 1k monoclonal Exacerbation of
antibody targeting IL-17A inflammatory bowel disease,
Ixekizumab Human IgG4x monoclonal infections, hypersensitivity,
antibody targeting IL-17A liver injury, suicidality
Brodalumab Human IgG2 monoclonal
antibody targeting IL-17RA
(Blocks activity of IL-17A,
IL-17F, IL-17C and IL-17E)
1L-12/IL-23 and IL-23 inhibitors
Ustekinumab Human IgG1x monoclonal Increased cardiovascular
antibody targeting the p40 risk, infections,
subunit of IL-12 and IL-23 hypersensitivity,
malignancy
Guselkumab Human IgGI1A Infections, hypersensitivity,
monoclonal antibody targeting | liver injury
the p19 subunit of [L-23
Risankizumab Humanized IgG1 monoclonal
antibody targeting p19 subunit
of IL-23

Other available treatment options include oral agents such as deucrava-
citinib, methotrexate, apremilast, acitretin, fumarates and cyclosporine.
These are systemic therapies whose mechanisms of action and safety profiles
differ substantially, and their use is generally reserved for patients with more
extensive disease [1,2] (Table. 1.1.3.1).

The most significant therapeutic advancement in the treatment of psoriasis
has been the development of biologic therapies, which target the key
inflammatory cytokines that drive disease pathogenesis. There are 4 main
classes: TNF, IL-17, IL-12/23 and IL-23 inhibitors. TNF-a inhibitors are
the earliest-approved group. Within this class, adalimumab is a fully human
monoclonal antibody, while infliximab is a chimeric antibody. Certolizumab
pegol, in contrast, is a polyethylene-glycol (PEG) conjugated antibody
fragment. PEGylation lowers the molecule’s immunogenic potential and
extends its circulating half-life. Importantly, certolizumab is unique among
biologics because it does not cross the placental barrier. Within the IL-17
inhibitor group, secukinumab and ixekizumab selectively neutralize IL-17A
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and have shown strong therapeutic effects. In patients with nail psoriasis,
ixekizumab has been shown to markedly improve nail appearance and reduce
nail-related symptoms. Brodalumab differs in its mechanism by binding to
the IL-17 receptor A (IL-17RA), which blocks signalling from several I1L-17
family cytokines, including IL-17A, IL-17F, IL-17C, and IL-17E. The
IL-12/23 inhibitor class is represented by ustekinumab, which targets the p40
subunit of IL-12 and IL-23 and was the first biologic of this group to receive
approval. Its use has been accompanied by discussions about a possible
increase in cardiovascular risk, prompting more careful patient selection.
Newer agents, such as guselkumab and risankizumab, selectively block the
p19 subunit of IL-23 and have demonstrated excellent clinical outcomes in
psoriasis. Risankizumab, in particular, has shown notable effectiveness in
improving nail involvement [1,2].

While biologic therapies have demonstrated substantial clinical efficacy,
they are also associated with so-called paradoxical reactions. For instance,
psoriasis may shift toward an AD-like phenotype during treatment. Such
reactions have been reported across multiple biologic classes, but appear to
occur more frequently with IL-17 and IL-23p19 inhibitors [40]. In addition,
treatment with IL-17A-neutralising antibodies (e.g., ixekizumab or secuki-
numab) has been associated with the development of other inflammatory skin
conditions, such as urticaria and eczema [41]. Similarly, TNF-a inhibitors
(e.g., infliximab) have been reported to induce lupus erythematosus [42,43].

Biologic treatments have transformed psoriasis management, yet their
long-term efficacy varies widely among patients. A key issue is that some
patients never experience a therapeutic benefit — a phenomenon known as
primary treatment failure — whereas many others initially improve but later
relapse, often months or years after treatment begins, which is referred to as
secondary failure. The precise mechanisms driving both treatment failures
are unknown [44]. Several contributing factors may include the development
of anti-drug antibodies, which lead to insufficient drug levels, and high body
mass index [45]. Also, biologic therapies carry a very high financial burden in
Europe, with annual treatment expenses commonly ranging €10.000-€20.000
per patient [46]. Moreover, due to their high cost, access to biologic agents
is strictly regulated, with reimbursement generally restricted to patients
who demonstrate inadequate response, intolerance, or contraindications to
conventional systemic therapies [47].

Overall, biologics remain effective but limited by inconsistent long-term
effectiveness, immune complications, high costs and limited accessibility.
These challenges highlight the necessity for therapies that are safer, longer-
lasting and more economically accessible.
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1.1.4. Keratinocytes and fibroblasts in psoriasis

Recent evidence highlights keratinocytes and fibroblasts as key regulators
of psoriasis-associated inflammation, positioning them as important targets
for mechanistic and therapeutic studies. They are the principal structural
cells of the skin, residing in the epidermis and dermis, where they maintain
tissue integrity and homeostasis. Keratinocytes form the outer barrier and act
as the first responders to environmental and inflammatory stimuli, rapidly
producing cytokines, chemokines, and antimicrobial peptides [48].

The epidermis consists of approximately 10 cell layers, including basal,
spinous, granular and cornified (stratum corneum, SC) layers (Fig. 1.1.4.1).
Keratinocytes proliferate in the basal layer and differentiate as they move
upward, producing structural proteins (keratins 5/14, 1/10 and 6/16/17). In
the granular layer, nuclei degrade and keratins condense, while cornified
envelope (CE) precursor proteins (loricrin, involucrin, small proline-rich
proteins) are cross-linked by transglutaminase to form an insoluble protein
layer beneath the plasma membrane that ultimately replaces it, known as the
CE. The outermost corneocytes are flattened, enucleated cells embedded in
lipid-rich intercellular lamellae derived from lamellar granules, forming the
“brick and mortar” barrier that protects against water loss and pathogens.

Main differences between normal and psoriatic epidermis are depicted in
Fig. 1.1.4.1. In psoriasis, keratinocyte replacement rate is accelerated (6—8 vs
40 days), with increased expression of keratins 6/16/17. The granular layer
is often absent, corneocytes retain nuclei and SC becomes thickened and
disorganised. CE precursors are expressed prematurely in the spinous layer,
while lipid secretion from lamellar granules is impaired, leading to barrier
dysfunction, increased water loss and scaling. Altered desmosomal regulation
and impaired corneodesmosome degradation further promote corneocyte
retention. Additionally, increased keratinocyte-derived antimicrobial peptides
promote immune cell recruitment, driving epidermal infiltration by dendritic
cells, T cells and neutrophils.

Interestingly, keratinocytes also participate in disease relapse as they
can retain long-term inflammatory memory. They preserve open chromatin
regions, often referred to as memory domains, following cytokine activity.
Specifically, cytokines induce histone modifications to increase chromatin
accessibility, allowing transcription factor (STAT3, FOS-JUN) to establish and
maintain these memory domains. Even after inflammation resolves, certain
histone modifications and transcription factors persist, keeping genes ready
for rapid reactivation. Upon secondary challenge (wounding, infections), this
leads to renewed cytokine production and contributes to the recurrence of
psoriatic lesions in the same anatomical location [49—51].
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Fig. 1.1.4.1. Comparison of epidermis and dermis in normal and
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In normal epidermis, keratinocytes proliferate in the basal layer and differentiate upward,
forming an organised, enucleated cornified layer within a lipid-rich matrix. In psoriasis, kera-
tinocytes show increased K6/16/17 expression, impaired differentiation, premature cornified
envelope formation, defective lipid secretion, and retention of nuclei, resulting in a disorga-
nised barrier. Elevated antimicrobial peptides further drive immune cell infiltration. In the
dermis, homeostatic fibroblasts regulate ECM, whereas in psoriasis, secreted frizzled-related
protein 2 expressing fibroblasts adopt a proinflammatory phenotype, with reduced collagen
production and increased cytokine and growth factor secretion, promoting immune recrui-
tment and epidermal hyperproliferation. Adapted from [52,53].



Dermal fibroblasts are arranged into two main layers: papillary and
reticular fibroblasts, found in the superficial and deeper dermis, respec-
tively (Fig.1.1.4.1). Papillary fibroblasts are abundant, highly proliferative,
and support immune surveillance. Reticular fibroblasts, express cytoske-
letalmobility genes and mainly synthesize type I collagen and mature
elastic fibers. Together they form a fibroblastic cell population that includes
progenitorlike mesenchymal cells, mature ECM-producing fibroblasts,
and specialized subtypes (e.g. myofibroblasts). In the steady state they
support skin homeostasis by regulating ECM, secreting growth factors that
drive keratinocyte proliferation, differentiation and provide a reservoir of
mesenchymal stem-like cells capable of differentiation when needed [53,54].

In psoriatic skin, fibroblasts expressing secreted frizzled-related protein
2 (SFRP2), a dominant subset of both reticular and papillary fibroblasts,
expand and shift from a matrix-producing to a proinflammatory phenotype
[55,56]. These cells upregulate IFNy, TNF, IL1p, IL17A pathways and secrete
chemokines, as well as cathepsin S, which recruit myeloid, dendritic, IL-17-
producing T cells and neutrophils [57]. The inflammatory fibroblasts localise
to the tips of dermal papillae, and contribute to epidermal hyperproliferation
via fibroblastderived growth factors (FGF2/7, PDGFA/C) [55]. Compared
with healthy dermis, the psoriatic fibroblast pool shows reduced “collagen-
producing” activity and increased cytokine output, positioning fibroblasts as
central amplifiers of the psoriatic immune network.

Although the roles of keratinocytes and fibroblasts are increasingly
acknowledged, their mechanistic contributions to psoriasis remain
incompletely defined, reflecting a historical focus on immune cell-driven
pathways.

1.2. Mitochondrial alterations in psoriasis: bioenergetics, redox
signalling and structural dynamics

Mitochondria are essential for maintaining skin well-being, and changes
in mitochondrial function and elevated mitochondrial ROS (mitoROS)
production, have been linked to the development of psoriasis [3—6] and atopic
dermatitis and other skin disorders.

1.2.1. Bioenergetics in psoriasis

Epidermis has a high rate of turnover, which requires metabolically
active cells, with a functional ATP-generating process driven by oxidative
phosphorylation (OXPHOS) [58,59]. This process uses four protein
complexes, collectively known as electron transport chain (ETC), which is
localised within the cristae — invaginated inner mitochondrial membrane
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structures (Fig. 1.2.1.1). As electrons are transferred along the ETC from
one complex to another, redox reactions drive the pumping of protons from
the mitochondrial matrix into the intermembrane space, thereby generating
an electrochemical proton (H+) gradient and establishing the mitochondrial
inner membrane potential (Aym). This H+ gradient powers ATP synthase,
as protons flow back into the matrix, inducing conformational changes that
enable ADP phosphorylation to ATP. The integrity of the inner mitochondrial
membrane is essential for maintaining the proton gradient and preserving
Aym, which drives ATP production [60,61].
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Fig. 1.2.1.1. Mitochondrial respiration and generation of MitoROS

Adapted from [59]. C — complex, Q — coenzyme Q, Cyt C — cytochrome C, SOD — superoxi-
de dismutase, GPx — glutathione peroxidase, PRDX — peroxiredoxins.

ATP synthesis via glycolysis does not require oxygen and can often
replace OXPHOS in hypoxic epidermal conditions. This shift from OXPHOS
to glycolysis is often observed during inflammation, as it helps sustain
rapid inflammatory responses. This phenomenon, known as the Warburg
effect, is commonly observed in psoriasis. Studies have shown that psoriatic
keratinocytes exhibit increased glucose uptake and enhanced glycolytic
activity. Inhibition of glycolysis impairs both keratinocyte differentiation and
the production of pro-inflammatory mediators [62].

1.2.2. Mitochondrial ROS in psoriasis

Natural by-products of OXPHOS include mitoROS, such as singlet
oxygen, superoxide anion (O,"), and peroxides. Complex I (CI) and complex
III (CIII) are the main sites for mitoROS generation, where partial reduction
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of molecular oxygen by a single electron () results in the formation of
0, (Fig.1.2.1.1). Due to its charge, O,” cannot cross inner mitochondrial
membrane and is rapidly converted into hydrogen peroxide (H,O,) by
superoxide dismutase (SOD). Although H,O, is less reactive then O,", in the
presence of Fe(Il) it can generate reactive hydroxyl radicals, which initiate
lipid peroxidation. However, mitochondria contain additional antioxidant
systems, such as glutathione peroxidase (GPx), peroxiredoxins (PRDX),
and catalase, which transforms H,O, into H,O in the normal physiological
state [59]. Additionally, the capacity of antioxidant network is controlled by
transcription factor — Nrf2. Its activation can act as a compensatory mechanism
to limit ROS accumulation. In cases where mitoROS generation intensifies
and/or the activity of antioxidant system decreases, oxidative stress develops,
leading to cellular damage, lipid peroxidation and chronic inflammation.

Studies show that mitoROS acts as a regulatory molecule in keratinocyte
differentiation. For instance, keratinocytes display 2 to 5-fold lower activities
of all ETC complexes compared to fibroblasts. As a result, keratinocytes have
reduced spare respiratory capacity (RC). Functionally, this metabolic profile
allows keratinocytes to use the RC not only for ATP synthesis but also to
generate mitoROS, which acts as a signalling cue that initiates keratinocyte
differentiation [63]. Indeed, mitochondrial transcription factor A (TFAM)-
knockout mice exhibit impaired OXPHOS and low mitoROS, leading to
a defective epidermal barrier [64]. In contrast, fibroblasts rely on RC for
efficient OXPHOS, supporting their proliferative and ECM-producing roles.

Mizuguchi et al [3] demonstrated that mitoROS are essential for the
development of psoriatic inflammation. Firstly, they demonstrated that
genetic deletion of p32/Clqgpb, which is required for normal mitochondrial
protein synthesis, protects mice from imiquimod (IMQ)-induced psoriasis.
Moreover, IMQ reduced mitochondrial respiration and increased mitoROS-
dependent IL-1p production. The inhibition of mitoROS using mitoquinone
decreased the severity of psoriatic inflammation in IMQ-induced mouse
model, by suppressing the secretion of proinflammatory mediators, and
dendritic cell activation.

MitoROS activates inflammatory signalling pathways, which are essential
regulators of keratinocyte behaviour in psoriasis. For instance, mitoROS can
trigger NLRP3 inflammasome activation, leading to increased secretion of
IL-1B or IL-18 [65]. Indeed, in keratinocytes, IL-17 and/or IL-22-induced
IL-1P secretion and enhanced skin inflammation via ROS/NLRP3 signalling
[66,67]. Consistently, preservation of mitochondrial function, and the resulting
reduction in mitoROS levels, inhibited NLRP3 inflammasome activation
in psoriatic macrophages [68—71]. In addition, other central psoriasis
inflammatory pathways — NF-kB, mitogen-activated protein kinase (MAPK)
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p38, HIF-1a, and STAT3 [69,72,73] are also regulated by MitoROS [73—
75]. Overall, these mechanisms link mitochondrial alterations with increased
cytokine production, thereby contributing to psoriasis pathogenesis.

Fibroblasts obtained from psoriatic lesions have significantly higher
mitoROS levels and decreased antioxidant capacity. They also exhibit
lipid peroxidation, upregulated NADPH oxidase 4 (NOX4) expression
and extracellular ROS production. Notably, the authors demonstrated
that psoriatic fibroblasts induce intracellular ROS generation and activate
p38 MAPK signalling in keratinocytes, leading to increased keratinocyte
hyperproliferation. This effect was not observed in co-culture systems using
fibroblasts from healthy or uninvolved psoriatic skin [76].

Studies suggest that psoriasis-associated cytokine signalling can disturb
Aym, although the direction of change may depend on the inflammatory
context. IL-17A and TNF-a have been associated with mitochondrial
dysfunction and Aym loss in colorectal cancer [77] and neuronal cells [78],
whereas IL-22 alleviates accumulation of MitoROS and restores Aym in
kindey injury [79].

Overall, these findings highlight that psoriasis-associated inflammation is
accompanied by marked alterations in cellular bioenergetics and mitoROS
generation. Importantly, the activity of ETC complexes is tightly governed by
mitochondrial ultrastructure. Mitochondrial network organisation and cristae
architecture are highly dynamic and undergo structural adaptations that
influence cell fate decisions [76]. Therefore, understanding mitochondrial
structural plasticity is essential to fully interpret the bioenergetic and mitoROS
changes observed in psoriatic conditions.

1.2.3 Mitochondrial morphology alterations in psoriasis

Mitochondrial network maintenance via fission and fusion is vital for
normal mitochondrial and cellular function. Fission enables mitochondrial
distribution, removal of damaged components and supports biogenesis
[8], whereas fusion promotes complementation by mixing mitochondrial
components, helping to maintain ETC function, reduce oxidative stress, and
limit mutation accumulation [80]. Alterations in mitochondrial dynamics are
increasingly recognised as key contributors to the pathogenesis of human
diseases, including Alzheimer’s disease, cardiopulmonary conditions, and
inflammatory skin diseases such as psoriasis [4] and atopic dermatitis [81].

Fusion is regulated by mitofusins 1/2 (Mfn1/2) and optic atrophy protein
1 (Opal). OMM of two mitochondria are tethered by Mfn1/2. They interact
with each other and fuse adjacent mitochondria by hydrolysing GTP using
GTPase domains. Mfnl and Mfn2 can form both homotypic and heterotypic
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complexes. IMM fusion occurs almost simultaneously with OMM fusion
and is controlled by Opal, which is expressed in long (L-Opal) and short
(S-Opal) forms. Although their precise roles are not fully understood, it is
clear that both are needed to stimulate IMM fusion [82]. Opal interact across
opposing IMM via cardiolipin to promote GTP-dependent membrane fusion
[83]. Also, Opal is required for the formation of cristae (Fig.1.2.3.1).
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Fig.1.2.3.1. Scheme of mitochondrial fission and fusion

Adapted from [84,85,88]. ER — endoplasmic reticulum; IFN2 — inverted formin-2;
Drpl — dynamin-related protein 1; Dnm2 — dynamin 2, Mff — mitochondrial fission factor;
Mid49 — mitochondrial dynamics protein of 49 kDa; Mid51 — mitochondrial dynamics pro-
tein of 51 kDa; Fisl — mitochondrial fission protein 1; Mfn — mitofusin; GTP — guanosine
triphosphate, S/L-Opal — short/long form of optic atrophy protein 1.

Mitochondrial fission is controlled by large GTPase — dynamin-related
protein 1 (Drpl), which resides in the cytosol until it is activated by post-
translational modifications, notably phosphorylation at serine 616 [84]. Once
active, Drpl translocates to the mitochondria, where it attaches to adapter
proteins (Mff, MiD49, MiD51 or Fisl) on the outer mitochondrial membrane
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(OMM). Moreover, contact sites between the endoplasmic reticulum (ER) and
mitochondria are essential for fission. ER-bound inverted formin 2 (INF2)
together with mitochondrial-bound SpirelC induce the formation of actin
filaments bridging these organelles. Myosin-driven contraction of these actin
filaments generates the mechanical force required for initial mitochondrial
constriction, reducing the mitochondrial diameter to a size that permits
efficient assembly of Drpl oligomeric rings around the organelle, resulting
in final membrane scission [85]. The final scission may also be performed by
another GTPase — Dynamin 2 (Dnm2) [86], although its contribution remains
unclear [87] (Fig. 1.2.3.1).

The mechanism of fission varies with cellular state. For example, ER
contact is required for fission occurring within the central 50% of mitochondria
and usually occurs before cell division, while quality control-related fission
takes place in the peripheral regions and can proceed without ER contact [89].
Moreover, Drpl activation via Ser616 phosphorylation is mediated by kinases
involved in cell-cycle regulation, such as cyclin-dependent kinase/cyclin Bl
(CDK/Cyclin B1) and aurora kinase A, as well as stress- or inflammation-
associated kinases, such as AMP-activated protein kinase (AMPK) and MAPK
[84]. Indeed, psoriasis-like stimulus induced fission regulator Ganglioside-
induced differentiation-associated protein 1 (GDAPI1L1)-dependent Drpl
Ser616 phosphorylation, and mitochondrial fragmentation. This process
activated NF-kB and MAPK, leading to increased cytokine secretion [4].
Drpl was found to be significantly elevated in skin biopsies from patients
with psoriasis and correlates with disease severity, highlighting its potential
role as a key contributor to disease pathogenesis [6].

Oxidative stress is one of the factors that alter mitochondrial dynamics,
primarily toward fission. When ROS levels increase, fusion-related proteins
are inhibited, thus promoting fission, which in turn leads to more ROS
production and mitochondrial dysfunction [90]. On the other hand, enhanced
fission can further elevate ROS levels, as a greater number of mitochondria
are produced [91]. This reveals a bidirectional interaction between functional
state, redox homeostasis and mitochondrial dynamics.

Disruption of mitochondrial network organisation contributes to psoriatic
inflammation; however, its role in psoriasis-like inflammation-induced
keratinocytes and fibroblasts remains largely unexplored.

1.2.4. Cristae morphology

Recent advances in imaging technologies have revealed that cristae
remodeling is a critical mechanism regulating mitochondrial respiratory
capacity. Disruption of cristae-shaping factors is increasingly associated with
diseases such as neurodegeneration, cardiomyopathies and cancer [92].
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The main factors involved in cristae formation are mitochondrial contact
site and cristae organizing system (MICOS) complex, Opal, ETC complexes,
and ATP synthase (Fig.1.2.4.1 a). MICOS multi-subunit complex is essential
for the formation and maintenance of cristae junctions, which are narrow
tubular connections linking the inner boundary membrane to the cristae
membrane. MICOS is organised into two functional modules: Mic60/19/25
and Mic10/13/14/26/27 with distinct functions [93,94]. Mic60 subcomplex
stabilises crista junctions and mediates contacts between the inner and outer
mitochondrial membranes, notably through interaction with the sorting and
assembly machinery (SAM), or the protein translocase of the outer membrane
(TOM)[93]. This positioning is critical for coordinating membrane architecture
with protein import and mitochondrial organisation. In contrast, the Mic10
subcomplex primarily drives membrane curvature [94]. Cristae dynamics
are regulated by Opal: L-Opal is anchored to the IMM and promotes tight
cristae junctions, while S-Opal is associated with junction opening, under
stress conditions. The S-Opal/L-Opal balance is critical for regulating
cristae architecture [9]. Moreover, ETC complexes contribute to structural
stability, while ATP synthase dimers localise at the tips of the cristae, where
they promote cristae invagination [85].

Early studies based on electron microscopy of fixed samples established
a view of cristae as static structures [95]. This concept has been propagated
in textbooks for the past 60 years. Since 2018, advanced super-resolution
microscopy has introduced cristae dynamics in living cells [96-99].

Kondadi et al. [99] categorised cristae dynamics into transverse, Y-type,
and X-type events and termed it Cristae Fission-Fusion (CriFF) (Fig.1.2.4.1
b). Transverse events occur across the mitochondrion, while Y- and X-type
events involve transient structural intermediates. In these cases, cristae
trajectories may intersect to form temporary X-shaped contacts, where two
cristae cross and subsequently separate, or Y-shaped junctions, where a single
crista splits into two branches. These fission and fusion cycles occur on a
seconds-time scale and are mostly dependent on MICOS and Opal activity.
Moreover, cristae undergo widening and tightening in response to cellular cues
(Fig.1.2.4.1 b). Stress promotes cristac widening and cytochrome c release,
whereas tight junctions in the steady state support efficient ATP synthase
assembly. These processes are regulated by Opal, with L-Opal maintaining
junction tightness and S-Opal promoting cristae remodelling [9].
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Fig. 1.2.4.1. Cristae structure and dynamics

Adapted from [9,11]. (a) Cristae structure. TOM — Translocase of the outer membrane;
SAM - sorting and assembly machinery; MICOS — mitochondrial contact site and cristae
organising system; OMM — outer mitochondrial membrane; S/L- Opal — short/long form
of optic atrophy protein 1; C — complex of the electron transport chain. MICOS subunits
are indicated by their conventional MIC nomenclature, with numbering corresponding to
their approximate molecular weight. (b) Reported cristae remodelling. Green lines represent

cristae fusion, red — fission. Blue circles represent the MICOS system, purple and pink — L-
and S-Opal, respectively.
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These remodelling events create independent bioenergetic units. By
fusing, cristae can share metabolites and redistribute ETC complexes and by
fission, they can isolate sections of the IMM, trapping protons and promoting
efficient ATP production. Indeed, it was shown that cristae within the same
mitochondrion behave as independent bioenergetic compartments, capable
of maintaining localized membrane potentials [100] CriFF also allows rapid
quality control, as damaged parts can be pinched off as cristae vesicles. They
have been detected in Barth syndrome and mitochondrial encephalopathy
[11].

It was shown that cristae disorganisation leads to mtDNA release, which
activates type I interferon response via cGAS-STING pathway and induce
inflammation [101]. Increased mtDNA was detected in serum psoriasis
patients [102], as well as interferon levels and activated cGAS-STING
pathway [103]. However, the specific alterations in cristae architecture in
psoriasis remain largely unexplored.

Overall, the study of cristae morphology is still in its early stages, and
its investigation in disease models may provide important insights into how
structural changes relate to mitochondrial function, as well as their potential
value as prognostic biomarkers or therapeutic targets.

1.3. Plant-derived nanovesicles

Plant-derived nanovesicles (PDNVs) are membrane-bound nanostructures
originating from plant cells that participate in various physiological and
pathological processes. Owing to their nanoscale size, they can penetrate
biological barriers and efficiently deliver therapeutic cargo. Additionally,
PDNVs offer several advantages for therapeutic applications, such as natural
origin, low immunogenicity, immunomodulatory properties, high stability,
good bioavailability, and low production cost, making them promising drug
delivery systems for various diseases [16,104].

1.3.1. Comparison of plant-derived nanovesicles and mammalian
extracellular vesicles

The International Society of Extracellular Vesicles (ISEV) defines
extracellular vesicles (EVs) as lipid bilayer particles that are naturally released
from all cell types [105]. EVs are classified into three main types: exosomes,
microvesicles and apoptotic bodies, which differ in their biogenesis, size,
and molecular composition (Fig. 1.3.1.1). In mammalian systems, EVs are
typically isolated from biofluids or cell culture media, whereas PDNVs are
commonly obtained from plant materials such as juice, pulp, roots, seeds,
or dried material [106,107]. Research on PDNVs is still emerging, and
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their high heterogeneity, together with limited characterisation, represents a
significant challenge. Therefore, experts recommend the use of broader and
more cautious terminology, such as “plant-derived nanovesicles,” rather than
strictly classifying them as extracellular vesicles [108].

ER Apoptotic bodies
?’\ (500-5000nm)
= ) 0
£ ~~— 3
o |1t g i S Sl s
e Ca2* g Microvesicles =
— ~J (100-1000nm) 3
@) =3
v A )
Golgi = 0 A =),
l U 0§
______________________________________________________ =
Early ” Exosomes g. g
endosome [ (30-150nm) S =
| | o & o D
Intraluminal || O ‘”@ (@) =
Multivesicular = \vesicles fc o o o
body ( ~o) N - <
\o_/ 2.
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, e}
EXPO vesicles ®
L ] (200-500nm)
Y 4 \\‘\‘ (//f‘
\\\ /} =
Vacuole

Fig. 1.3.1.1. Biogenesis of mammalian and plant-derived nanovesicles
Adapted from [115].

Apoptotic bodies (500 nm—5 um) are formed during apoptosis and enable
controlled cellular disassembly without eliciting inflammatory responses.
In contrast, plants do not undergo classical apoptosis; instead, they exhibit
programmed cell death characterised by vacuole-mediated degradation of
cellular components [109].

Microvesicles (100-1000 nm, MVs) originate through outward budding
of the plasma membrane, a process triggered by changes in intracellular
calcium levels that induce membrane remodeling. In mammalian cells, this
process involves regulators such as ADP-ribosylation factor 6 (ARF6) and
the small GTPase RhoA, which coordinate cytoskeletal rearrangements
[110]. However, the mechanisms of MV formation and their specific markers
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in plants remain poorly understood. The transmembrane syntaxin PEN1 has
been implicated in vesicle trafficking from the Golgi to the plasma membrane
(PM) [111], although it is not exclusive to a single vesicle subtype and has
also been associated with plant exosome-like vesicles.

Exosomes (30—150 nm) are formed via the endosomal pathway. They
originate from inward budding of the endosomal membrane, leading to
the formation of intraluminal vesicles (ILVs) within multivesicular bodies
(MVBs), a process mediated by the endosomal sorting complex required for
transport (ESCRT). Upon fusion of MVBs with the plasma membrane, these
vesicles are released into the extracellular space [112]. Similar mechanisms
have been described in plants. In plant systems, exosome-like vesicles are
often associated with tetraspanins such as TETS, which are involved in lipid
transport and vesicle targeting, partly through interactions with coat protein
complexes such as COPI [113].

In addition to MVB-derived vesicles, plants utilize the exocyst-positive
organelle (EXPO) pathway to secrete vesicles (200500 nm). EXPOs are
double-membrane structures, containing exocyst, octameric protein complex
required for membrane fusion. EXPO-related vesicles characterised by the
presence of the Exo70E2 marker and release vesicles upon fusion with the
plasma membrane, typically larger than exosomes [114].

Vesicle secretion in plant cells is constrained by the presence of the plant
cell wall (CW), which is composed of lignin, pectin and hemicellulose. The
process of how vesicles cross PCW remains poorly understood. It has been
proposed that CW-modifying hydrolases, which are found at plant EVs
[116,117], may facilitate vesicle passage. Additionally, environmental stress
conditions can alter CW properties. Several mechanisms have been suggested
to enable vesicle release, including local wall remodelling, changes in pore
size, and pressure-driven processes, which together may allow vesicles to
pass through the CW, potentially via passive diffusion.

1.3.2. Plant-derived nanovesicles as therapeutic agents for skin
inflammation

PDNVs exhibit significant therapeutic potential in wound healing,
antioxidant, anticancer and anti-inflammatory activities [15]. In vivo studies
demonstrated that PDNVs are safe, as their administration to healthy mice
did not affect liver and kidney function, immune parameters, or induce
histological alterations in major organs [15]. Both in vivo and in vitro studies
confirm the therapeutic potential of PDNVs in inflammatory models. For
instance, grape-, broccoli-, turmeric-derived NVs inhibited NF-kB, Wnt/j3-
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catenin, AMPK signalling pathways, thus suppressing proinflammatory
cytokine expression in murine colitis models [14].

Regarding skin injury and inflammation models, 4loe vera-derived NVs
activate Nrf2 signalling, enhancing antioxidant responses and reducing
oxidative stress [118]. Similarly, garlic- and shallot-derived NVs suppress
IL-17-driven inflammation by activating Nrf2, which in turn inhibits
proinflammatory cytokine secretion in in vivo psoriasis model [119].

Furthermore, PDNVs’ effects are also associated with the restoration
of mitochondrial functions [120,121]. Peng et al [122] demonstrated that
carrot-derived NVs improved osteoblast viability and slowed bone loss in
osteoporotic mice. This effect was linked to mitochondrial restoration,
as NVs reduced oxidative stress, enhanced mitochondrial respiration and
reversed mitochondrial fragmentation, restoring a more interconnected and
functionally active mitochondrial network.

Growing evidence indicates that components associated with PDNVs,
including microRNA (miRNA), lipids and proteins mediate key biological
functions. For example, ginger-derived NVs have been shown to deliver
miRNA to macrophages, reprogramming their phenotype and thereby
alleviating intestinal inflammation in vitro and in vivo [123]. On the other
hand, sub-fractionation studies of garlic- and shallot-derived NVs revealed
that activation of Nrf2 in KCs was induced by lipid- and phytochemical-
enriched fractions, but not by miRNA-enriched fractions [119]. Key signalling
pathways and identified actives of PDNVs that alleviate inflammation and
restore mitochondrial function are summarised in table 1.3.2.1.

Research on PDNVs is an emerging field, with many unresolved questions
regarding standardised approaches for their isolation, characterisation and
identification of active components. Identifying the key bioactive molecules
responsible for the observed effects could facilitate clinical translation.
Nevertheless, their biological activity may result from the synergistic
interplay of multiple vesicle-associated molecules, suggesting that the vesicle
as a whole may represent the functional unit.
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1.3.3. Bioactive properties of lemon balm and potential of lemon-
balm derived nanovesicles

Melissa officinalis L., commonly known as lemon balm (LB) has been
used medicinally for over two millennia. Its pharmacological effects are
attributed to a rich phytochemical profile, including essential oils (e.g., neral,
geranial, citronellal), phenolic acids (e.g., rosmarinic acid), flavonoids (e.g.,
luteolin), and triterpenoids. These compounds exhibit a wide range of reported
activities, including antimicrobial, anti-inflammatory, and neuroprotective
effects, among others [124].

All the highly intriguing features of lemon balm have attracted increasing
scientific attention. Shaikh et al. [125] identified 9 miRNAs in LB that
regulate the expression of human genes associated with neurodegenerative
disorders, proving cross-kingdom miRNA activity.

In the context of skin diseases, clinical studies have demonstrated the
therapeutic potential of LB. A clinical trial using a LB syrup formulation
showed promising results in psoriasis, with significant reductions in pruritus
and Psoriasis Area and Severity Index (PASI), alongside improvements in
Dermatology Life Quality Index (DLQI), compared to baseline values.
Although it did not reach statistical significance when compared to the placebo
group, showing low efficiency [13]. In addition, LB infusion significantly
accelerated the healing of second-degree burns [126].

Preclinical studies further support its dermatological benefits. Dimitris et
al. [18] demonstrated that LB extracts exert significant anti-psoriatic effects
in a IMQ-induced mouse model. Also, it protected human keratinocytes from
UVB-induced damage by reducing oxidative stress and DNA damage [17]
and was shown to modulate Nrf2 pathway and elastin integrity [127]. LB oil
was shown to alleviate AD-like symptoms via interfering with Th2/Th1 cell
activation [12].

Despite these well-documented effects of LB extracts, no previous studies
have investigated NVs derived from this plant. Compared to conventional
extracts, PDNVs offer distinct advantages, as plant extracts often fail to reach
effective intracellular concentrations due to limited absorption and stability.
PDNVs act as carriers of proteins, lipids, nucleic acids, and secondary
metabolites, facilitating intercellular communication. Importantly, PDNVs
can deliver regulatory RNAs, such as small interfering RNAs (siRNAs) and
microRNAs (miRNAs), thereby modulating gene expression in target cells
[128]. For instance, miRNA levels have been reported to be up to fourfold
higher in ginger-derived nanovesicles compared to the source plant [129].
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Taken together, these findings, along with the known pharmacological
properties of lemon balm, highlight LB-derived nanovesicles as promising
candidates for the treatment of psoriasis.
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2. MATERIALS AND METHODS

2.1. Materials, equipment, and softwares

The names and catalogue numbers of all reagent manufacturers are
provided in Table 2.1.1.

Table 2.1.1. Reagents, commercial kits and plasticware used in the study

Reagent or resource | Source | Identifier
Cell lines and reagents for cell cultivation

HaCaT Keratinocytes, RRID: CLS Cell Lines Service GmbH, |300493
CVCL 0038 Eppelheim, Germany

BJ-5ta Fibroblasts, RRID: ATCC, USA CRL-4001
CVCL_6573

DMEM, high glucose, GlutaMAX | Gibco, USA 10566016
supplement

Fetal bovine serum (FBS) Gibco, USA 26140079
Penicillin/streptomycin Sigma-Aldrich, USA P0781
Trypin-EDTA Gibco, USA 25300054
Phosphate-Buffered Saline Thermo Fisher Scientific, USA |18912014
Cell culture treatments

TNF-a Sigma-Aldrich, USA SRP3177
IL-22 Sigma-Aldrich, USA SRP3177
IL-17 Sigma-Aldrich, USA SRP3080
MitoTempo Sigma-Aldrich, USA SMLO0737
Mdivil Sigma-Aldrich, USA 475856
Antimycin A Sigma-Aldrich, USA Ag674
FCCP Sigma-Aldrich, USA C2920
Antibodies

anti-phospho-DRP1 (Ser616) Cell Signaling Technology, USA | 3455
anti-DRP1 Cell Signaling Technology, USA | 8570
p-p38 Cell Signaling Technology, USA [4511

p38 Cell Signaling Technology, USA | 9212
p-NF-kB p65 Cell Signaling Technology, USA | 3033
NF-«B p65 Cell Signaling Technology, USA | 8242
anti-GAPDH Invitrogen, USA MAS5-15738
goat anti-rabbit IgG Carl Roth, Germany 4750

goat anti-mouse IgG Carl Roth, Germany 4759
Oligonucleotides

PI3 target, forward primer: Thermo Fisher Scientific, USA |N/A
CTTCTTGATCGTGGTGGTGTTC

PI3 target, reverse primer: Thermo Fisher Scientific, USA |N/A
AACGGGATCTTGTCCATTGAAT
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Table 2.1.1 cont.

Reagent or resource Source Identifier
GAPDH target, forward primer: Thermo Fisher Scientific, USA |N/A
TCAAGATCATCAGCAATGCCT
GAPDH target, reverse primer: Thermo Fisher Scientific, USA |N/A
CATGAGTCCCACGATACC
Critical commercial assays
XFp Cell Mito Stress test kit Agilent Technologies, USA 103025-100
PureLink RNA mini kit Invitrogen, Thermo Fisher 12183020
Scientific, Bleiswijk, The
Netherlands
DNAse I Thermo Fisher ENO0521
Scientific, Vilnius, Lithuania
High-Capacity Reverse Life Technologies, Thermo 4368814
Transcription kit Fisher Scientific, Bleiswijk,
The Netherlands
Power SYBR Green PCR mix Thermo Fisher Scientific, 4368577
Vilnius, Lithuania
Human Custom ProcartaPlex kit Thermo Fisher Scientific, PPX-15-
Waltham, MA. MXWCXW6,
PPX-05-
MXDJZ2H
Presto Blue Viability Reagent Invitrogen, Life Technologies | A13261
Limited, Cambridge, UK
ExoPlant-Lo kit Exolitus, Kaunas, Lithuania
Other chemicals
Mito Live Orange Abberior, Gottingen, Germany |LVORANGE-
0146-30NMOL
MitoSOX Invitrogen, USA M36008
MitoTracker™ Red CM-H:Xros Invitrogen, USA M7513
TMRM Sigma-Aldrich, USA T5428
Bradford Reagent Sigma-Aldrich, USA B6916
Phenol-free DMEM Gibco, USA 21063029
Hank’s Balanced Salt Solution Gibco, USA 14025092
(HBSS)
Hoechst 33342 Invitrogen, USA H21492
Propidium lodide Sigma-Aldrich, USA P4170
RIPA Buffer (10X) Cell Signaling, USA 9806
Protease Inhibitor Cocktail (100X) |Cell Signaling, USA 5871
Plasticware
Nunc™ Lab-Tek™ II Chambered | Thermo Scientific™ 155382
Coverglass
Petri dishes P35 VWR, USA 75856-742
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Table 2.1.1 cont.

Reagent or resource Source Identifier
Seahorse XFp Cell Culture Agilent Technologies 103025-100
Miniplates

Seahorse XFp FluxPak Agilent Technologies 103022-100
96, 12 well plates

25 cm? tissue culture flasks TPP, Switzerland 90025

Sofware

Fiji Image Analysis Imagel https://imagej.net/
Fiji
Graph pad prism version 10 Graph Pad https://www.

graphpad.com

Huygens Software

Scientific Volume Imaging B.V

https://svi.nl/
Huygens-Software

NTA 3.0 software

Malvern Instruments

https://www.
malvern
panalytical.com

EPU software (v2.14.0)

Thermo Fisher Scientific

https://www.
thermofisher.com

2.2. Cells and treatments

Human skin keratinocytes (HaCaT) and fibroblasts (BJ-5ta) were
maintained in DMEM-GlutaMAX™ medium supplemented with 10% fetal
bovine serum and 100 U/mL penicillin-streptomycin. Cells were maintained
at 37°C in a humidified atmosphere containing 5% CO,. For passaging, the
cells were washed once with PBS, harvested using 0.05% trypsin/EDTA, re-
suspended in culture medium, and plated in a culture flask for expansion.
To induce PLI, the next day after plating, cell media was supplemented with
TNF-a (5 ng/mL), IL-22 (10 ng/mL), and IL-17 (10 ng/mL). Control cells
were treated PBS, which served as the vehicle for NVs or cytokine mix

treatments.
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In Study I, the standard duration of PLI induction was 24 hr, unless
otherwise specified (48 or 72 hr). For mechanistic studies, MitoTempo, a
MitoROS scavenger, was used at 20uM, added 1hr before PLI-inducing
cytokine treatment. Mdivil, a mitochondrial division inhibitor, was used at
25 uM and was added 24 hr before the experiment (Fig. 2.2.1).

24/48/72 hr

1hr s 1 hr\
o~ .~
| i ]
| | |
Seeding MitoTempo PLI mdivit Experiment

Fig. 2.2.1. Experimental design of Study 1

In Study I1, LB-NVs were added 24 hr after PLI induction at a concentration
of 2.1x108 NVs/1 ¢cm? and further incubated for 48 hr. Thus, the total duration
of PLI-inducing cytokine exposure was 72 hr. Mdivil (25 uM) was again
applied 24 hr prior to the experiment (Fig. 2.2.2).

72 hr
A
arn 48 hr A
A A
4 Y4 1hr )
-
I |
| | | |
Seeding PLI LB-NVs mdivit  Experiment

Fig. 2.2.2. Experimental design of Study I1

2.3. Metabolic activity evaluation

Cells were seeded in 96-well plates at densities of 5000, 4500, and 4000
cells per well for 24 hr, 48 hr, and 72 hr PLI treatments, respectively. Metabolic
activity was assessed using the PrestoBlue™ Cell Viability Reagent following
the manufacturer’s guidelines. In brief, the culture medium was exchanged
for fresh medium containing 10% PrestoBlue™, and the cells were incubated
for 1 hr in the dark. Absorbance was then recorded at 570 nm with a 600 nm
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reference wavelength using a Varioskan™ LUX microplate reader (Thermo
Scientific™, Singapore).

2.4. Gene expression

Cells were seeded in 12-well plates at a density of 100,000/well. Total RNA
was extracted using the PureLink RNA Mini Kit and subsequently treated with
DNase I to eliminate residual genomic DNA. cDNA synthesis was carried
out with the High-Capacity Reverse Transcription Kit. Quantitative PCR was
performed on a Rotor-Gene Q System (Qiagen, Venlo, Netherlands) using
Power SYBR Green PCR Mix, and relative gene expression was calculated
using the 2(—AACt) method with GAPDH serving as the internal reference
gene. Data are presented as Log> fold changes.

2.5. Protein secretion

Cells were seeded in 12-well plates at densities of 100,000 and 54,000
per well for 24 hr and 72 hr PLI treatments, respectively. Protein secretion
was quantified using the Human Custom ProcartaPlex kit on a Luminex
200 system (Luminex Corp., Austin, TX, USA) in accordance with the
manufacturer’s protocol. Data acquisition and analysis were performed using
xPONENT software. Results were reported as mean fluorescence intensities
(MFIs) or converted to concentrations (pg/mL) based on the standard curve
for each analyte. Values surpassing the assay’s detection range were replaced
with the highest measurable standard concentration.

2.6. Mitochondrial network analysis and cristae

Cells were seeded in glass-bottom Petri dishes or four-well chamber slides
at densities of 13,000 and 17,000 cells/cm? for 24 hr and 72 hr PLI treatments,
respectively. Later, cells were stained with 100 nM Mito Live Orange for
40 min in FBS-free medium to visualise mitochondrial networks. After
washing, imaging was performed in HBSS using fluorescence microscopes
Zeiss Axio Observer.Z1 (Zeiss, Oberkochen, Germany) and Olympus 1X83
(Olympus Corporation, Tokyo, Japan). FCCP (0.2 uM, 10 min) served as a
positive control to trigger marked mitochondrial fragmentation. Quantitative
assessment of mitochondrial morphology (Figure 2.6.1) was carried out using
the MiNa plugin in ImagelJ [ 130]. Parameters analysed included mitochondrial
footprint, network count, mean branch length, and mean of summed branch
lengths. At least 10 cells per condition were analysed. Three independent
experiments were conducted.
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Fig. 2.6.1. Mitochondrial network analysis workflow

Raw images were preprocessed using unsharp masking, contrast-limited adaptive histogram
equalization (CLAHE), and median filtering. MiNa plugin in ImageJ binarized images and
calculated mitochondrial footprint, which represents mitochondrial area. Afterwards, MiNa
skeletonised images to determine the number of network branches, mean branch length, and
summed branch length. ROI, region of interest.

For cristae assessment, imaging was carried using STEDYCON system
(Abberior Instruments GmbH, Gottingen, Germany) mounted on an Olympus
IX83 microscope with a 100%/1.45 NA oil-immersion objective. Cristae area,
density, and spacing were quantified following the workflow shown in Figure
2.6.2.
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Fig. 2.6.2. Schematic overview of the cristae analysis workflow

Cristae area was quantified using Trainable Weka Segmentation, while intercristae distance
was determined as the mean distance between fluorescence intensity peaks along 1-2 um line
profiles. Cristae density was calculated as the number of peaks per 1 um.
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For cristae acquisition, images were captured at 10-30 pixel sizes, with
fields ranging from 5 x 5 pm to 10 %X 10 pm. Fluorescence signals were
accumulated using 2-5 line averages, 10-us dwell times, and a 40 pm
pinhole. For time-lapse recording, frames were recorded every 10—15 s over
a 60 s period, and photobleaching was corrected using the Bleach Correction
tool in ImagelJ. All images were subsequently deconvolved with Huygens
software (Scientific Volume Imaging B.V., Hilversum, The Netherlands).
Cristae area was quantified using Trainable Weka Segmentation plugin in
ImageJ, following the workflow as described in [131]. Briefly, the plugin
generated probability maps with identified cristae; these areas were then
thresholded to generate binary masks and refined using “Watershed”. Lastly,
with the “Analyse Particles” function, the structures were outlined as regions
of interest (ROIs) and measured (Fig. 2.6.2, upper panel). Cristae spacing
and density were obtained from fluorescence intensity profiles drawn along
1-2 pm line segments (Fig. 2.6.2. lower panel), while mitochondrial thickness
was assessed from profiles across the filament width. For each image, three
line profiles were used for cristac measurements and three for filament
thickness, selecting regions where filaments were clearly resolved (i.e., not
entangled, coiled, or out of focus). Intercristae distance corresponded to the
spacing between intensity peaks, and cristae density to the number of peaks
per um, identified using the BAR “Find Peaks” macro. Time-lapse data were
analysed by extracting intensity profiles in each frame. At least 10 cells per
condition across four independent experiments were examined, and 4—6 time-
lapse recordings per group were analysed.

2.7. Assessment of mitochondrial superoxide and membrane potential
by fluorescence microscopy

Cells were seeded in 96-well plates at densities of 5000, 4500, and
4000 cells per well for 24 hr, 48 hr, and 72 hr PLI treatments, respectively.
Mitochondrial ROS levels were evaluated using the MitoSOX™ Red
or MitoTracker™ Red CM-H:Xros probe. For MitoSOX staining, cells
were incubated with 2 uM in HBSS at 37 °C for 30 min. For CM-H:Xros
staining, cells were incubated with 200 nM in DMEM supplemented with 1%
penicillin/streptomycin for 30 min. Subsequently, cells were washed twice to
remove excess dye. Antimycin A (50 uM, 30 min) was applied as a reference
treatment to stimulate mitochondrial superoxide formation.

Mitochondrial membrane potential (Aym) was examined using TMRM.
Cells were incubated with 15 nM TMRM diluted in phenol-red-free DMEM
for 25 min at 37 °C. As a depolarisation control, FCCP (10 uM) was added
during TMRM staining for the same duration. Imaging was performed without
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a wash step to maintain TMRM in non-quench/redistribution mode, enabling
assessment of the steady-state membrane potential [132].

Both for MitoROS and Aym imaging, cells were also counterstained with
Hoechst 33,342 (7 pg/mL). For all measurements, fluorescence acquisition
was carried out on an Olympus APX100 system. Image quantification was
performed in ImagelJ using threshold-based segmentation (Huang method).
Data were normalised to the untreated control, which was set to 100%.

2.8. Assessment of mitochondrial superoxide by flow cytometry

Cells were exposed to PLI-inducing cytokines for 24 or 72 hr. Subsequently,
2 x 10° cells per condition were harvested and incubated with 2 uM MitoSOX
Red in HBSS at 37 °C for 20 min, following the manufacturer’s protocol
[133]. Unstained cells served as negative controls to determine background
fluorescence. Flow cytometry was performed on a BD FACSMelody using
BD FACSChorus v3.0, while data were analysed using FlowJo v10 software
(Becton, Dickinson and Company, Franklin Lakes, NJ, USA). At least 10,000
events were recorded per sample. MitoROS levels were quantified using the
Geometric Mean fluorescence intensity (gMFI) of MitoSOX Red. Values
were normalised by subtracting the gMFI of unstained controls from stained
samples.

2.9. Bioenergetics assay

Cells were plated into Seahorse XFp microplates at 5000 cells per well,
the next day were treated with PLI-inducing cytokines for 24 hr. For 72
hr treatment cells per plated 1700 per well. Mitochondrial respiration was
evaluated using the Seahorse XFp Analyser (Agilent Technologies, Santa
Clara, CA, USA) together with the XFp Mito Stress Test. This platform
enables simultaneous measurement of the oxygen consumption rate
(OCR), reflecting mitochondrial respiratory activity, and the extracellular
acidification rate (ECAR), an indicator of glycolytic function. Immediately
before measurement, the culture medium was replaced with assay XF DMEM
containing 10 mM glucose, | mM pyruvate, and 2 mM glutamine, after which
the plates were equilibrated for 1 hr in a non-CO: incubator. The assay was
performed using the following final concentrations of modulators (Fig. 2.9.1
upper panel): oligomycin (1.5 uM), FCCP (2 uM for FCs, 1 uM for KCs),
and a rotenone/antimycin A mix (0.5 uM).
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Fig. 2.9.1. Experimental protocol to assess oxygen consumption rate

Adapted from [61]. The upper panel represents the oxygen consumption rate profile of
fibroblasts. Sequential injections of oligomycin, FCCP and rotenone/antimycin A (Rot/AA)
are indicated by arrows. Lower panel (i-iv) are illustrations of the mitochondrial modulatory
effects during the experimental stages shown in the upper panel.

Fig. 2.9.1 i-iv illustrates how sequential injections of mitochondrial
modulators affect the electron transport chain, proton leak, and ATP synthase
activity. In mitochondria, oxygen is consumed by the respiratory chain,
primarily at Complex I'V. Under basal conditions, OCR is largely driven by
proton flux through ATP synthase, a phase referred to as basal respiration
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(Fig. 2.9.1 (1)). Inhibition of ATP synthase with oligomycin reduces oxygen
consumption, and the remaining OCR predominantly reflects proton leak
across the inner mitochondrial membrane (Fig. 2.9.1(ii)). ATP-linked
respiration (ATP production) is calculated by subtracting proton leak—
associated OCR from basal respiration. Subsequent addition of the uncoupler
FCCP increases proton permeability, dissipates the proton gradient, and drives
maximal electron transport, enabling the measurement of maximal respiration
(Fig. 2.9.1(111)). Blocking the respiratory chain with rotenone and antimycin
A eliminates mitochondrial oxygen consumption. Thus, any remaining OCR
represents non-mitochondrial oxygen use (Fig. 2.9.1(iv)).

After the experiment, results were normalised either by total cellular
protein content using Bradford reagent and assessing absorbance with the
plate reader Infinite 200 Pro Nano Plex (Tecan, Méinnedorf, Switzerland), or
by counting the number of cells using nuclei stain Hoechst 33342 (7 pg/mL,
5 min) and imaging them by fluorescence microscopy.

2.10. Isolation of nanovesicles from plants

Dried aerial parts of Melissa officinalis L. (Alfred Galke GmbH,
Germany), Scutellaria baicalensis, Hypericum perforatum L., Chelidonium
majus L., Artemisia dracunculus L. (provided by the Laboratory of Plant
Physiology in the Lithuanian research centre for agriculture and forestry)
were used for NVs isolation using a polymer-based precipitation method with
Exo-PLANT-Lo kit (Exolitus) according to the provided instructions. Briefly,
4 g of dried powder was mixed with the stabilising reagents A and B. The
mixture was gently agitated at 30 rpm for 3 hr and then centrifuged at 1000 x g
for 10 min at room temperature. The resulting supernatant was transferred to a
new tube and centrifuged again at 3000 x g for 15 min at room temperature to
remove impurities. After centrifugation, the supernatant was filtered through
a 0.22 um vacuum filter under sterile conditions. The filtrate was then mixed
with reagent C at a 1:1 ratio and incubated at 4-8 °C for 16 hr. The mixture
was subsequently centrifuged at 3000 x g for 1 hr at4 °C. The supernatant was
discarded, and the remaining pellet containing the precipitated nanovesicles
was resuspended in 400 uL of PBS.

2.11. Nanovesicle characterization

The size and concentration of nanovesicles were determined using
nanoparticle tracking analysis (NTA) with a NanoSight NS300 instrument
(Malvern Panalytical, Grovewood Road, Malvern, UK). For measurement, the
sample was diluted 1:3000 in filtered (0.22 um) PBS. Prior to measurement,
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the camera level was set to 11 and the detection threshold to 5. For each
sample, three measurement cycles were performed, each consisting of five
60-second video recordings.

Cryo-electron microscopy (Cryo-EM) was employed to examine vesicles
in their native state. Copper holey carbon grids (Cu300 mesh R1.2/1.3,
Quantifoil) were glow-discharged for 45 s at 25 mA using the GloQube Plus
system (Quorum Technologies) to improve sample adsorption. Subsequently,
3 uL of the vesicle suspension was applied to the carbon-coated surface
of each grid, which was then blotted for 5 s and rapidly plunge-frozen in
precooled liquid ethane using a Vitrobot Mark IV (Thermo Fisher Scientific).
This vitrification procedure embedded the vesicles within a thin layer of
amorphous ice, maintaining their ultrastructure and minimising radiation-
induced artefacts. Data acquisition was performed on a Glacios Cryo-EM
system (Thermo Fisher Scientific) operated at 200 kV and equipped with
a Falcon 3EC direct electron detector in electron-counting mode (Vilnius
University, Lithuania). Images were collected with EPU software (v2.14.0) at
a nominal magnification of 92,000x, yielding a calibrated pixel size of 1.10
A/pixel. The exposure rate was set to 0.81 e /A%/s, with a total accumulated
dose of 29.7 e /A per image, and the defocus was fixed at—2.0 um.

RNA was extracted from LB-NV samples using the PureLink RNA Mini
Kit (Invitrogen, Thermo Fisher Scientific). For each preparation, 100 pL of
a 108 particles/mL nanovesicle suspension was mixed with 300 pL of lysis
buffer according to the manufacturer’s instructions. RNA concentrations
were quantified using a Varioskan™ LUX microplate reader (Thermo
Scientific, Waltham, MA, USA) together with the pDrop™ and puDrop Duo
Plate measurement system. RNA content was normalised to 1 % 10'° particles.

2.12. Protein isolation and Western Blot

Cells were seeded in 12-well plates at densities of 100,000 and 54,000 per
well for 24 hr and 72 hr PLI treatments, respectively. Cells were lysed in
RIPA buffer supplemented with a 1x protease inhibitor cocktail and incubated
on ice for 15 min. Lysates were cleared by centrifugation at 18,000 x g for
20 min at 4 °C. Protein concentrations were determined using the Bradford
assay and quantified on a Varioskan™ LUX microplate reader. In brief, equal
amounts of protein (10 ug per lane) were denatured in 4x Laemmli buffer
containing 4% B-mercaptoethanol at 95 °C for 5 min, resolved on SDS—
PAGE gels, and transferred onto 0.2 um nitrocellulose membranes using a
wet-transfer system. Membranes were blocked in 3% BSA in TBST for 1 hr at
room temperature and incubated overnight at 4 °C with the following primary
antibodies: phospho-DRP1 (Ser616) (CST #3455, 1:1000), total DRPI
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(CST #8570, 1:1000), p-p38 (SCT, 4511, 1:1000); p38 (CST, 9212, 1:1000),
p-NF-kB p65 (CST, 3033, 1:1000), p-NF-kB p65 (CST, 8242, 1:1000) and
GAPDH (Invitrogen #MAS5-15738, 1:4000). After washing, membranes were
incubated for 1 hr at room temperature with HRP-conjugated goat anti-rabbit
(Carl Roth #4750) or goat anti-mouse (Carl Roth #4759) secondary antibodies
(1:10,000). When analysing proteins with similar molecular weights,
membranes were treated with a mild stripping buffer (1.5% glycine, 0.1%
SDS, 1% Tween-20) for 15 min at room temperature to remove previously
bound antibodies. The membranes were then washed three times with TBST
and re-blocked for 30 min before incubation with the next antibody. Protein
bands were visualised using ECL reagents (Thermo Scientific) and imaged
on the Alliance Q9 system. Densitometric analysis was performed using
NineAlliance™ software.

2.13. Quantification and statistical analysis

Statistical analyses were performed on a minimum of three independent
biological experiments, each comprising at least two technical replicates.
Data points in bar graphs represent the mean value of an individual biological
replicate. Pairwise comparisons were assessed using an unpaired, two-tailed
Student’s t-test. For datasets involving more than two groups, one-way
ANOVA was applied, followed by Fisher’s LSD for pairwise inter-group
comparisons and Dunnett’s post-hoc test for comparisons with the control.
Grouped datasets were evaluated using two-way ANOVA with Dunnett’s
correction. All statistical procedures were conducted using GraphPad Prism
version 10.0 (GraphPad Software, Inc., USA).
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3. RESULTS

3.1. Part I: Investigation of mitochondrial functions in psoriasis-like
inflammation-affected skin cells

3.1.1. IL-17, IL-22 and TNF-a induced psoriasis-like inflammation in
skin cells

Following 24 hr stimulation of human keratinocytes (KCs) and fibroblasts
(FCs) with IL-17, IL-22, and TNF-a to induce PLI, metabolic activity was
reduced by 11.5% in KCs and by 31% in FCs compared with untreated
controls. Thereafter, metabolic activity remained stable at 48 and 72 hr
(Figure 3.1.1.1a). Cell viability, assessed by Hoechst 33342 and propidium
iodide nuclear double staining, showed no significant differences between
treated and control groups (Figure 3.1.1.1¢). In contrast, total cell counts were
consistently lower following PLI treatment. KC numbers decreased by 34%
after 48 hr and by 36% after 72 hr of PLI exposure, whereas FC numbers
declined by 28% at 48 hr but returned to baseline by 72 hr (Figure 3.1.1.1b).
Collectively, these findings demonstrate that PLI does not induce cell death
but leads to a sustained reduction in cell proliferation, thereby supporting the
robustness of this model for subsequent experimental applications.
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Fig. 3.1.1.1. Time-dependent changes in metabolic activity and viability
in keratinocytes and fibroblasts following stimulation with psoriasis-like
inflammation (PLI)-inducing cytokines

(a) Metabolic activity, (b) cell number, and (c) cell viability. Cell viability is expressed as the
ratio of live to necrotic cells within the population. Statistical analysis: One-way ANOVA
followed by Dunnett’s post hoc test. Data are expressed as mean £ SEM (n = 3). *p<0.05,
**p <0.01, ¥***p<0.001.
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To verify successful induction of a psoriatic phenotype, the expression and
release of established psoriasis-associated markers were examined in PLI-
treated cells. Stimulation with PLI-inducing cytokines led to a pronounced
increase in the psoriatic skin marker P13, with expression rising by 5.27-fold
in KCs and 7.8-fold in FCs (log: scale; Fig. 3.1.1.2a). Consistent with these
transcriptional changes, Elafin secretion was strongly elevated following PLI
treatment, reaching 47.98 + 18.93 pg/mL in KCs and 0.38 = 0.11 pg/mL in FCs
(Fig. 3.1.1.2b), whereas protein levels in untreated controls were negligible
or below the detection limit. This robust induction of Elafin confirms the
establishment of psoriasis-like features in both cell types; accordingly, PLI-
treated KCs and FCs are referred to hereafter as psoriatic-like (PL) cells.
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Fig. 3.1.1.2. PI3 (Elafin) gene expression and protein secretion in
psoriasis-like inflammation (PLI)-induced keratinocytes and fibroblasts

(a) Gene expression determined by RT-PCR, with n = 4-5. Results are shown as log: fold
change relative to control. (b) Elafin secretion measured in culture supernatants (n = 5-6).
Data are expressed as mean + SEM. Statistical analysis: unpaired, two-tailed Student’s t-test,
*p<0.05, **p <0.01.

Subsequently, the secretion of cytokines known to drive psoriasis
pathogenesis was evaluated. Under PLI conditions, both PL-KCs and PL-FCs
released significantly higher amounts of proinflammatory mediators compared
with untreated controls, including IL-6 (Fig. 3.1.1.3a) and members of the IL-1
cytokine family (IL-1a, IL-10, IL-18; Fig. 3.1.1.3b). Among these, IL-6 — an
essential mediator of Th17-driven cutaneous inflammation and a key factor in
psoriasis initiation — showed the most pronounced increase in both cell types,
with substantially higher concentrations detected in PL-FCs than in PL-KCs.
In contrast, IL-1a levels were elevated in both PL cell populations but were
more prominent in PL-KCs. Inflammasome-associated cytokines IL-1p and
IL-18 were also upregulated following PLI induction. IL-1f levels increased
significantly in PL-KCs, whereas IL-18 was more abundantly secreted by
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PL-FCs (Fig. 3.1.1.3b). Analysis of interferon responses revealed that [FN-a
exhibited the strongest induction in both cell types, while IFN-f3 and INF-y
showed moderate increases (Fig. 3.1.1.3c). In parallel, PLI stimulation
markedly enhanced the secretion of the chemokines CXCL8 and CCLS5 (Fig.
3.1.1.3d). CXCL8 concentrations were notably higher in PL-FCs than in
PL-KCs, whereas CCLS5 levels increased to a similar extent in both cell types.
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Fig. 3.1.1.3. Secretion of inflammatory mediators in psoriasis-like

inflammation (PLI)-induced keratinocytes and fibroblasts

(a) IL-6 secretion. (b) Secretion of IL-1 family cytokines. (c¢) Secretion of interferons IFN-a,
IFN-B, and IFN-y. (d) Secretion of chemokines CXCL8 and CCLS. Protein concentrati-
ons (pg/mL) were quantified using a Luminex multiplex assay. Statistical analysis: unpai-
red, two-tailed Student’s t-test. Data are expressed as mean =+ SEM (n = 4-6). *p < 0.05,
**p <0.01, ***p <0.001.

51



Although both KCs and FCs responded robustly to PLI induction by
elevating inflammatory mediator release, their secretion profiles differed.
PL-FCs were characterised by higher production of IL-6 and CXCLS8, while
PL-KCs preferentially secreted IL-1B. These findings indicate that KCs and
FCs make complementary, yet distinct, contributions to the propagation of
psoriasis-like inflammation.

3.1.2. Psoriasis-like inflammation causes mitochondrial
fragmentation

To assess whether PLI affects mitochondrial network organisation in KCs
and FCs, we performed mitochondrial morphometric analysis using Mito Live
Orange dye, STED super-resolution imaging, and the MiNa plugin in ImageJ
(Fig. 2.6.1). FCCP was used as a positive control due to its ability to induce
mitochondrial membrane depolarisation and fragmentation by increasing
inner membrane proton permeability [134—-136].

Representative images illustrate marked differences in mitochondrial
organisation between the two cell types following PLI induction (Fig.
3.1.2.1a). In PL-KCs, the mitochondrial network was profoundly disrupted,
with mitochondria predominantly adopting a vesicular and fragmented
appearance rather than forming an interconnected network. In contrast,
PL-FCs largely preserved a network-like organisation, although the mito-
chondrial structures were noticeably shortened.

Morphometric analysis confirmed these visual observations (Fig. 3.1.2.1b).
PL-KCs exhibited a significant reduction in mitochondrial footprint (28%)
and the number of network branches (48%) compared to control, whereas
PL-FCs showed no changes. However, summed branch length was reduced
in both cell types, decreasing by 56% in PL-KCs and by 39% in PL-FCs,
while average branch length remained unchanged. This pattern reflects
an increased number of isolated mitochondrial segments, consistent with
network fragmentation in both PL cell types.

PLI-induced mitochondrial alterations were evaluated relative to FCCP-
induced fragmentation, which served as a reference model of severe
mitochondrial stress. In KCs, FCCP exposure resulted in reductions of 38%
in mitochondrial footprint, 28% in network branches, 46% in branch length,
and 65% in summed branch length. While PLI-induced alterations were
generally similar, the decrease in network branches was more pronounced
under PLI conditions (48% versus 28% with FCCP), highlighting substantial
mitochondrial fragmentation in PL-KCs. In FCs, FCCP treatment led to
markedly stronger effects, with reductions of 65% in mitochondrial footprint,
64% in network branches, 74% in branch length, and 91% in summed branch
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length. These alterations were more extensive than those induced by PLI,
suggesting moderate mitochondrial fragmentation in PL-FCs.
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Fig. 3.1.2.1. Mitochondrial morphometric analysis of keratinocytes and
fibroblasts following 24 hr exposure to psoriasis-like inflammation (PLI)-
inducing cytokines
(a) Representative STED nanoscopy images of Live Mito Orange—stained cells. FCCP
treatment was included as a positive control for mitochondrial fragmentation. Scale bar, 1
pum. (b) Mitochondrial morphometry analysis using MiNa plugin in ImageJ. Statistical ana-

lysis: one-way ANOVA followed by Dunnett’s post hoc test. Data are presented as mean +
SEM (n = 3). *p <0.05, **p <0.01, ***p < 0.001.

To assess the specific roles of individual cytokines in driving PLI-
associated mitochondrial changes, cells were exposed individually to IL-17A,
IL-22, or TNF-a (Fig. 3.1.2.2.). In KCs, TNF-a and IL-22 significantly altered
mitochondrial network parameters. Conversely, in FCs, IL-17A was the
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primary driver of mitochondrial changes, inducing moderate fragmentation.
Importantly, combined cytokine treatment produced more pronounced
alterations than any single cytokine alone.
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Fig. 3.1.2.2. Mitochondrial morphometry of keratinocytes and fibroblasts
following 24-h treatment with individual cytokines (IL-17, IL-22, or TNF-a)

Statistical analysis was performed using one-way ANOVA followed by Dunnett’s post hoc
test. Data are presented as mean + SEM (n = 3). *p <0.05.

Collectively, these findings demonstrate that PLI-inducing cytokines act
synergistically to remodel mitochondrial networks in both cell types, with
PL-KCs exhibiting more pronounced mitochondrial fragmentation than
PL-FCs.

3.1.3. Psoriasis-like inflammation disrupts cristae architecture

Alterations in the mitochondrial network indicated that PLI may affect
cristac organisation. Therefore, we investigated whether PLI modifies
cristaec morphology and compared these effects between PL-KCs and
PL-FCs using Live Mito Orange staining combined with STED nanoscopy for
super-resolution imaging. Cristae area, spacing, and density were quantified
following the workflow outlined in Fig. 2.6.2.

Under PLI conditions, mitochondria in both cell types appeared swollen
and exhibited loosely packed cristac compared with controls (Fig. 3.1.3.1a).
Image analysis revealed a significant increase in mitochondrial width by
10.9% in PL-KCs and 11.4% in PL-FCs (Fig. 3.1.3.1b), while cristac area
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remained unchanged (Fig. 3.1.3.1c). Intercristae distance increased by 16.2%
in PL-KCs and 12.2% in PL-FCs (Fig. 3.1.3.1d). Consistently, cristae density
(number of cristae per 1 um) was reduced by 11.5% in PL-KCs and 10.1% in
PL-FCs, indicating cristae loss under PLI (Fig. 3.1.3.1e).
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Fig. 3.1.3.1. Analysis of mitochondrial cristae architecture in keratinocytes
and fibroblasts following 24-h treatment with psoriasis-like inflammation
(PLI)-inducing cytokines
(a) Representative overview images (scale bars-1pm). (b) Quantification of mitochondrial
filament thickness. (c) Mean cristae area normalised to control values. (d) Intercristae dis-

tance. (e) Cristae density. Statistical analysis: unpaired, two-tailed Student’s t-test. Data are
presented as mean = SEM (n = 4). *p < 0.05.
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To assess whether observed changes were transient or sustained, we
monitored cristae dynamics over 60 s. Time-lapse imaging (Fig. 3.1.3.2a)
demonstrated continuous mitochondrial filament expansion and cristae
reduction in PL-treated cells. In PL-KCs, mitochondrial width increased by
20-55% between 10 and 60 s (Fig. 3.1.3.2¢), whereas control KCs exhibited
modest swelling (18—34%), only in the later phases of imaging (40-60 s). In
PL-FCs, mitochondrial filaments expanded by 11-26% between 15 and 60 s,
while control FCs showed no detectable changes. Cristae density in PL
cells declined progressively over time (Fig. 3.1.3.2b), decreasing by 23% in
PL-KCs at 50 s and by 13—-15% in PL-FCs between 30 and 60 s, whereas no
changes were observed in control cells. Notably, cristae density was already
significantly reduced at the initial time point (0 s) in PL-KCs compared
with controls, whereas PL-FCs showed no initial difference but exhibited
a significant decline after 30 s, indicating a delayed response relative to
PL-KCs.
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Fig. 3.1.3.2. Temporal changes of mitochondrial cristae in keratinocytes
and fibroblasts following 24-h treatment with psoriasis-like inflammation
(PLI)-inducing cytokines
(a) Representative time-lapse recordings (scale bars 200 nm). (b) Temporal changes in cristae
density over 60 s. (¢c) Temporal changes in mitochondrial thickness over 60 s. Statistical ana-
lysis: unpaired, two-tailed Student’s t-test. Blue asterisks (*) indicate significant differences

vs. control at the corresponding time point. Dash symbols (#)-comparisons with the initial
time point (0 s) within the control (blue #) and PLI-treated (yellow #) groups. Data are pre-

sented as mean + SEM (n=4). *, # p<0.05.

In summary, PLI induces sustained mitochondrial swelling accompanied
by a progressive reduction in cristae density, with early cristae elimination in
PL-KCs and a delayed onset in PL-FCs.
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3.1.4. Psoriasis-like inflammation drives distinct mitochondrial
responses in keratinocytes and fibroblasts

Alterations in the mitochondrial network are closely linked to changes in
respiratory function and ROS generation. As our earlier findings indicated
that mitochondrial structural remodelling occurred more rapidly in PL-KCs,
whereas PL-FCs showed a delayed response, we further investigated whether
these structural differences were accompanied by time-dependent functional
changes.

To address this, mitochondrial membrane potential (Aym) was
measured using tetramethylrhodamine methyl ester (TMRM) (Fig. 3.1.4.1),
mitochondrial ROS production was assessed with MitoSOX (Fig. 3.1.4.2,
Fig. 3.1.4.3), and cellular bioenergetics were analysed using the Seahorse
XFp Mito Stress assay (Fig. 3.1.4.4) following prolonged exposure to PLI.

Following 24 hr of PLI induction, mitochondrial membrane potential
(Aym) increased by 21% in PL-KCs (Fig. 3.1.4.1 a, b) and 24% in PL-FCs
(Fig. 3.1.4.1 c, d), and remained at a similar level after 48 hr. However, by 72
hr, Aym in both cell types gradually declined to baseline values.
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Fig. 3.1.4.1. Mitochondrial membrane potential dynamics in keratinocytes
and fibroblasts under psoriasis-like inflammation (PLI)

Representative fluorescence microscopy images TMRM stained keratinocytes (a) and fibro-
blasts (c). FCCP was used as a positive control to induce mitochondrial membrane depola-
risation. Scale bars — 20 um. TMRM fluorescence intensity analysis in keratinocytes (b) and
fibroblasts (d). Statistical analysis: One-way ANOVA Dunnett’s test. Data are presented as
mean+SEM (n=3). *p <0.05, ***p <0.001.
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In contrast to this temporary elevation in Aym, MitoROS production
showed a continuous increase in PL-FCs, rising by 15% at 24 hr, 20% at 48
hr, and 25% at 72 hr (Fig. 3.1.4.2 c, d). A different pattern was observed in
PL-KCs, where MitoROS levels reached their maximum at 24 hr (12.5%) and
then remained relatively stable at approximately 11% after 48 and 72 hr (Fig.
3.1.42a,b).
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Fig. 3.1.4.2. Mitochondrial reactive oxygen species (ROS) dynamics in
keratinocytes and fibroblasts under psoriasis-like inflammation (PLI)

Representative fluorescence microscopy images of MitoSOX-stained keratinocytes (a) and
fibroblasts (c). Antimycin A served as a positive control for enhanced mitochondrial ROS
production. Scale bars — 20 um. MitoSOX fluorescence analysis in keratinocytes (b) and fi-
broblasts (d). MitoTempo (MT) was used as a negative control. Statistical analysis: One-way
ANOVA Fisher’s LSD. Data are presented as mean=SEM (n = 3). An asterisk (*) indicates
a significant difference vs control, while a dash (#) indicates a significant difference vs PLI
24 hr. *, # p<0.05, ¥**p<0.01, ***p<0.001.



Flow cytometry analysis of MitoROS supported the trends observed
by fluorescence microscopy and highlighted more pronounced differences
between the experimental groups (Fig. 3.1.4.3). In FCs, PLI markedly elevated
MitoROS levels by 77% after 24 hr and 131% after 72 hr (Fig. 3.1.4.3b). In
comparison, PL-KCs exhibited a less pronounced increase, with MitoROS
rising by 25% at 24 hr and 39% at 72 hr (Fig. 3.1.4.3a).
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Fig. 3.1.4.3. MitoSOX analysis of psoriasis-like inflammation (PLI)-induced
cells performed by flow cytometry

MitoSOX fluorescence intensity analysis (left panel) and representative fluorescence histo-

gram (right panel) for (a) keratinocytes and (b) fibroblasts. Statistical analysis: one-way

ANOVA Dunnett’s test. Data are presented as mean+SEM (n = 3). *p<0.05, **p<0.01,
***p<0.001.
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Alterations in mitochondrial respiration and glycolytic efficiency were
observed at different time points in PL-KCs and PL-FCs. In PL-KCs, PLI
stimulation for 24 hr resulted in a pronounced reduction in mitochondrial OCR
(Fig. 3.1.4.4a). Basal respiration declined by 46%, which was accompanied
by a substantial reduction in ATP production, while maximal respiratory
capacity decreased by 50%. Glycolytic activity was also impaired in PL-KCs.
It was suppressed by 50% compared to control cells (Fig. 3.1.4.4b). Notably,
these metabolic alterations were no longer evident after 72 hr.

In contrast, PL-FCs did not display detectable changes in mitochondrial
respiration or glycolytic efficiency after 24 hr of PLI exposure (Fig. 3.1.4.4c).
However, following 72 hr, mitochondrial performance was markedly reduced.
Basal respiration decreased by 36%, maximal respiration by 32%, and ATP
production by 38%. At the same time, this decline in mitochondrial activity
was associated with a pronounced 80% increase in glycolytic efficiency (Fig.
3.1.4.44).
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Fig. 3.1.4.4. Bioenergetic profiles of keratinocytes and fibroblasts under
psoriasis-like inflammation (PLI) over time

(a) Summary of oxygen consumption rate (OCR) parameters. (b) Extracellular acidificati-
on rate (ECAR) as an indicator of glycolytic activity. Data are presented as mean+SEM
(n=3). Statistical analysis was performed using two-way ANOVA with Dunnett’s multiple-
comparison test. *p <0.05, **p<0.01, ***p<0.001.
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Together, these results indicate that PL-KCs exhibit a rapid metabolic
response, characterised by an early rise in MitoROS levels accompanied
by suppression of mitochondrial respiration and glycolysis within the first
24 hr. By contrast, PL-FCs response is delayed. In these cells, MitoROS
levels progressively increase over 72 hr, likely driven by an increase in
Aym, ultimately impairing mitochondrial respiration and altering glycolytic
efficiency.

3.1.5. Cell-type-specific regulation of mitochondrial fragmentation
by Drpl and MitoROS

To determine whether mitochondrial fragmentation induced by PLI is
linked to Drp1 activation, Drpl expression and phosphorylation at Ser616, a
major activation site, were evaluated by Western blotting.

PLI exposure significantly increased both total Drpl and Ser616-
phosphorylated Drpl (pDrpl) in KCs (Fig. 3.1.5.1 a, c), while the pDrpl/
Drpl ratio remained unchanged. These findings indicate that PLI enhances
both the expression and activation of Drp1, thereby promoting mitochondrial
fission. Treatment with Mdivil, a pharmacological inhibitor of Drp1, reduced
the pDrpl level and pDrp1/Drpl ratio in PL-KCs. Similarly, treatment with
MitoTempo, a mitochondrial-targeted ROS scavenger, also lowered pDrpl
level and pDrp1/Drpl ratio, suggesting that MitoROS contributes to Drpl
activation. In contrast, Drpl phosphorylation in FCs was unaffected by PLI,
Mdivil or MitoTempo (Fig. 3.1.5.1 b, d).
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Fig. 3.1.5.1. Effect of MitoTempo and Mdivil on Drpl activation induced by
psoriasis-like inflammation (PLI)

(a, b) Western blots showing levels of phosphorylated (p-) and total Drpl levels. Quantifi-

cation of protein levels normalised to GAPDH in keratinocytes (c) and fibroblasts (d). Statis-

tics: One-way ANOVA followed by Fisher’s LSD test. Data: mean+SEM (n=3). *p<0.05,
**p<0.01, ***p<0.001.
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Assessment of mitochondrial morphology revealed that Mdivil treatment
restored mitochondrial network integrity in PL-KCs, as indicated by the
normalisation of summed branch length, a parameter directly reflecting
fragmentation (Fig. 3.1.5.2 a, c¢). This confirms that mitochondrial frag-
mentation in these cells is Drpl-dependent. In PL-FCs, although Drpl
phosphorylation was unaffected, Mdivil treatment improved mitochondrial
network structure, increasing the summed branch length by 64% compared
with control cells (Fig. 3.1.5.2 b, d). In contrast, MitoTempo treatment
did not alter mitochondrial morphology in either cell type, indicating that
although MitoROS contributes to Drp1 activation, it is not the sole driver of
mitochondrial fragmentation.
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Fig. 3.1.5.2. MitoTempo and Mdivil influence on psoriasis-like
inflammation (PLI)-induced mitochondrial fragmentation

Representative images showing restoration of the mitochondrial network in PLI-treated cells
following treatment with the Drpl inhibitor Mdivil in keratinocytes (a) and fibroblasts (b).
Scale — 5 um. Effect of MitoTempo and Mdivil on summed mitochondrial branch length in
keratinocytes (c) and fibroblasts (d). Statistical analysis: one-way ANOVA followed by Fis-
her’s LSD test. Data are presented as mean £ SEM (n=3). *p<0.05, ***p<0.001.

65



3.1.6. Impact of MitoROS and fragmentation on psoriasis-related
proinflammatory mediators

Recent evidence indicates that the release of inflammatory mediators from
psoriasis-affected immune cells can be driven by MitoROS or by mitochondrial
fission [3.,4]. To determine whether similar regulatory mechanisms operate in
PL-KCs and PL-FCs, we analysed proinflammatory mediator secretion after
treatment with MitoTempo or Mdivil.

The analysis focused on mediators present at relatively high concentrations
in the conditioned media of PL cells, including IL-6, IL-1a, IL-1p, IL-18, and
Elafin. In addition, secretion profiles were monitored over 72 hr to evaluate
time-dependent alterations in inflammatory mediator release.

In PL-KCs, MitoTempo markedly suppressed the secretion of all analysed
mediators after 72 hr of PLI stimulation, reducing Elafin by 0.9-fold (Fig.
3.1.6.1a), IL-6 by 6.6-fold (Fig. 3.1.6.1b), IL-1a by 6.9-fold (Fig. 3.1.6.1c¢),
IL-1B by 2.3-fold (Fig. 3.1.6.1d), and IL-18 by 0.6-fold (Fig. 3.1.6.1¢). In
contrast, Mdivil produced a more limited effect in PL-KCs, although two
notable effects were observed: Elafin secretion decreased by 0.66-fold after
24 hr of PLI exposure (Fig. 3.1.6.1a), and 1L-18 levels were reduced by
0.93-fold and 1.13-fold after 24 hr and 72 hr, respectively (Fig. 3.1.6.1¢).
Interestingly, some mediators were upregulated following Mdivil treatment.
For example, IL-6 secretion in PL-KCs increased by 9.75-fold and 10.41-
fold after 24 hr and 72 hr of PLI stimulation, respectively (Fig. 3.1.6.1b).
Overall, the inhibitors reduced mediator secretion, with MitoTempo showing
a stronger effect in KCs (Fig. 3.1.6.11).

66



Elafin IL-6 IL-1a
» 259 wxk kkk 4
5 20 .o e
o —_— #
<= w 15-] .
5 = “ 24
£ . 3
[0} 5| 1 "‘
(o]
g o o
=
o
T 54 *kk 25 *AK
(] 304
g Ll (g ki 201 **’:—‘
o 4 | okxx 154 .o .
2 3 '—.l. . 20 '—‘
N 2 N 10 H
N~ A . 10 :
1 + 5
o £ o ol o~

I Control [EEPLI EPL [+ MitoTempo B MitoTempo BEEPLI+Mdivi1 [ Mdivi1
d e f

IL-1B8 IL-18 IL-22, IL-17, TNF-a

Mdivi1 * MitoTempo

1 ‘—‘ ] ﬁ I : | | Keratinocyte

24 hours
ge in MFI
o

=
% e 209 kx ¥k
100 s

o S h‘ . F'—‘ ¥ Elafin¥
§ 5 g 1.0 s T . IL-6 *
o ) ; IL-1a V¥
ol = s IL-1BV
ViL-18¥

Fig. 3.1.6.1. MitoTempo and Mdivil effect on proinflammatory mediator
secretion in psoriasis-like inflammation (PLI)-induced keratinocytes

Graphs (a)—(e) exhibit Elafin, IL-6, IL-1a, IL-1p and IL-18 secretion. (f) Schematic repre-
sentation summarising the effects of MitoTempo (MitoROS scavenger) and Mdivil (Drpl
inhibitor) on the reduction of cytokine secretion. Red arrows indicate MitoTempo effects,
green arrows indicate Mdivil effect. Protein levels were quantified by Luminex multiplex
assay as mean fluorescent values (MFI); Bar graphs show fold changes in the MFI. Statis-
tical analysis: One-way ANOVA Fisher’s LSD test. Data: mean+SEM (n = 4). *p<0.05,
**p<0.01, ¥**p<0.001.
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In FCs, MitoTempo did not produce noticeable changes in cytokine
secretion. In contrast, Mdivil significantly reduced the secretion of most
mediators following 72 hr exposure of PLI, including Elafin (2.4-fold
decrease; Fig. 3.1.6.2a), IL-1a (0.3-fold decrease; Fig. 3.1.6.2¢), and IL-18
(3.4-fold decrease; Fig. 3.1.6.2¢). In addition, IL-6 levels were reduced by
0.38-fold after 24 hr of PLI treatment (Fig. 3.1.6.2b). However, Mdivil also
stimulated the secretion of certain mediators in fibroblasts; for instance, IL-
1B increased by 13.9-fold after 72 hr of PLI, following an earlier reduction
of 3.33-fold (Fig. 3.1.6.2d). Moreover, MitoTempo elevated IL-1a levels by
2.16-fold after 24 hr of PLI stimulation (Fig. 3.1.6.2c).

Overall, these findings demonstrate that MitoTempo and Mdivil influence
the secretion of proinflammatory mediators, predominantly by reducing
their levels, although the magnitude and direction of the effects depend
strongly on the cell type. MitoTempo exerted the strongest inhibitory
effects in KCs (Fig.3.1.6.1f), whereas Mdivil was more effective in FCs
(3.1.6.21). Collectively, the results suggest that elevated MitoROS levels and
mitochondrial network fragmentation contribute to the secretion of psoriasis-
associated inflammatory mediators in a cell type-specific manner.
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Fig. 3.1.6.2. MitoTempo and Mdivil effect on proinflammatory mediator
secretion in psoriasis-like inflammation (PLI)-induced fibroblasts

Graphs (a)—(e) exhibit Elafin, IL-6, IL-1a, IL-1pB and IL-18 secretion. (f) Schematic repre-
sentation summarising the effects of MitoTempo (MitoROS scavenger) and Mdivil (Drpl
inhibitor) on the reduction of cytokine secretion. Red arrows indicate MitoTempo effects,
green arrows indicate Mdivil effect. Protein levels were quantified by Luminex multiplex
assay as mean fluorescent values (MFI); Bar graphs show fold changes in the MFI. Statis-
tical analysis: One-way ANOVA Fisher’s LSD test. Data: mean+SEM (n = 3). *p<0.05,
**p<0.01, ***p<0.001.
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3.2. Part II: Investigation of lemon balm—derived nanovesicles on
mitochondrial functions and immune signalling in psoriasis-like
inflammation-induced skin cells

Although current systemic therapies are effective, they are frequently
associated with side effects and variable patient responses. PDNVs have gained
attention as a promising delivery system, enabling the transport of bioactive
molecules with enhanced skin penetration and minimal immunogenicity. LB
extracts have shown therapeutic potential in inflammatory skin disorders
[13,17,18], yet the effects of LB-derived nanovesicles (LB-NVs) on skin
cell function and cellular bioenergetics under inflammatory conditions have
not been thoroughly investigated. Therefore, this study aimed to evaluate the
impact of LB-NVs on mitochondrial structure and function in PL-KCs and
PL-FCs.

3.2.1. Characterisation of lemon balm-derived nanovesicles

Cryo-EM analysis of LB-NVs revealed vesicles enclosed by phospholipid
membranes with an average diameter of approximately 185 nm (Fig. 3.2.1.1a).
NTA measurements showed that LB-NVs ranged between 100 and 300 nm
in diameter, with a mean size of 200.7 nm (SD = 6.1 nm), while the most
abundant particle population had a size of 164.2 nm (SD = 2.6 nm) (Fig.
3.2.1.1b). Overall, the size distribution obtained by NTA corresponded well
with observations from Cryo-EM imaging, indicating a consistent vesicle
size profile. Furthermore, extraction from 4 g of dried plant material yielded
9.3 x 10" particles/mL containing 3.3 pg/10' particles RNA (equivalent
to 0.74 ng/g dry weight). For all experimental assays, NV treatments were
standardised based on particle concentration.
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Fig. 3.2.1.1. Characterisation of lemon balm—derived nanovesicles

(a) Cryo-electron microscopy images illustrating the morphology of LB-NVs. ROI — region
of interest. (b) Nanoparticle tracking analysis showing vesicle size distribution (left panel)
and a summary of LB-NV physical parameters (right panel). Values are presented as mean
with SD (n =4).

The biological activity of LB-NVs was assessed in both KCs and FCs.
To enable comparison with other PDNVs, vesicles were additionally isolated
from several phylogenetically related plant species — Scutellaria baicalensis,
Hypericum perforatum L., Chelidonium majus L., and Artemisia dracunculus
L. — whose extracts have previously been reported to exert anti-inflammatory
effects in skin inflammation models [137-140]. Cells were treated with
2.1x108 NVs/1 cm?.
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Among the tested vesicle preparations, LB-NVs showed the most
pronounced effect on cellular metabolic activity, increasing it by and 17.3%
in KCs and 25.4% in FCs relative to PBS-treated controls (Fig. 3.2.1.2). Other
PDNVs had no effect on metabolic activity or reduced it. In KCs, Hypericum
perforatum L. and Chelidonium majus L., decreased metabolic activity by
31.1% and 23.7%, respectively.
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Fig. 3.2.1.2. Effects of plant-derived nanovesicles (NVs) on metabolic
activity of keratinocytes and fibroblasts following 48 hr treatment

Statistical analysis: one-way ANOVA with Dunnett’s post hoc test. Data are presented as
mean + SEM (n = 3). *p < 0.05, ***p < 0.001.
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LB-NVs effect on metabolic activity was also tested on PLI-cells. In KCs,
LB-NVs significantly improved PLI-reduced metabolic activity by 11.6%
(Fig.3.2.1.3a), while in PL-FCs, LB-NVs enhanced it by 16.5% and restored
it to the basal level (Fig. 3.2.1.3b).
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Fig. 3.2.1.3. Effect of lemon Balm-derived nanovesicles (LB-NVs)
on metabolic activity in psoriasis-like inflammation (PLI)-induced
keratinocytes (a) and fibroblasts (b)

Statistical analysis: one-way ANOVA followed by Fisher’s LSD test. Data are presented as
mean + SEM (n = 3). *p < 0.05, ***p < 0.001.

Overall, LB-NVs demonstrated a significant effect on skin cells, and their
ability to restore PLI-affected metabolic activity suggests a potential anti-
inflammatory role.
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3.2.2. Lemon balm-derived nanovesicles restore bioenergetics in
psoriasis-like fibroblasts

To further investigate the potential effect of LB-NVs on bioenergetics,
mitochondrial respiration and glycolytic efficiency were assessed using the
Seahorse XFp analyser.

As described previously (Fig. 2.2.2), LB-NVs were added 24 hr after PLI
induction and cells were subsequently treated for 48 hr, resulting in a total PLI
exposure time of 72 hr. Consistent with the observations reported in Study I,
72 hr PLI treatment did not significantly alter mitochondrial respiration in
KCs (Fig. 3.1.4.4 a, ¢).

In KCs, LB-NVs increased maximal respiration by 45% compared with
control cells (Fig. 3.2.2.1 a, b). Their effect was even more pronounced under
inflammatory conditions. In PL-KCs, LB-NVs elevated basal respiration,
maximal respiration, and ATP production by 23.9%, 43.6%, and 43.4%,
respectively, compared with PL-KCs control. These results indicate that
LB-NVs enhance overall mitochondrial efficiency in KCs.
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Fig. 3.2.2.1. Effect of lemon balm-derived nanovesicles (LB-NVs) on
mitochondrial respiration in keratinocytes under psoriasis-like inflammation
(PLI)

(a) Representative oxygen consumption rate (OCR) profiles reflecting mitochondrial respi-
ration parameters presented in (b). Statistical analysis: one-way ANOVA followed by Fis-
her’s LSD post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001. Data are presented as mean +
SEM (n = 3).
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In contrast, PLI stimulation in FCs led to an overall reduction in
mitochondrial respiration parameters, except proton leak, by 20-45%
(Fig. 3.2.2.2 a, b). Under PLI, LB-NVs treatment significantly improved
mitochondrial respiratory function: basal respiration increased by 36.7%,
maximal respiration by 38.7%, ATP production by 31.5%. Also, LB-NVs
improved ATP production by 21.7% compared to the control.
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Fig. 3.2.2.2. Effect of lemon balm-derived nanovesicles (LB-NVs) on
mitochondrial respiration in fibroblasts under psoriasis-like inflammation
(PLI)

(a) Representative oxygen consumption rate (OCR) profiles reflecting mitochondrial
respiration parameters presented in (b). Statistical analysis: one-way ANOVA followed by
Fisher’s LSD post hoc test. *p < 0.05, **p <0.01, ***p <0.001. Data are presented as mean
+ SEM (n =3).
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In FCs, exposure to PLI increased glycolytic efficiency by 112%, indicating
activation of glycolysis. Treatment with LB-NVs reduced this parameter by
26% compared to PLI control (Fig. 3.2.2.3b). In contrast, glycolytic efficiency
in KCs remained unchanged, as neither PLI nor LB-NVs treatment caused
any significant alterations in ECAR (Fig. 3.2.2.3a).
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Fig. 3.2.2.3. Effect of lemon balm-derived nanovesicles (LB-NVs) on
glycolytic activity in skin cells under psoriasis-like inflammation (PLI)
Glycolytic efficiency of keratinocytes (a) and fibroblasts (b). This parameter was estima-
ted from basal extracellular acidification rate ECAR values prior to compound injections.

Statistical analysis: one-way ANOVA followed by Fisher’s LSD post hoc test. *p < 0.05,
**p < 0.01, ¥**p < 0.001. Data are presented as mean = SEM (n = 3).

These findings suggest that PL-FCs undergo a metabolic shift towards
glycolysis, whereas no such change is observed in KCs. LB-NVs attenuate
the elevated glycolytic activity in FCs but do not exert a significant effect on
KCs.
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3.2.3. Lemon balm-derived nanovesicles regulate mitochondrial
network in psoriasis-like inflammation-induced skin cells

Diminished respiratory activity is frequently associated with altered
mitochondrial morphology [141]. To assess the impact of LB-NVs on disrupted
mitochondrial networks, we conducted a morphometric analysis. Mdivil was
included as a positive control to counteract PLI-induced fragmentation.

Representative images (Fig. 3.2.3.1a) illustrate that, under PLI conditions,
mitochondria exhibit a fragmented morphology, and co-treatment with
LB-NVs substantially improved mitochondrial interconnectivity.

In PL-KCs, both LB-NVs and Mdivil exhibited a similar restorative
effect on mitochondrial network morphology. Compared to the PLI control,
LB-NVs increased summed branch length (+24.8% vs +23.9% with Mdivil,
Fig. 3.2.3.1b), which is an indicator of overall mitochondrial elongation.
Also, they improved network connectivity by increasing branch count
(+33.8% vs +21.1%, Fig. 3.2.3.1). LB-NVs’ restorative effect was also
evident in control conditions, as they increased network branch counts by
37% compared to controls. LB-NVs did not affect mitochondrial area (Fig.
3.2.3.1d).
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Fig. 3.2.3.1. Influence of lemon balm—derived nanovesicles (LB-NVs) on
mitochondrial network fragmentation in psoriasis-like inflammation (PLI)-
induced keratinocytes

Mdivi-1, a mitochondrial fission inhibitor, was used as a positive control. (a) Representative
fluorescence images of the mitochondrial network. Scale bars: 10 pm for whole-cell images
and 5 um for the ROI. (b) Mitochondrial morphology analysis using MiNa plugin in ImageJ.
Statistical analysis: one-way ANOVA followed by Fisher’s LSD post hoc test. *p < 0.05,
**%p < 0.001; Data: mean = SEM (n = 3).
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In PL-FCs treatment with LB-NVs, not only reversed the reduction of
summed branch length but also elevated the parameter by 27% relative to
control levels. A comparable trend was observed with Mdivil, which increased
summed branch length by 38% vs control and by 63% under PLI conditions
(Fig. 3.2.3.2 a, b). Additionally, LB-NVs enhanced network branch number
by a 65% in PL-FCs. Mdivil produced a similar but more pronounced effect,
raising branch counts by 80% compared to control and by 85% in PL-FCs
(Fig. 3.2.3.2 c). Notably, LB-NVs alone did not affect these parameters,
suggesting their activity is specific to inflammatory conditions, in contrast
to Mdivil. Across all groups, mitochondrial area remained unchanged (Fig.
3.2.3.2d).

Taken together, the data indicate that LB-NVs mitigate PLI-induced
mitochondrial fragmentation in skin cells. Furthermore, the comparable
effects observed with LB-NVs and Mdivil suggest that LB-NVs may help
maintain mitochondrial network integrity via a similar mechanism, potentially
involving regulation of Drpl. FCs were selected for subsequent analyses, as
LB-NVs showed pronounced, inflammation-specific effects in this cell type
— restoring mitochondrial respiration, reducing glycolysis, and enhancing
mitochondrial network organisation — while only minimal responses were
observed in KCs.
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Fig. 3.2.3.2. Influence of lemon balm—derived nanovesicles (LB-NVs) on
mitochondrial network fragmentation in psoriasis-like inflammation
(PLI)-induced fibroblasts

Mdivi-1, a mitochondrial fission inhibitor, was used as a positive control. (a) Representative
fluorescence images of the mitochondrial network. Scale bars: 10 pm for whole-cell images
and 5 pm for the ROI. (b) Mitochondrial morphology analysis using MiNa plugin in ImageJ.
Statistical analysis: one-way ANOVA followed by Fisher’s LSD post hoc test. *p < 0.05,
**%p < 0.001; Data: mean + SEM (n = 3).
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Western blot analysis indicated a trend toward increased phosphorylation
of Drpl at Ser616 (p-Drpl). LB-NVs reversed this trend, reducing p-Drpl/
Drpl ratio expression by 30%, suggesting an inhibitory effect on Drpl
activation and, consequently, mitochondrial fission (Fig. 3.2.3.3 a, b).
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Fig. 3.2.3.3. Lemon balm-derived nanovesicles (LB-NVs) effect on the
activation of dynamin-related protein 1 (Drpl) in fibroblasts exposed to a
psoriasis-like inflammation (PLI)

(a) Western blots illustrating protein levels of phosphorylated (Ser616)- Drp1 and total Drpl.
Densitometric quantification of phosphorylated and total proteins, normalised to the loa-

ding control GAPDH, is presented in (b). Statistical analysis: one-way ANOVA followed by
Fisher’s LSD test. Significance levels: *p < 0.05. Data: mean = SEM (n = 3).
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Drpl activation is commonly linked to elevated MitoROS, which can
trigger activation of inflammatory pathways and further propagate the disease.

To investigate, whether LB-NVs may reduce PLI-induced MitoROS
increase, we used a reduced MitoTracker CM-H2Xros probe, with Antimycin
A serving as a positive control and MitoTempo as a negative control (Fig.
3.2.3.4). PLI markedly increased MitoROS production to 159% of control.
Although co-treatment with LB-NVs showed a decreasing trend (135.5% of
control), this reduction was not statistically significant (Fig. 3.2.3.4b).
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Fig. 3.2.3.4. Influence of lemon balm—derived nanovesicles (LB-NVs) on
mitochondrial reactive oxygen species (ROS) production in psoriasis-like
inflammation (PLI)-induced fibroblasts

(a) Representative fluorescence images of cells stained with reduced MitoTracker CM-
H:Xros to visualize MitoROS). Antimycin A was used as a positive control to induce ROS
production, while MitoTempo, a mitochondrial superoxide scavenger, served as a negative
control. Scale bar: 50 um. (b) CM-H:Xros fluorescence intensity analysis. Statistical analy-
sis: one-way ANOVA followed by Fisher’s LSD post hoc test. *p < 0.05, **p <0.01, ***p <
0.001; Data: mean + SEM (n = 3-4).
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3.2.4. Lemon balm-derived nanovesicles selectively regulate p38
MAPK and cytokine secretion in psoriasis-like inflammation-induced
cells

To investigate inflammatory signalling, we assessed total and phospho-
rylated levels of p38 MAPK and NF-kB p65, key regulators of inflammatory
responses implicated in psoriasis pathogenesis.

LB-NVs significantly lowered total p38 MAPK protein in PL-FCs, with
a 60% reduction compared to PLI and a 45% decrease relative to control
(Fig. 3.2.4.1 a, b). However, phosphorylated p38 (p-p38) levels remained
unchanged. As a result, the p-p38/p38 ratio increased fivefold under PLI and
further to 7.5-fold with LB-NV treatment, reflecting reduced total p38 rather
than enhanced phosphorylation.
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Fig. 3.2.4.1. Influence of lemon balm-derived nanovesicles (LB-NVs) on
the activation of p38 MAPK signalling pathway in fibroblasts exposed to a
psoriasis-like inflammation (PLI)

(a) Western blot analysis illustrating phosphorylated (p-) and total protein levels of (a) p38.
Corresponding densitometric quantification of phosphorylated and total proteins, normalised
to the loading control GAPDH, is presented in (b). Statistical analysis: one-way ANOVA

followed by Fisher’s LSD test. Significance levels: *p < 0.05, **p < 0.01, ***p < 0.001.
Data: mean = SEM (n = 3).
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In contrast, NF-kB signalling was strongly activated by PLI, as indicated
by an 8.3-fold increase in p-p65 and a 7.2-fold increase in the p-p65/p65 ratio,
but LB-NVs did not significantly modify either total p65 or its phosphorylation
status (Fig. 3.2.4.2).
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Fig. 3.2.4.2. Influence of lemon balm-derived nanovesicles (LB-NVs) on
the activation of p65 NF-xB signalling pathway in fibroblasts exposed to a
psoriasis-like inflammation (PLI)

(a) Western blot analysis illustrating phosphorylated (p-) and total protein levels of (a) p65.
Corresponding densitometric quantification of phosphorylated and total proteins, normalised
to the loading control GAPDH, is presented in (b). Statistical analysis: one-way ANOVA fo-

llowed by Fisher’s LSD test. Significance levels: *p < 0.05, **p < 0.01, ***p < 0.001. Data:
mean + SEM (n = 3).

To determine whether improvements in mitochondrial function were
associated with altered cytokine secretion, cytokine levels were quantified in
FC culture media. IL-4, IL-13, IL-18, and IL-23 were selected based on prior
screening using a 20-plex Human Inflammation panel, which identified them
as responsive to LB-NVs. In parallel, Mdivil was included to assess whether
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modulation of mitochondrial dynamics correlates with cytokine release (Fig.
3.2.4.3).
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Fig. 3.2.4.3. Effects of lemon balm—derived nanovesicles (LB-NVs) on
cytokine secretion in psoriasis-like inflammation (PLI)-induced fibroblasts
Secretion levels of (a) IL-4, (b) IL-13, (c) IL-18, and (d) IL-23 were measured as pg/mL.
Cytokine concentrations were determined using a Luminex xMAP multiplex assay. Statisti-

cal analysis was performed using one-way ANOVA followed by Fisher’s LSD post hoc test.
*p <0.05, **p <0.01, ***p <0.001. Data: mean = SEM (n = 3-5).

LB-NVs selectively attenuated cytokine secretion in PL-FCs. IL-4
increased from 1.5 pg/mL in control cells to 267.0 pg/mL in PL-FCs
and was reduced by 26 pg/mL (10%) following LB-NV treatment (Fig.
3.2.4.4a). IL-13, undetectable under control conditions, rose to 1.9 pg/mL
with PLI and decreased by 0.9 pg/mL (~50%) after LB-NV treatment (Fig.
3.2.4.4b). Similarly, IL-18, which was absent in control conditions, reached
17.1 pg/mL under PLI and was significantly reduced by 13.1 pg/mL (76%)
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upon LB-NV treatment (Fig. 3.2.4.4c). These results indicate that LB-
NVs suppress cytokines associated with general inflammation (IL-18) and
Th2-driven responses (IL-4, IL-13), characteristic of atopic dermatitis. In
contrast, IL-23, a cytokine linked to Thl7-mediated and psoriasis-related
inflammation, remained unchanged. In comparison, Mdivil exerted a broader
anti-inflammatory effect, reducing IL-4, I1L-13, and IL-18 levels by 30%,
81%, and 91%, respectively, and additionally decreasing IL-23 by 60%
relative to PLI conditions.
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4. DISCUSSION

4.1. Mitochondrial changes in psoriasis-like inflammation-induced
keratinocytes and fibroblasts

Despite considerable advances in psoriasis research, its pathogenesis in
not fully understood. In particular, there is a major knowledge gap regarding
the role of mitochondria in skin cells. To address this gap, Study I provided
an assessment of mitochondrial functional and morphological alterations
in keratinocytes and fibroblasts under psoriasis-associated inflammatory
conditions.

One of the key findings of this study is that PLI induces mitochondrial
morphological alterations extending to the level of cristae. In both KCs and
FCs, PLI leads to cristae loss. Similar changes have been reported in viral
infection models of human lung microvascular cells [142], suggesting that
cristae elimination may represent a general feature of inflammatory responses.
Cristae remodelling has been linked to mtDNA release, which can trigger
type I interferon production [101]; consistent with this, increased IFN-a
and IFN-f levels are detected in the media of PLI-treated cells. Previous
transmission electron microscopy studies have demonstrated alterations in
cristae density in similar models [143,144]; however, this technique does not
capture dynamic changes in living cells. In contrast, our stimulated emission
depletion (STED)-based microscopy analysis reveals sustained alterations
and enables the identification of cell type-specific responses: PL-KCs exhibit
a pronounced reduction in cristae density, whereas fibroblasts show early
signs of this process.

Next, the study showed that PLI reduces mitochondrial respiration in
both cell types, likely reflecting the impact of cristae remodelling on ETC
organisation and mitochondrial efficiency [10,145]. In PL-FCs, this effect
is delayed and accompanied by a gradual increase in MitoROS, potentially
driven by elevated Aym. Similar changes were reported in dendritic cells
treated with IMQ to induce psoriasis-like inflammation [3]. In contrast, PL-
KCs exhibit an immediate decline in respiration, along with early increase in
MitoROS and Aym. Notably, reduced respiration in PL-KCs occurs together
with elevated Aym, suggesting reverse electron transport, possibly due to
reduced ATP synthesis, as observed in our study. This may limit utilisation of
the proton gradient, therefore contributing to the elevation of Aym. Similar
patterns have been reported in macrophages under bacterial inflammation
[146]. The mitochondrial respiration profiles of KCs and FCs corroborate
previous findings, showing that KCs have a lower spare respiratory capacity
than FCs (Fig.3.2.2.1 vs. Fig. 3.2.2.2), as they operate closer to their
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maximal functional limit [63]. Moreover, PL-KCs showed early glycolysis
dysfunction, while PL-FCs exhibited late glycolysis activation. While
psoriasis is associated with glycolytic activation, a recent study demonstrated
that a psoriasis-like cytokine cocktail, including IL-17, IL-22, and TNF-q,
induces miR-31 expression in HaCaT cells [147], an effect associated with
reduced glycolysis in the psoriatic epidermis [148]. These findings suggest
that metabolic responses to psoriasis-like inflammation are time-dependent
and differ across experimental models and cell types.

4.2. Link between mitochondrial alterations and cytokine secretion in
psoriasis-like inflammation

Our findings indicate that KCs and FCs employ distinct mitochondrial
strategies in response to psoriatic inflammation. KCs primarily adapt
through MitoROS-related mechanisms, whereas FCs rely more on structural
mitochondrial changes. As primary targets of external inflammatory stimuli,
keratinocytes exhibit rapid mitochondrial responses, including increased
MitoROS production and suppressed respiration, which may contribute to the
amplification of inflammatory processes. Previous studies have shown that
IL-17A and IL-22 enhance IL-1f production via ROS/NLRP3 inflammasome
pathway in HaCaT cells [149]. Our results support this, as scavenging
MitoROS reduced the levels of NLRP3 downstream cytokines IL-18 and
IL-1B, suggesting a similar mechanism may be involved. In contrast, FCs
appear more capable of preserving mitochondrial integrity and energy balance
during PLI, as indicated by reduced mitochondrial respiration alongside
increased glycolysis. In these cells, mitochondrial fission may contribute
to inflammation by regulating pro-inflammatory mediators. For instance,
in psoriatic macrophages, fission-associated proteins such as GDAPILI1
and Drpl promote cytokine production via MAPK and NF-kB signalling
pathways [4], while pharmacological inhibition of Drpl with Mdivil
attenuates TNF-a-induced NF-«kB activation [150] and alleviates psoriasis-
like symptoms [81]. Consistent with these findings, our results demonstrate
that Drpl inhibition in PL-FCs reduced secretion of IL-1a, IL-18, and IL-6,
suggesting the involvement of NF-kB-mediated signalling. Although Mdivil
restored the mitochondrial network, it did not alter Drpl phosphorylation,
suggesting that fragmentation in PL-FCs is likely Drpl-dependent, but the
transient activation of Drpl may not have been captured at the analysed time
points.
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4.3. Cell-specific contribution to the propagation of psoriasis-like
inflammation

PLImarkedly elevated the production of psoriasis-associated inflammatory
mediators in both cell types. PL-KCs exhibited higher levels of elafin and IL-
1B, consistent with their predominant expression in the psoriatic epidermis
[151,152]. In contrast, PL-FCs produced greater amounts of IL-6 and
CXCLS, mediators involved in the recruitment of IL-17A-secreting cells
[153]. Comparing levels of inflammatory mediators observed in supernatants
of PL-cells with the corresponding concentrations in the serum of psoriasis
patients, we found that the levels of IL-1 family members and IFN-y were
relatively similar, with differences ranging from 2-fold to 28-fold (Table
4.3.1). In contrast, other mediators showed pronounced differences between
in vitro and in vivo conditions. Elafin and CCL5 were markedly lower in
cell culture (50-2900-fold), whereas IL-6 and CXCLS8 were substantially
higher (180-6700-fold) compared to patient serum. These findings indicate
that while some inflammatory mediators exhibit comparable levels between
the two settings, others differ, reflecting the complexity of replicating in vivo
conditions.

The distinct mitochondrial responses to PLI further highlight cell-type-
specific behaviour, with KCs displaying greater sensitivity and FCs exhibiting
a delayed response. This likely reflects their different physiological roles:
KCs act as a frontline barrier and respond rapidly to external stimuli, whereas
FCs, which maintain the extracellular matrix, show slower signalling and
metabolic adaptation [154].
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Table 4.3.1. Comparison of inflammatory mediator levels in PL-cell
supernatants with their corresponding concentrations in the serum of
psoriasis patients

In vitro In vivo
PL-KCs PL-FCs Serum level in
Analyte Mean + SEM| Mean = SEM | psoriasis patient Fold change | Reference
pg/mL pg/mL Mean (SD) pg/mL
PL-KC: 51
Elafin [47.98 +18.93| 0.38+0.11 2 470 (1 640) PL-FC: 6500 [155]
PL-KC:1000
IL-6 | 4447+1625 | 28490+6493 4.21 (4.05) PL-FC: 6700 [156]
PL-KC: 28
IL-1e0 | 25.48+1.70 | 19.70£3.00 0.90 (0.43) PL-FC: 22 [157]
PL-KC: 7
IL-1g | 2.21+£1.68 0.90+0.60 13.62 (1.16) PL-FC- 15 [157]
PL-KC: 3
IL-18 | 78.11+4.92 | 68.06+4.74 232.1 PL-FC: 3 [158]
PL-KC:180
CXCLS8 | 2532+101 2706218 13.85 (14.80) PL-FC-190 [159]
68 695.78 (91 | PL-KC: 2900
CCLS5 | 23.4149.20 | 25.50+7.70 785) PL-FC: 2600 [159]
KC: 2
IFN-y | 1.04+0.27 0.37+0.10 1.91 (1.79) FC: 5 [160]
IFN-a | 25.48+0.72 19.71+1.22 No data
IFN-B | 25.48+0.72 6.42+2.00 No data

4.4. Lemon balm-derived nanovesicle role in mitochondrial protection

The most advanced therapies for the most common inflammatory skin
diseases (i.e. psoriasis and AD) are limited by variable long-term efficacy,
immune-related side effects, high costs, and restricted accessibility. These
limitations highlight the need for alternative therapeutic approaches. Although
plant-derived nanovesicles have emerged as promising bioactive agent,
LB-NV effect on mitochondria remains unexplored. To address this, study 11
investigated the role of LB-NVs in modulating mitochondrial functions and
inflammatory responses in psoriasis-like conditions.

LB-NVs promote metabolic reprogramming in PL-FCs by restoring
OXPHOS and reducing glycolysis. In PL-KCs, they enhance mitochondrial
respiration and ATP synthesis; however, their effect on OXPHOS restoration
could not be fully assessed, as mitochondrial respiration had already returned
to baseline under the experimental conditions, potentially masking earlier
effects. Metabolic reprogramming was also shown in LPS-treated human
gingival fibroblasts, by garlic-derived NVs, which reduced inflammation
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through activation of phosphoglycerate dehydrogenase (PHGDH), key
regulator of mitochondrial function [161]. Moreover, Artemisia annua-
derived NVs restored the LPS-induced reduction in OXPHOS in alveolar
macrophages by preserving mitochondrial structure, as evidenced by
elongated mitochondrial morphology. This recovery of mitochondrial
functions was accompanied by decreased proinflammatory cytokine secretion
and improved lung pathology in endotoxin-induced injury models [121].
Similarly, our results show that LB-NVs attenuate PLI-induced mitochondrial
fragmentation, thereby increasing elongation and network branching, thereby
supporting bioenergetic efficiency in PL-FCs. This effect is associated with
LB-NVs-mediated reduction in p-Drpl levels. Comparable findings have
been reported for neutrophil membrane-engineered Panax ginseng-derived
NVs, which also reduced p-Drpl levels, restore mitochondrial function and
suppress NLRP3 signalling [162].

4.5. Lemon balm-derived nanovesicle impact on inflammatory
signalling

LB-NVs reduce total p38 MAPK protein levels without altering its
phosphorylation, suggesting selective attenuation of sustained inflammatory
signalling while preserving acute stress responses. NF-kB remains unaffected.
Although commonly associated with proinflammatory gene expression,
NF-kB also regulates essential homeostatic and stress-responsive processes
depending on the cellular context [163]. Thus, the lack of LB-NVs-induced
effect might indicate that essential homeostatic pathways are maintained.
Together, these findings suggest that LB-NVs suppress pro-inflammatory
cytokine production and FCs activation without compromising protective
NF-kB-dependent functions, highlighting their potential as targeted anti-
inflammatory agents.

Although psoriasis is primarily associated with Th1/Th17/Th22 -driven
inflammation, the increased secretion of Th2 cytokines (IL-4 and IL-13)
related to AD was observed in PL-FCs, indicating a broader inflammatory
response. As discussed in 1.1.2, a degree of mechanistic overlap between
psoriasis and AD has been reported. Thus, our results support this concept.
The observed reduction of IL-4 and IL-13 following LB-NVs treatment may
be linked to their capacity to reverse mitochondrial fragmentation, as similar
effects are observed with Drpl inhibition. Previous studies demonstrate
that Drpl inhibition suppresses IL-4 and IL-13 in 2,4-dinitrochlorobenzene
(DNCB)-induced AD mouse model, a finding also evident in our experiments
[81]. Moreover, Drpl inhibition may lead to p38 MAPK suppression [164].
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Consistent with this, LB-NVs reduced total p38 MAPK levels, which likely
contributes to decreased IL-4, IL-13, and IL-18 production [165-167].

4.6. Characterisation of lemon balm-derived nanovesicles

PDNVs are generally larger than mammalian EVs, likely reflecting
differences in biogenesis and cargo composition, as plant vesicles
encapsulate not only proteins and RNAs but also secondary metabolites and
polysaccharides [168,169]. Their relatively high miRNA content supports
cross-kingdom regulatory effects, including modulation of inflammatory
responses. The larger vesicle size may therefore facilitate the delivery of
diverse bioactive cargo. In this study, LB-NVs exhibited a mean diameter
of 200.7 nm, consistent with NVs derived from other plant sources, such as
Vinca minor (380 nm), Viscum album (280 nm), and tomato leaves (201—
227 nm) [106,170]. Total RNA content (0.74 ng/g dry weight) was also
comparable to reported values for tomato-derived NVs, which varied from
0.6 to 3.23ug/g dried weight [170]. Overall, while PDNV characteristics vary
between species, the properties of LB-NVs align well with those described in
the literature.
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CONCLUSIONS

1. Psoriasis-like inflammation (PLI)-inducing cytokine cocktail (IL-17,
IL-22, and TNF-a) increases PI3 expression, elafin secretion and
promotes pro-inflammatory cytokine release in human keratinocytes
and fibroblasts, with IL-6 and CXCLS8 predominating in fibroblasts,
and IL-1p and elafin in keratinocytes.

2. PLI causes mitochondrial fragmentation and cristae loss, with rapid
and more pronounced effects in keratinocytes and delayed responses
in fibroblasts. It also impairs mitochondrial function, inducing early
bioenergetic suppression, increased Aym, and MitoROS in keratinocytes,
while fibroblasts exhibitdelayed metabolic reprogramming characterised
by reduced respiration and increased glycolysis.

3. Drpl and MitoROS contribute to mitochondrial fragmentation and
secretion of psoriasis-related proinflammatory mediators in a cell type-
specific manner:

3.1. PLI-induced mitochondrial fragmentation in keratinocytes is asso-
ciated with increased Drpl expression and activation, whereas no
changes in Drpl are observed in fibroblasts. Pharmacological inhibition
of Drp1 restores mitochondrial integrity in both PLI-affected cell types
and reduces the secretion of proinflammatory mediators, particularly in
fibroblasts.

3.2. MitoROS contributes to Drpl activation in PLI-affected kerati-
nocytes, but MitoROS scavenging does not reverse mitochondrial
fragmentation. In PLI-induced fibroblasts, MitoROS scavenging affects
neither Drpl activation nor mitochondrial fragmentation. MitoROS
more strongly contributes to proinflammatory mediator secretion in
keratinocytes.

4. Lemon balm-derived nanovesicles enhance mitochondrial respiration
in keratinocytes and restore bioenergetic balance in fibroblasts, while
reversing mitochondrial fragmentation in both cell types, with a more
pronounced Drpl-dependent effect in fibroblasts under PLI. However,
lemon balm-derived nanovesicles do not affect MitoROS production.

5. In PLI-induced fibroblasts, lemon balm-derived nanovesicles decrease
p38 expression and reduce IL-13, IL-4, and IL-18 levels.
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SANTRAUKA
IVADAS

Psoriazé — 1étiné uzdegiminé odos liga, pasireiSkianti 2—3 proc. pasaulio
populiacijos [1]. Nors sisteminiai biologiniai vaistai yra pazangi gydymo
priemoné, jy taikyma riboja nevienodas pacienty atsakas ir Salutiniai efektai
[2]. Gilesnis ligos mechanizmy supratimas yra biitinas siekiant kurti efekty-
vesnes, tikslines terapines strategijas.

Dauggja jrodymy, kad pokyciai mitochondrijose atlieka svarby vaidmenj
psoriazés patogenezéje [3—7]. Ypac svarbiis veiksniai yra mitochondrijy mo-
fologijos pakitimai [4] ir padidéjusi aktyviy deguonies formy (angl. reactive
oxygen species, ROS) gamyba [3], kurie yra siejami su ligos progresavimu.
Mitochondrijy homeostazé priklauso nuo subalansuoty dalijimosi ir susilie-
jimo procesy, kuriy pusiausvyra uzdegimo metu gali sutrikti bei lemti mito-
chondrijy fragmentacijg ir oksidacinj stresg [8]. Farmokologinis su dinaminu
susijusio baltymo (angl. Dynamin-related protein 1, Drpl), pagrindinio mi-
tochondrijy dalijimgsi reguliuojanc¢io baltymo ir ROS neutralizavimas gali
padéti geriau suprasti mechanistines sgsajas tarp mitochondrijy poky¢iy ir
psoriazés progresavimo. Vis dar néra Zinoma, ar keratinocituose ir fibroblas-
tuose, pagrindinése psoriazés patogenezeje dalyvaujanciose lastelése, pasi-
reiSkia tokie mitochondrijy poky¢iai ir ar jie prisideda prie psoriazinio uzde-
gimo palaikymo bei plitimo.

Reaguojant i lgstelinj stresa, mitochondrijy struktiira persitvarko, jskaitant
kristy iSsidéstyma, kuris tiesiogiai gali veikti mitochondrijy kvépavimo efek-
tyvumg ir ROS produkcija [9,10]. Naujausi superrezoliucinés mikroskopijos
pasiekimai suteikia galimybe iStirti kristy dinamika gyvose lastelése [11],
taCiau §] tyrimy sritis vis dar yra ankstyvoje stadijoje tiriant biologinius pro-
cesus. Kristy ankstyvy struktiiriniy poky¢iy ir mitochondrijy funkcijy sasajy
iSaiskinimas gali suteikti naujy jzvalgy apie psoriazés patogenezg bei jvertinti
Ju, kaip terapiniy taikiniy, potencialg.

Augalinés kilmes ekstraktai yra gerai zinomi dél savo prieSuzdegiminiy
ir antioksidaciniy savybiy. Jy veiksmingumas buvo vertinamas uzdegiminiy
odos ligy gydymui. Pavydziui, i§ Melissa officinalis L. (vaistiniy melisy) gau-
ti ekstraktai reikSmingai sumazino atopinio dermatito bei psoriazés simpto-
mus [12,13]. Taciau, jy terapinj pritaikymg riboja prastas prasiskverbimas }
odg ir Igsteles bei greita oksidaciné degradacija biologiniuose skysc¢iuose, dél
ko nepasiekiamos efektyvios koncentracijos tikslinése Igstelése.

Pastaraisiais metais augalinés kilmés nanopislelés vis placiau tyrinéjamos
dél jose esanciy bioaktyviy molekuliy bei geresnio biologinio prieinamumo
[14-16]. Idomu tai, kad vaistinés melisos ekstraktai gali sumazinti DNR pa-
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zeidimus UVB paveiktuose keratinocituose [17] ir reikSmingai slopinti epi-
dermio hiperplazija bei pleiskanojima psoriazés in vivo modeliuose [18]. Vis
delto, vaistinés melisos nanopiisleliy poveikis mitochondrijy funkcijai uzde-
gimo paveiktose odos lgstelése iki Sios nebuvo tirtas.

TIKSLAS IR UZDAVINIAI

Sio daktaro disertacijos tikslas — apib@idinti mitochondrijy poky&ius odos
lastelése, paveiktose psoriaze imituojancio uzdegimo, fokusuojantis i mito-
chondrijy morfologija ir funkcija, bei jvertinti i§ vaistiniy melisy isskirty na-
nopisleliy terapinj potenciala.

UZdaviniai

1. Sukelti psoriaz¢ imituojantj uzdegima (PIU) Zmogaus keratinocity ir
fibroblasty lasteliy linijose, naudojant IL-17, IL-22 ir TNF-a citokiny
misinj.

2. Istirti mitochondrijy morfologijos, membraninio potencialo, aktyviyjy
deguonies formy (ROS) gamybos ir bioenergetikos pokyc¢ius PIU pa-
veiktose odos lagstelése.

3. Ivertinti Drpl ir mitochondriniy ROS vaidmenj mitochondrijy fra-
gmentacijai ir su psoriaze susijusiy uzdegiminiy mediatoriy sekrecijai
PIU paveiktose odos Iastelése.

4. Ivertinti vaistiniy melisy nanopisleliy jtaka bioenergetiniams proce-
sams, mitochondrijy morfologijai bei mitochondriniy ROS gamybai
PIU paveiktose odos lastelése.

5. IStirti vaistiniy melisy nanopisleliy poveikj su ligos progresavimu susi-
jusiy uzdegiminiy citokiny sekrecijai ir signaliniy keliy aktyvacijai PIU
paveiktose odos lastelése.

2. MEDZIAGOS IR METODAI

2.1. Lastelés ir poveikiai

Zmogaus odos keratinocitai (HaCaT) ir fibroblastai (BJ-5ta) buvo kul-
tivuojami DMEM-GlutaMAX™ terpéje su 10 proc. vaisiaus galvijy seru-
mo ir 100 V/ml penicilino-streptomicino, 37°C temperatiiroje, 5 proc. CO2
atmosferoje. Pers¢jimui Igstelés buvo nuplaunamos PBS, atskiriamos 0,05
proc. tripsinu/EDTA ir pas¢jamos tolesniam augimui. Psoriaz¢ imituojantis
uzdegimas (PIU) buvo indukuojamas kita dieng po lasteliy s¢jimo, pridedant
TNF-a (5 ng/ml), IL-22 (10 ng/ml) ir IL-17 (10 ng/ml). Kaip kontrolé buvo
naudojamas PBS, kuriuo buvo skiedziami VM-NP bei citokinai. I tyrime
PIU trukme buvo 24 val., jei nenurodyta kitaip (48 ar 72 val.). MitoTempo
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(20 uM) buvo pridétas 1 val. prie§ citokiny poveiki, o Mdivil (25 uM) —
24 val. pries eksperimenta. II tyrime vaistinés melisos kilmés nanopislelés
(VM-NP) buvo pridétos po 24 val. PIU indukcijos (2,1 x 108 NV/1 cm?) ir
inkubuota dar 48 val., todél bendra citokiny poveikio trukmé sieké 72 val.
Mdivi-1 taip pat taikytas 24 val. prie§ eksperimentg.

2.2. Metabolinis aktyvumas

Lastelés séjamos 1 96 Sulinéliy ploksteles po 5000, 4500 ir 4000 Iast./sul.,
atitinkamai 24, 48 ir 72 val. PIU poveikiui. Metabolinis aktyvumas vertintas
naudojant PrestoBlue™ Cell Viability reagentg pagal gamintojo instrukcijas.
Trumpai, terpé buvo pakeista Sviezia terpe su 10 proc. PrestoBlue™, lastelés
inkubuotos 1 val. tamsoje. Absorbcija matuota ties 570 nm (referencinis ban-
gos ilgis — 600 nm) naudojant Varioskan™ LUX mikroploksteliy skaitytuva
(Thermo Scientific™, Singaptras).

2.3. Genu raiska

Lastelés séjamos | 12 Sulinéliy ploksteles po 100 000 Iast./sul. Bendra
RNR isskirta naudojant PureLink RNA Mini Kit ir apdorota DNase I geno-
minei DNR pasalinti. cDNR sintezé atlikta naudojant High-Capacity Rever-
se Transcription Kit. Kiekybin¢ PGR atlikta Rotor-Gene Q sistemoje (Qia-
gen, Nyderlandai), naudojant Power SYBR Green PCR Mix. Santykiné geny
raiSka apskaiciuota 2(—AACt) metodu, kaip vidinj kontrolinj geng naudojant
GAPDH.

2.4. Baltymuy sekrecija

Lastelés s¢jamos j 12 Sulinéliy ploksteles po 100 000 ir 54 000 Iast./sul.,
atitinkamai 24 ir 72 val. PIU poveikiui. Baltymy sekrecija nustatyta naudojant
Human Custom ProcartaPlex rinkinj su Luminex 200 sistema pagal gaminto-
jo protokola. Duomenys surinkti ir analizuoti naudojant xPONENT progra-
ming jrangg. Rezultatai pateikti kaip vidutinés fluorescencijos intensyvumai
(MFTI) arba konvertuoti i koncentracijas (pg/ml) pagal standartines kreives.

2.5. Mitochondrijy tinklo ir kristy analizé

Lastelés s¢jamos  stiklinio dugno Petri 1¢ksteles arba 4 Sulinéliy kameras
(13 000 ir 17 000 lIgst./cm?, atitinkamai 24 ir 72 val. PIU poveikiui). Mi-
tochondrijy tinklui vizualizuoti Iastelés dazytos 100 nM Mito Live Orange
(40 min.). Lastelés vaizdintos HBSS terpéje naudojant mikroskopus Zeiss
Axio Observer.Z1 arba Olympus IX83. FCCP (0,2 uM, 10 min.) naudotas
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kaip teigiama kontrolé mitochondrijy fragmentacijai sukelti. Mitochondrijy
morfologija jvertinta naudojant papildinj MiNa programoje ImageJ. Anali-
zuota >10 Igsteliy kiekvienoje grupéje, atlikti 3 nepriklausomi eksperimentai.
Kristy analizei naudota STED mikroskopija (STEDYCON sistema su Olym-
pus 1X83, 100x objektyvas). Vaizdai buvo apdoroti, taikant dekonvolucijos
metoda, naudojant Huygens. Kristy plotas nustatytas su papildiniu Trainable
Weka Segmentation, o tankis ir atstumai — 1§ fluorescencijos intensyvumo
profiliy (1-2 um atkarpos). Vienam vaizdui naudotos >3 linijos kristoms ir
>3 mitochondrijy storiui jvertinti. Laiko sekos analiz¢ atlikta vertinant inten-
syvumo profilius kiekviename kadre (10-15 s intervalai, 60 s trukme). ISa-
nalizuota >10 Iasteliy kiekvienoje grupéje (4 nepriklausomi eksperimentai) ir
4-6 jrasai kiekvienai salygai.

2.6. Mitochondriju superoksido ir membranos potencialo vertinimas

Lastelés s¢jamos ] 96 Sulinéliy ploksteles po 5000, 4500 ir 4000 last. /Sul.,
atitinkamai 24, 48 ir 72 val. PIU poveikiui. Mitochondrijy ROS vertintinimas
su MitoSOX™ Red (2 uM HBSS terp¢je, 30 min 37 °C) arba MitoTracker™
Red CM-H:Xros (200 nM DMEM terp¢je, 30 min 37 °C). Antimicinas A
(50 uM, 30 min.) naudotas kaip teigiama kontrolé. Mitochondrijy membra-
nos potencialas (Aym) nustatytas naudojant TMRM (15 nM, 25 min. 37 °C).
Depoliarizacijos kontrolei naudotas FCCP (10 uM). Vaizdavimas atliktas ne-
nuplaunant TMRM, siekiant jvertinti pastovios biisenos Aym. Lastelés papil-
domai dazytos Hoechst 33342. Fluorescencija registruota naudojant Olympus
APX100, analiz¢ atlikta su ImageJ (Huang slenks¢io metodas). Duomenys
normalizuoti kontrolei (100 %).

2.7. Mitochondrijy superoksido vertinimas tékmés citometrijos metodu

Po 24 arba 72 val. PIU poveikio lgstelés (2 x 10°) inkubuotos su 2 uM
MitoSOX Red (20 min., 37 °C). Nedazytos lastelés naudotos kaip kontrolé.
Analiz¢é atlikta naudojant BD FACSMelody, duomenys apdoroti su FlowJo.
Registruota > 10 000 jvykiy méginyje. MitoROS jvertinti pagal geometrinj
vidutinj fluorescencijos intensyvuma (gMFI), atémus foning fluorescencija.

2.8. Mitochondrijy kvépavimo ir glikolizés efektyvumo matavimas

Lastelés s¢jamos | Seahorse XFp ploksteles po 5000 last./sul (24 val. PIU)
arba 1700 Igst./Sul. (72 val. PIU). Deguonies suvartojimo greitis ir uzlasteli-
nis ragsStejimo greitis buvo vertintas XFp Analyzer su XFp Mito Stress Test.
Prie§ matavima terp¢ pakeista XF DMEM (10 mM gliukozés, | mM piruvato,
2 mM glutamino), plokstelés inkubuotos 1 val. be CO.. Naudotos $ios modu-
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liatoriy koncentracijos: oligomicinas (1,5 uM), FCCP (2 uM fibroblastams,
1 uM keratinocitams) ir rotenono/antimicino A misinys (0,5 pM). Oligomi-
cinas slopina ATP sintazg ir leidZia jvertinti protony nuotékj. FCCP panaiki-
na protony gradientg per viding membrang, todél elektrony pernasa veikia
maksimaliai, kas leidzia nustatyti maksimaly kvépavimo greitj;. Rotenonas/
antimicinas A slopina pirmg ir trecig kvépavimo grandinés kompleksus, dél
to 1Smatuojamas nemitochondrinis deguonies suvartojimas. ATP gamyba ap-
skaiciuota kaip skirtumas tarp bazinio kvépavimo ir protony nuotékio. Po
eksperimento duomenys normalizuoti pagal bendrg baltymy kiekj (Bradford
metodas, Infinite 200 Pro Nano Plex) arba Iasteliy skai¢iy (Hoechst 33342
dazymas, fluorescenciné mikroskopija).

2.90. Nanopusleliy iSskyrimas

Dziovinta augaliné Zaliava buvo naudojama nanopusleliy iSskyrimui tai-
kant polimerinés precipitacijos metoda su Exo-PLANT-Lo kit pagal gamin-
tojo instrukcijas. 4 g milteliy buvo sumaiSyta su stabilizuojanciais reagentais,
inkubuota maiSant (30 rpm, 3 val.), po to nuosekliai centrifuguota (1000xg ir
3000xg), siekiant pasalinti priemaiSas. Supernatantas filtruotas per 0,22 pum
filtra, sumaiSytas su reagentu C (1:1) ir inkubuotas 4-8 °C 16 val. Po galuti-
nio centrifugavimo NP suspenduotos PBS (400 pL).

2.10. Nanopusleliy charakterizavimas

Dydis ir koncentracija nustatyti naudojant NTA su NanoSight NS300 (mé-
giniai skiesti 1:3000). Kiekvienam méginiui atlikti trys matavimai (po penkis
60s jraSus). Morfologija vertinta krio-transmisijos elektroniniu mikroskopu
Thermo Scientific Glacios Cryo-TEM (200 kV). RNR i$skirta naudojant Pu-
reLink rinkinj, koncentracija nustatyta su Varioskan LUX ir normalizuota pa-
gal daleliy skaiciy.

2.11. Baltymy iSskyrimas ir Western Blot

Lastelés s¢jamos j 12 Sulineliy ploksteles po 100 000 ir 54 000 last./Sul.,
atitinkamai 24 ir 72 val. PIU poveikiui. Lastelés lizuotos RIPA buferyje su
proteaziy inhibitoriais, baltymai kiekybiskai nustatyti Bradford metodu. Vie-
nodi baltymy kiekiai (10 pg) buvo denatiruoti, atskirti SDS-PAGE gelyje ir
perkelti ant nitroceliuliozés membrany. Membranos blokuotos (3 proc. BSA)
ir inkubuotos su pirminiais antikiinais prieS p-DRP1, DRP1, p38, p-p38,
p-NF-kB p65, GAPDH, po to — su HRP konjuguotais antriniais antikiinais.
Signalas vizualizuotas ECL metodu, analizé atlikta densitometriskai naudo-
jant NineAlliance.
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2.12. Statistiné analizé

Statistiné analizé atlikta i§ >3 nepriklausomy biologiniy eksperimenty
(>2 techninés pakartojimai). Duomenys pateikti kaip biologiniy pakartojimy
vidurkiai. Poriniai palyginimai vertinti Student t-testu, keliy grupiy — vien-
faktorine ANOVA su Fisher LSD arba Dunnett testais, o grupiniai duome-
nys — dvifaktorine ANOVA su Dunnett korekcija. Skai¢iavimai atlikti naudo-
jant GraphPad Prism (v10.0).

3. REZULTATAI

3.1. I dalis. Mitochondriju funkcijy tyrimas psoriaze imituojancio
uzdegimo paveiktose odos lastelése

3.1.1. IL-17, IL-22 and TNF-a sukelia psoriaze imituojantj uzdegima
odos lastelése

Po 24 val. PIU sumazino metabolinj aktyvumga keratinocituose 11,5 proc.,
o fibroblastuose — 31 proc., lyginant su nepaveiktomis lgstelémis. Lasteliy
gyvybingumas reikSmingai nekito, taciau bendras Igsteliy skaicius sumazgjo,
rodydamas, kad PIU nesukelia lgsteliy Ziities, bet slopina jy proliferacija, kas
patvirtina Sio modelio tinkamumg tolimesniems eksperimentiams tyrimames.
PIU susidarymag patvirtino reikSmingai padidéjusi PI3 geno raiSka ir elafino
sekrecija abiejy tipy lastelése. PIU taip pat skatino uzdegiminiy mediatoriy
i8siskyrimg. Fibroblastai i§skyré didesnius IL-6 ir CXCLS8 kiekius, o kera-
tinocitai pasizyméjo rySkesne IL-1 sekrecija. Tai rodo, kad keratinocitai ir
fibroblastai pasizymi skirtingais uzdegiminés sekrecijos profiliais, kurie gali
skirtingai prisidéti prie psoriazei biildingo uzdegimo palaikymo.

3.1.2. Psoriaze¢ imituojantis uZdegimas sukelia mitochondrijuy
fragmentacijg

PIU reikSmingai pakeité¢ mitochondrijy tinklo morfologija abiejuose laste-
liy tipuose. Keratinocity mitochondrijos tapo ryskiai fragmentuotos, prarado
tinkline struktiirg ir jgijo vezikuling iSvaizda. Fibroblasty mitochondrijy tin-
klas iSliko labiau vientisas, tac¢iau mitochondrijy Sakos sutrumpéjo. Morfo-
metriné analizé parodé, kad keratinocituose sumazéjo mitochondrijy plotas,
tinklo Saky skaicius ir bendras Saky ilgis, o fibroblastuose labiausiai sumazéjo
bendras Saky ilgis. Tai rodo, kad PIU sukelia mitochondrijy fragmentacija
abiejy tipy Iastelése, taciau poveikis KC yra rySkesnis. Atskiry citokiny po-
veikis buvo silpnesnis nei jy misinio, todél galima teigti, kad 1L-17, IL-22 ir
TNF-a veikia sinergiskai.
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3.1.3. Psoriaz¢ imituojantis uZdegimas sukelia kristy struktiirinius
pokycius

Mitochondrijy tinklo poky¢iai gali buti susije¢ kristy persitvarkymu. PIU
paveiktose Igstelése mitochondrijos buvo iSsiplétusios, o kristos — re€iau 18-
sidésciusios. Abiejy tipy lastelése padidéjo mitochondrijy plotis ir atstumas
tarp kristy, o kristy tankis sumaz¢jo, nors kristy plotas reikSmingai nekito.
Laiko eigos analizé¢ parodé¢, kad PIU sukelia progresuojantj mitochondrijy
brinkimg ir kristy tankio maz¢jima. Keratinocituose Sie pokyciai pasireiSke
anksti, o fibroblastuose — véliau. Tai leidzia teigti, kad PIU sukelia ilgalaikius
mitochondrijy ultrastrukttiros poky¢ius, kuriy dinamika priklauso nuo laste-
1és tipo.

3.1.4. Psoriaze¢ imituojantis uZdegimas sukelia skirtingus
mitochondrijy funkcinius atsakus keratinocituose ir fibroblastuose

PIU laikinai padidino mitochondrijy membranos potencialg abiejy tipy
lastelése po 24 ir 48 val., taciau po 72 val. jis grjZo ] kontrolinj lygj. Mito-
chondrijy ROS (MitoROS) kiekis keratinocituose padidéjo anksti (po 24 val.)
ir véliau isliko stabilus, o fibroblastuose didéjo palaipsniui per visg 72 val.
laikotarpj. Tékmés citometrijos analizé patvirtino fluorescencinés mikrosko-
pijos rezultatus. Keratinocituose PIU po 24 val. stipriai sumazino bendrg mi-
tochondrijy kvépavimo greitj, ATP gamyba ir glikolitin; aktyvuma, taciau po
72 val. Sie pokyc¢iai nebebuvo reik§mingi. FC, priesingai, po 24 val. pokyciy
nenustatyta, taciau po 72 val. sumazéjo bazinis ir maksimalus kvépavimas bei
ATP gamyba, o glikolizés efektyvumas padidéjo. Sie duomenys rodo, kad ke-
ratinocituose metabolinis atsakas i PIU yra greitas, o fibroblastuose atsiranda
veliau ir yra susijes su metaboliniu persitvarkymu j glikolize.

3.1.5. Lastelés tipui specifinis mitochondrijuy fragmentacijos
reguliavimas per Drp1 ir MitoROS

Siekiant nustatyti, ar PIU sukelta mitochondrijy fragmentacija yra susijusi
su Drpl aktyvacija, Western Blot metodu buvo jvertinta Drpl raiska ir fos-
forilinimas Ser616 vietoje. PIU padidino bendro Drpl ir fosforilinto Drpl
Ser616 kiekj keratinocituose, rodydamas Drpl aktyvacijg ir mitochondrijy
dalijimosi skatinimg. Mdivil, Drpl slopiklis, sumazino Drpl fosforilinimg
ir atktiré mitochondrijy tinklo vientisuma, patvirtindamas Drp1 priklausoma
fragmentacijos mechanizmg. MitoROS neutralizuojantis MitoTempo taip pat
sumazino Drpl fosforilinimg, ta¢iau mitochondrijy morfologijos neatkire,
todél MitoROS néra vienintelis fragmentacijg lemiantis veiksnys. Fibroblas-
tuose PIU nepaveike Drpl fosforilinimo lygio, ta¢iau Mdivil reikSmingai at-
staté PIU pazeistag mitochondrijy tinklo strukttirg. MitoTempo neturéjo jtakos
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Drpl aktyvacijai, ar mitochondrijy tinklo atstatymui PIU paveiktuose fibro-
blastuose.

3.1.6. MitoROS ir mitochondrijy fragmentacija veikia uzdegiminiy
mediatoriy sekrecija

MitoTempo ir Mdivil skirtingai reguliavo PIU sukelta uZdegiminiy me-
diatoriy sekrecija. Keratinocituose MitoTempo stipriausiai slopino elafino,
IL-6, IL-1a, IL-1p ir IL-18 sekrecijg, rodydamas svarby MitoROS vaidmenj
Sty Igsteliy uzdegiminiame atsake. Mdivil poveikis keratinocituose buvo ri-
botesnis — sumazino tik elafino bei IL-18 sekrecijg. Fibroblastuose MitoTem-
po reikSmingo slopinamojo poveikio neturéjo, o Mdivil sumazino didZiosios
dalies matuoty analiciy sekrecija (elafino, IL-1a, IL-18 ir i§ dalies IL-6). Tai
rodo, kad fibroblastuose uzdegiminiy mediatoriy gamyba labiau susijusi su
mitochondrijy tinklo fragmentacija nei su MitoROS. Bendrai, Sie rezultatai
rodo, kad mitochondrijy sutrikimy pobiidis palaikant psoriazinj uzdegima
priklauso nuo lgstelés tipo.

3.2. II dalis. Vaistiniy melisy nanopiisleliu poveikis mitochondriju
funkcijoms ir uzdegiminiam signalinimui psoriaze imituojancio
uzdegimo paveiktose odos Igstelése

3.2.1. Vaistiniy melisy nanopusleliy charakterizavimas

Krio-transmisings elektroninés mikroskopijos metu nustatyta, kad VM-NP
yra membraninés struktiiros, kuriy vidutinis dydis yra 185 nm. Nanodale-
liy sekimo analizé parodé, kad VM-NP dydis svyravo nuo 100 iki 300 nm,
vidutinis dydis sieké 200,7 nm, o moda — 164,2 nm. I§ 4 g dziovintos auga-
linés medziagos gauta 9,3 x 10'" daleliy/ml, turin¢iy 3,3 ng RNR/10' dale-
liy. Lyginant su kity augaly nanopuslelémis (Scutellaria baicalensis, Hype-
ricum perforatum L., Chelidonium majus L., and Artemisia dracunculus L.),
VM-NP labiausiai padidino odos Igsteliy metabolinj aktyvuma: keratinoci-
tuose — 17,3 proc., fibroblastuose — 25,4 proc. PIU salygomis VM-NP page-
rino sumazejusj metabolinj aktyvumg abiejy tipy lastelése, o fibroblastuose jj
atkiiré iki kontrolinio lygio. Tai rodo, kad VM-NP pasizymi biologiniu akty-
vumu ir gali turéti prieSuzdegiminj poveik].

3.2.2. Vaistiniuy melisy nanopusleliu poveikis atkuria bioenergetika
psoriaze imituojancio uzdegimo paveiktuose fibroblastuose

Keratinocituose VM-NP padidino maksimaly mitochondrijy kvépavima, o
PIU salygomis taip pat sustiprino bazinj kvépavima, maksimaly kvépavimg ir
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ATP gamyba. Tai rodo, kad VM-NP gerina mitochondrijy funkcinj pajéguma
keratinocituose. Fibroblastuose PIU sumaZino bendra mitochondrijy kvépa-
vimg ir padidino glikolitin] aktyvuma. VM-NP reikSmingai pagerino bazinj
ir maksimaly kvépavima bei ATP gamyba, taip pat sumazino PIU padidintg
glikolizés efektyvuma. Sie rezultatai rodo, kad VM-NP ypa¢ veiksmingai at-
kuria PIU sukeltg fibroblasty bioenergetinj disbalansa.

3.2.3. Vaistiniu melisy nanopuslelés atkuria mitochondrijuy tinkla
psoriaze imituojancio uzdegimo paveiktose odos lastelése

PIU sukélé mitochondrijy fragmentacija, tac¢iau VM-NP pagerino mito-
chondrijy tinklo vientisumag abiejy tipy lgstelése. Keratinocituose VM-NP
padidino bendrg mitochondrijy Saky ilgj ir Saky skaiciy, panasiai kaip Drpl
inhibitorius Mdivil. Fibroblastuose VM-NP ne tik atkiir¢ PIU sumazéjusij
bendra Saky ilgj, bet ir padidino jj vir§ kontrolinio lygio. Taip pat VM-NP
reikSmingai padidino mitochondrijy Saky skaic¢iy. Kadangi VM-NP poveikis
fibroblastuose buvo ryskesnis ir pasireiSkeé daugiausia uzdegiminémis saly-
gomis, Sios lgstelés buvo pasirinktos tolesnei analizei. Western blot analize
parodé, kad VM-NP sumazino Drpl Ser616 fosforilinimo lygij, kas leidzia
manyti, jog jos atstato mitochondrijy tinklo vientisuma veikdamos per Drpl.
Nors PIU padidino MitoROS gamybga, VM-NP sukeltas MitoROS produkci-
jos sumaze¢jimas nebuvo statistiSkai reikSmingas.

3.2.4. Vaistiniu melisy nanopuslelés selektyviai reguliuoja p38 MAPK
ir citokiny sekrecijg psoriaze¢ imituojancio uzdegimo paveiktuose
fibroblastuose

Siekiant istirti uzdegiminj signalinima, buvo jvertinti bendro ir fosforilinto
p38 MAPK bei NF-kB p65 baltymy lygiai — pagrindiniai uzdegiminio atsako
reguliatoriai, susij¢ su psoriazés patogeneze. VM-NP reik§mingai sumazino
bendro p38 MAPK baltymo kiekj PIU paveiktuose fibroblastuose. Taiau
fosforilinto p38 lygis nepakito. Dél to padidéjo p-p38/p38 santykis, kuris at-
spindéjo sumazéjusj bendro p38 kieki, o ne padidéjusj fosforilinima. Tuo tar-
pu PIU stipriai aktyvino NF-kB signalinima, kg rodé¢ padidéjes p-p65 kiekis ir
p-p65/p65 santykis, tatiau VM-NP reikSmingai nepakeité nei bendro p65 bal-
tymo kiekio, nei jo fosforilinimo lygio. Citokiny analizé parod¢, kad VM-NP
selektyviai mazina PIU sukeltg IL-4, IL-13 ir IL-18 sekrecija fibroblastuose,
taciau neveikia IL-23 kiekio. Tai leidzia manyti, kad VM-NP labiau slopina
bendro uzdegimo ir Th2 tipo atsako mediatorius, bet neturi aisSkaus poveikio
IL-23/Th17 asiai. Mdivil poveikis buvo platesnis — jis sumazino IL-4, IL-13,
IL-18 ir IL-23 sekrecija.
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4. ISVADOS

1. Psoriazg imituojantj uzdegimg (PIU) sukeliantis citokiny miSinys
(IL-17, IL-22 ir TNF-0) didina PI3 raiska, elafino sekrecija ir skati-
na prouzdegiminiy citokiny i$siskyrimg Zzmogaus keratinocituose ir fi-
broblastuose. Fibroblastuose vyrauja IL-6 ir CXCLS sekrecija, o kera-
tinocituose — IL-1P ir elafino sekrecija.

2. PIU sukelia mitochondrijy fragmentacijg ir kristy nykima, pasizymin-
Cius greitesniu ir rySkesniu poveikiu keratinocituose bei uzdelstu atsaku
fibroblastuose. Taip pat PIU sutrikdo mitochondrijy funkcija — kerati-
nocituose sukelia ankstyva bioenergetikos slopinima, padidéjusj Aym
ir MitoROS produkcija, tuo tarpu fibroblastams biidingas uzdelstas me-
tabolinis persitvarkymas, pasireiSkiantis sumazéjusiu kvépavimo grei-
¢iu ir suaktyvéjusia glikolize.

3. Drpl ir MitoROS skirtinguose lasteliy tipuose nevienodai prisideda
prie mitochondrijy fragmentacijos ir su psoriaze susijusiy uzdegiminiy
mediatoriy sekrecijos:

3.1. PIU sukelta mitochondrijy fragmentacija keratinocituose yra susi-
jusi su padidéjusia Drpl raiSka ir aktyvacija, tuo tarpu fibroblastuose
Drp1 poky¢iy nenustatyta. Farmakologinis Drp1 slopinimas atkuria mi-
tochondrijy tinklo vientisumg abiejuose PIU paveiktuose lgsteliy tipuo-
se ir mazina prouzdegiminiy mediatoriy sekrecija, taciau Sis poveikis
rySkesnis fibroblastuose.

3.2. MitoROS prisideda prie Drpl aktyvacijos PIU paveiktuose kerati-
nocituose, ta¢iau MitoROS slopinimas neatkuria mitochondrijy tinklo
vientisumo ir neturi poveikio fibroblastuose. MitoROS stipriau priside-
da prie prouzdegiminiy mediatoriy sekrecijos keratinocituose.

4. Vaistinés melisos nanoptslelés didina mitochondrijy kvépavimo grei-
t] keratinocituose ir atkuria bioenergeting pusiausvyra fibroblastuose,
taip pat mazina mitochondrijy fragmentacija abiejuose lasteliy tipuo-
se. VM-NP poveikis su Drpl susijusiai mitochondrijy dinamikai yra
rySkesnis fibroblastuose PIU salygomis, taciau VM-NP neturi poveikio
MitoROS produkcijai.

5. PIU paveiktuose fibroblastuose vaistinés melisos nanopiislelés mazina
p38 raiska bei IL-13, IL-4 ir IL-18 lygius.
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