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Abstract

Psoriasis is a chronic inflammatory skin disease characterized by keratinocyte hyperpro-
liferation, impaired differentiation, and dysregulated immune responses. Emerging evi-
dence highlights the central role of keratinocytes as immune-competent cells that integrate
signals from cytokines, metabolic cues, the gut–skin axis, and the tissue microenviron-
ment. Key intracellular signaling pathways, including NF-κB, JAK/STAT, MAPK, and
PI3K/AKT/mTOR, along with the IL-23/IL-17 axis, orchestrate keratinocyte-mediated
inflammation and epidermal hyperplasia. Metabolic factors, nutrients, and redox balance
further modulate these responses, while the intestinal microbiota and its metabolites, such
as short-chain fatty acids, shape systemic and cutaneous inflammation. This review offers
a critical, integrated perspective, that moves beyond descriptive summaries. We propose
a conceptual framework in which the keratinocyte metabolic state, particularly the sir-
tuin/NAD+ axis, acts as a crucial convergence point for systemic nutritional, microbial,
and inflammatory signals. Targeting sirtuins and associated pathways with natural or
synthetic modulators represents a promising, host-centric strategy to restore keratinocyte
function and reduce chronic inflammation. This synthesis underscores the potential of com-
bining molecular, metabolic, microbial, and nutritional insights to develop personalized
and effective approaches for psoriasis management.

Keywords: Psoriasis; keratinocyte; gut–skin axis; nutrient metabolism; oxidative stress

1. Introduction
Psoriasis (PSO) is a chronic, autoimmune inflammatory skin disease of unclear cause,

affecting about 2–3% of the global population [1]. Plaque PSO (PSO vulgaris), which
accounts for more than 80% of cases [2], is the most common form of PSO, which manifests
as raised and red patches covered with a silvery-white buildup of dead skin cells [3].
However, there are other less common and less frequent forms of PSO including guttate
PSO, characterized by small dot-like lesions; inverse PSO, showing bright red lesions in
skin folds; pustular PSO, marked by white pustules surrounded by red skin; erythrodermic
PSO which occurs with itching and widespread red spots [4]. In addition, up to 30% of
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PSO patients develop psoriatic arthritis, characterized by joint pain and stiffness; nail
involvement may also occur, often presenting as pitting and discoloration [5].

PSO typically occurs in individuals with a strong genetic predisposition and immune
dysfunction, and is frequently associated with comorbid conditions such as obesity, dia-
betes, cardiovascular diseases, dyslipidemia, bowel diseases and psychiatric disorders, all
associated with systemic inflammation [6,7].

Notably, nutrition appears to influence both the development and progression of PSO
and its related comorbidities. Several studies report that patients with PSO often follow
unbalanced diets, characterized by higher intakes of saturated fats and lower consumption
of fibers and fish. Hence, such nutritional patterns may contribute both to the onset and
severity of PSO [8].

Despite its low mortality rate, PSO is still considered a disabling condition for which
there is no cure and that imposes a significant psychosocial, emotional, and economic bur-
den on patients, primarily due to the visible and often stigmatizing nature of its symptoms.

While clinical assessment is the mainstay for diagnosing PSO, histopathological and
immunohistochemical analyses of affected skin provide essential support in both diagnostic
confirmation and understanding the disease pathogenesis [2]. While significant reviews
have focused individually on the inflammatory pathways or the role of genetics in PSO,
few have provided a mechanistically integrated synthesis linking the external environment
(diet, nutrients, and the gut microbiota) directly to the intrinsic metabolic and signaling
machinery of the keratinocyte (KC). The main objective of this review is to bridge this gap.
We provide a focused analysis of how dietary components, and their resulting metabolites
(e.g., short-chain fatty acids) modulate metabolic regulators, specifically sirtuins within
KCs. By establishing this clear link, we aim to propose a novel therapeutic paradigm
centered on metabolic and nutritional modulation as a strategy to dampen the KC’s in-
flammatory response, offering a non-immunosuppressive approach to management. To
address this gap in knowledge, a structured literature search was conducted using the
PubMed database. The search covered the last 20 years (2006–2025). The following search
terms and combinations were used: “microbiota and psoriasis”; “nutrition and psoriasis”;
“IL 17/23 axis and keratinocytes”; “NF-kb pathway and psoriasis”; “JAK-STAT pathway
and psoriasis”; PI3K/Akt/mTOR pathway and psoriasis; “MAPK pathway and psoria-
sis”; “ROS and psoriasis”; “lipid peroxidation and psoriasis”; Sirtuin and psoriasis. Both
preclinical and clinical studies were considered for inclusion. Studies were included if
they: (i) were published in peer-reviewed journals between 2006 and 2025, (ii) reported
experimental, translational, or clinical evidence relevant to nutrient-driven keratinocyte
activation or inflammatory pathways in psoriasis, (iii) focused on human or validated
in vitro/in vivo psoriasis models, (iv) were written in English. Studies were excluded
if they: (i) were written in a language other than English, (ii) lacked clear information
regarding patient characteristics (e.g., unspecified ethnicity, undefined diagnostic criteria),
(iii) did not report the number of patients, (iv) were commentaries, conference abstracts,
or non–peer-reviewed sources, (v) addressed psoriasis only indirectly or without specific
reference to keratinocyte biology, nutrient-related pathways, or inflammatory signaling.

2. Role of Keratinocytes as Immune-Competent Skin Cells
The pathogenesis of PSO involves intricate crosstalk between KCs, immune cells, and

other resident skin components. Initially, PSO was considered a predominantly immune-
mediated disorder, as early studies identified cytotoxic T cells located near dermal and
epidermal capillaries within psoriatic plaques. In fact, over the last two decades, PSO has
been classified as a Th1-mediated disease due to the involvement of IFN-γ and TNF-α
secreted by Th1 cells and IL-4, IL-5, and IL-13 released by Th2 cells [9]. Later, researchers
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highlighted the role of IFN-γ and IL-12 as key inflammatory drivers leading to the dis-
covery of IL-23, a cytokine sharing the p40 subunit with IL-12 but containing a unique
p19 subunit. By the early 2000s, IL-23 had been shown to induce IL-17A production by a
distinct T cell subset, leading to the identification of Th17 cells and expanding the classical
Th1/Th2 paradigm [10].

In the context of cytokine network dysregulation, where the IL-23/IL-17 axis plays
a central pathogenic role, KCs were traditionally regarded as passive effectors of immune
cell activity. However, they are now recognized as active immune drivers of both the onset
and progression of PSO [11].

KCs serve as key sources of immune mediators. In pathological conditions, they
exhibit abnormal and enhanced proliferative activity, leading to epidermal hyperplasia and
impaired differentiation, which results in the accumulation of aberrantly matured KCs [12].

As integral components of the innate immune system, KCs respond to initial triggers
and pro-inflammatory signals by releasing antimicrobial peptides, including S100 alarmins
(S100A7, S100A8, S100A9), hBD2, and self-nucleotides [13], which promote the activation
of plasmacytoid dendritic cells (pDCs). This, in turn, induces the maturation of myeloid
dendritic cells (mDCs), which produce IFN-α, IFN-γ, TNF-α, IL-1β, and IL-23, thereby
initiating psoriatic inflammation [14].

Moreover, stressed KCs produce a wide range of chemokines, including CXCL1/2/3,
CXCL8, CXCL9/10/11, CCL2, and notably CCL20 [12]. The latter plays a key role in
recruiting IL-17-producing CCR6+ Th17 cells and γδ T cells [15]. In addition, IL-17A
stimulates KCs to express and secrete IL-25, which, through an autocrine loop, promotes
a pro-inflammatory phenotype and enhances KCs hyperproliferation [16].

These mediators perpetuate the inflammatory response by attracting additional im-
mune cells, such as neutrophils, DCs and macrophages [12].

Finally, KCs, together with fibroblasts and endothelial cells, contribute to tissue re-
modeling by promoting endothelial cell activation, proliferation, and extracellular matrix
deposition [17]. The sustained crosstalk between KCs and immune cells, particularly
Th17 cells, drives the development and chronicity of PSO, which is characterized by KC
hyperproliferation, aberrant differentiation, vascular dilation and hyperplasia, as well as
infiltration of inflammatory leukocytes [18,19].

3. The Gut–Skin Axis in Psoriasis: Short-Chain Fatty Acids Linking
Intestinal Microbiota to Cutaneous Inflammation

Growing attention has been directed toward the gut–skin axis, particularly the influ-
ence of the gastrointestinal microbiota in several conditions, including PSO. The human
body (especially the gut and the skin, but also the mouth, vagina, and airways) hosts rich
and varied microbial communities [20]. The colon, which contains an estimated amount
of 1014 bacteria, is the principal reservoir of these symbionts. The intestinal ecosystem
comprises many bacterial phyla such as Firmicutes, Bacteroidetes, Actinobacteria, Proteobac-
teria, Fusobacteria, and Verrucomicrobia and includes viruses, fungi, protozoa, and archaea;
together they form a symbiotic partnership with their host, and this relationship is shaped
by age, genetics, diet, and broader environmental exposures. In addition to nutrient
transformation, gut microbes generate bioactive metabolites, promote immune maturation
and tolerance, and contribute to skin homeostasis. In this context, dysbiosis has been
associated with gastrointestinal disorders and autoimmune, neurological, and neoplastic
diseases [21–23] (Figure 1). Notably, gut dysbiosis can disrupt mucosal tolerance, adversely
affecting skin health and being associated with PSO. In particular, intestinal dysbiosis can
compromise mucosal tolerance, negatively affecting skin health and is associated with
PSO. Therefore, immunoregulatory interaction along the gut–skin axis, which bidirection-
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ally influences both microbial and host homeostasis, is central to maintaining systemic
immune balance [24].

 

Figure 1. Gut eubiosis versus dysbiosis and their implications for intestinal and systemic home-
ostasis. Eubiosis is characterized by the presence of beneficial taxa such as Lactobacillus, Bifidobac-
terium, Streptococcus thermophilus, and commensal Escherichia coli, supporting efficient nutrient
metabolism, maintenance of an intact epithelial barrier, and regulation of immune homeostasis. In
contrast, dysbiosis features the overgrowth of pathobionts including Campylobacter, Enterococcus
faecalis, Helicobacter pylori, and Clostridioides difficile, leading to a pro-inflammatory environment,
disrupted metabolic functions, and impaired barrier integrity. These alterations contribute to systemic
immune imbalance and are associated with chronic inflammatory conditions, including PSO.

3.1. From Gut Microbiota Metabolites to Gut–Skin Axis

The main microbial metabolites that act along the gut–skin axis, exerting immunomod-
ulatory effects on epithelial and hematopoietic compartments, include short chain fatty
acids (SCFAs), trimethylamine (TMA)/trimethylamine N-oxide (TMAO), secondary bile
acids and indoles derived from tryptophan [25]. For instance, elevated levels of TMAO have
been found in PSO, linking altered microbial metabolism to both skin inflammation and car-
diometabolic comorbidity. SCFAs, a family of ≤C6 carboxylates, formate (C1), acetate (C2),
propionate (C3), butyrate (C4), and valerate (C5), are the dominant microbial metabolites
in the colon. [25]. Acetate is the most abundant and acts as a systemic energy substrate that
supports barrier integrity and modulates lipid metabolism and appetite [26,27]. Propionate
acts primarily in the liver, reducing cholesterol synthesis, modulating gluconeogenesis,
increasing IL-10, and limiting Th17 polarization [28]. Butyrate is the principal fuel for
intestinal epithelial cells; it reinforces tight junctions (claudin/occludin), suppresses NF-κB
signaling, enhances Treg function, and exerts additional epigenetic antineoplastic and
neuroprotective effects [27,29].

SCFAs play a key role in immunity along the gut–skin axis through two main mech-
anisms: G-protein-coupled receptor (GPCR) activation and histone deacetylase (HDAC)
inhibition. Among the SCFA-responsive receptors, GPR43 and GPR109A (HCAR2) are
particularly relevant, as they are expressed in the colon and across multiple immune cell
populations, where they mediate key metabolic and immunoregulatory effects [25]. Despite
being commonly described as anti-inflammatory molecules, SCFAs can trigger opposite
effects depending on the context. Acetate, for example, has been shown to promote in-
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flammation through GPR43 activation. According to Seljeset et al., this interaction leads to
increased production of IL-6 and chemokines such as CXCL1 and CXCL2 via activation
of the TOR/PI3K/MAPK pathways [30]. Furthermore, Nadeem et al. demonstrated that
oral acetate worsens inflammation by upregulating GPR43 expression in the epidermis
and inducing IL-6 and dioxygenase-2 in an experimental model of IMQ-induced PSO [31].
However, acetate can also exert GPR43-independent anti-inflammatory effects: oral ac-
etate attenuated inflammation and also suppressed LPS-induced TNF-α production in both
Gpr43−/− mice and human monocytes [32]. In human PSO, reduced cutaneous expression
of GPR43 and GPR109A has been observed; in these cases, topical application of butyrate re-
stored receptor expression and shifted cytokine profiles towards an anti-inflammatory state
(increased IL-10; decreased IL-17 and IL-6) [33]. Supporting its protective role, GPR109A
deficiency exacerbated IMQ-induced skin inflammation, potentially due to impaired regu-
latory Treg function [34]. Overall, SCFAs promote Treg expansion and stability through
coordinated receptor signaling and epigenetic regulation (Table 1) [25].

Table 1. Summary of key SCFA-mediated mechanisms along the gut–skin axis relevant to PSO.

Mechanism Cell Types Involved Functional Effects Relevance in PSO

GPCR activation IECs, DCs,
macrophages, T cells

↑ IL-10, ↓ IL-17; regulation
of neutrophil chemotaxis;
promotion of Treg development

Reduced GPR43/109A
expression in psoriatic
skin; restored by butyrate

HDAC inhibition IECs, DCs, KCs, T cells

↑ Histone acetylation;
repression of TNF-α,
IL-6; ↑ barrier proteins
(filaggrin, TGM-1)

Corrects aberrant HDAC
activity seen in psoriatic
lesions; improves barrier
integrity

Promotion of retinoic
acid synthesis Gut DCs ↑ Foxp3 expression;

stabilization of Treg phenotype

Restores defective Treg
responses in psoriatic
inflammation

Modulation of
Treg/Th17 axis Tregs, Th17 cells, DCs

↑ Tregs, ↓ Th17 cells;
normalization of IL-17
pathways

Central for correcting the
Th17-skewed immune
profile in PSO

Regulation of DC
function DCs

Enhanced antigen uptake;
altered cytokine production;
↑ RA synthesis

Reduces pathogenic
DC activity driving
Th17 responses

Effects on KCs KCs
↑ Filaggrin/TGM-1; ↓
oxidative stress; improved
mitochondrial function

Counteracts
hyperproliferation and barrier
dysfunction in plaques

Breg induction Regulatory B cells ↑ IL-10-producing Bregs;
↑ IgA/IgG secretion

Dampens IL-23/Th17 axis,
supports immune tolerance

Gut barrier protection IECs ↓ permeability;
↓ LPS translocation

Reduces TLR4 activation
and downstream psoriatic
inflammation

IECs: intestinal epithelial cells; DCs: dendritic cells; Tregs: regulatory T cells; Th17: T helper 17 cells; Bregs: regula-
tory B cells; GPCR: G-protein-coupled receptor; GPR43/109A: G-protein-coupled receptor 43/hydroxycarboxylic
acid receptor 2; HDAC: histone deacetylase; RA: retinoic acid; TGM-1: transglutaminase-1; IL: interleukin; TNF-α:
tumor necrosis factor alpha; LPS: lipopolysaccharide; ↑ increase; ↓ decrease.

In addition to these receptor-mediated effects, SCFAs also engage in receptor-
independent epigenetic regulation, primarily through HDACs inhibition.

HDACs are zinc-dependent enzymes that remodel chromatin structure and regulate
gene expression programs essential for cell proliferation, differentiation, and inflamma-
tory responses [35]. In PSO, HDAC1 mRNA is detectable in lesional skin and HDAC1
expression is upregulated alongside abnormal histone marks, implicating HDAC activity
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in the pathogenesis of the disease [36,37]. SCFAs enter the cytosol and nucleus and inhibit
HDAC activity, which suppresses pro-inflammatory cytokines (e.g., TNF-α, IL-6) through
downregulation of HDAC transcripts and attenuates systemic inflammation [38]. Moreover,
in epidermal KCs, SCFA-mediated HDAC inhibition increases the expression of filaggrin
and transglutaminase-1, promotes terminal differentiation, and supports the epidermal
barrier. SCFAs also enhance DC morphology and antigen presentation through HDAC
inhibition, influencing downstream T-cell responses [39,40]. DCs can induce the differ-
entiation of Foxp3+ Tregs through the activation of GPR109A and GPR43 receptors [41].
The dysregulation of such processes in PSO favors the pathogenic response by tipping
the equilibrium from Tregs toward effector cells and driving IL-17 responses. Kaisar
et al. reported that SCFAs boost the activity of DCs by inhibiting HDACs and activating
GPR109A, which drives T-cell activation [42]. SCFAs enhance retinoic acid production by
gut DCs and support Foxp3 expression in Tregs, strengthening their anti-inflammatory
activity [43,44]. Beyond shaping innate immunity, SCFAs also influence adaptive responses
in psoriatic lesions, where Th1/Th17 cells dominate and Foxp3+ Tregs are reduced or dys-
functional. In this context, SCFAs help restore immune regulation by promoting pro-Treg
signals (TGF-β1, retinoic acid) from DCs and macrophages [43,44]. These effects arise
through GPR43/GPR109A signaling and epigenetic remodeling that increases histone
acetylation [43,44]. Through these mechanisms, SCFAs recalibrate the Th17/Treg axis,
suppress IFN-I-responsive CD8+ T-cell activity, and promote Treg expansion and function.

In addition, B lymphocytes, particularly regulatory B cells (Bregs or B10 cells), also play
a role in modulating immune responses [43]. Bregs produce IL-10, which suppresses the
IL-23/Th17 axis by promoting Treg induction and inhibiting Th17 differentiation. SCFAs
support Breg development and enhance their regulatory function through mechanisms
involving increased TCA cycle flux, p38-MAPK activation, HDAC inhibition, and glycolysis.
As a result, SCFAs promote the expansion of IL-10–producing B10 cells, support polyclonal
IgA and IgG secretion, and reduce apoptosis within this regulatory B cell population [44].

As reported, SCFAs attenuate key inflammatory circuits in PSO, thereby counteracting
cytokine production, promoting immune cells repolarization and strengthening epithelial
barriers. These converging signals lead to a broad attenuation of multiple pro-inflammatory
pathways, including NF-κB, IL-23/IL-17, TNF-α/JAK–STAT, NLRP3 inflammasome and
mTOR signaling [28,45,46].

PSO highlights the connection between a localized skin disease and systemic inflam-
mation. Increasing evidence supports the role of the gut–skin axis in integrating dysbiosis,
metabolic signaling, and immune modulation, factors linked to the intestinal microbiota
that contribute to the pathophysiology of PSO [47,48]. The connection between gut dys-
biosis and skin problems is striking and supports the concept of shared phylogenetic
developmental origins and overlapping immune network (Figure 2). Two key elements in
this relationship are the diversity of the microbiota, where eubiosis denotes immune toler-
ance, typically reflected by a low Firmicutes to Bacteroidetes ratio, and the integrity of the
epithelial barrier. Damage to the gut barrier increases intestinal permeability, allowing the
translocation of LPS, which activates Toll-like receptor 4 (TLR4) signaling and promotes KC
hyperproliferation. SCFAs counteract IL-17–dependent inflammatory loops and contribute
to restoring epithelial and immune balance [48,49]. By contrast, pro-inflammatory cy-
tokines such as TNF-α, IL-23, IL-17A, IFN-α, and IFN-γ disrupt cytokine homeostasis [50].
Additionally, IL-17A and IL-22 secretion by DCs shaped by the microbiota in turn enhances
KC hyperproliferation and neutrophil recruitment. Treg cells, in contrast, maintain immune
tolerance via IL-10 production; however, dysbiosis weakens Treg function and amplifies
inflammatory responses [45,51,52].
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Figure 2. Mechanistic pathways through which SCFAs modulate the gut–skin axis in PSO. This
schematic illustrates how the SCFAs butyrate and propionate modulate intestinal and skin immunity
relevant to psoriasis. In the gut, SCFAs act on intestinal epithelial cells to reinforce tight-junction
integrity and on dendritic cells to enhance tolerogenic activity and retinoic acid production. These
signals, together with direct SCFA effects on naïve T cells, promote Foxp3+; regulatory T-cell dif-
ferentiation and reduce Th17-associated IL-17 output. SCFAs also support regulatory B-cell IL-10
production. In the skin, SCFAs decrease oxidative stress, improve keratinocyte mitochondrial function,
and upregulate structural proteins such as filaggrin and transglutaminase-1, thereby counteracting
hyperproliferation and restoring epidermal barrier function.

Simultaneously, LPS-induced NF-κB activation in KCs leads to increased production
of IL-6 and IL-8 [53,54]. These multilayered interactions underscore the importance of
preserving both microbiome balance and gut barrier integrity in PSO [46,55].

Importantly, the gut–skin axis is bidirectional: cutaneous inflammation can feed
back to the gut through circulating cytokines (e.g., TNF-α, IL-17A, IL-22), antimicrobial
peptides, and neuroendocrine stress signals [45]. These systemic mediators can alter gut
permeability, mucus secretion, motility, and bile-acid signaling, thereby reshaping microbial
composition [45,56]. This inflammatory feedback promotes dysbiosis, characterized by
a loss of SCFA-producing taxa and an expansion of pathobionts, leading to reduced SCFA
bioavailability and further loss of immune tolerance [45,56].

This skin-to-gut feedback intensifies systemic inflammation and creates a self-
perpetuating loop with the gut-to-skin axis, reinforcing both the persistence and het-
erogeneity of the disease [51].

This schematic summarizes the key immunometabolic mechanisms by which the
short-chain fatty acids butyrate and propionate influence intestinal and cutaneous immu-
nity relevant to PSO. In the gut, SCFAs act on intestinal epithelial cells (IECs) through
HDAC inhibition to reinforce tight-junction integrity and barrier function, thereby reduc-
ing permeability and LPS translocation. SCFAs also modulate dendritic cells (DCs) via
GPR43/109A signaling and HDAC inhibition, promoting retinoic acid (RALDH) synthesis
and enhancing their tolerogenic activity. These DC-derived signals, together with direct
SCFA actions on naïve T cells, support the induction and stabilization of Foxp3+ regulatory
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T cells (Tregs), restoring the Treg/Th17 balance. SCFAs additionally promote regulatory
B-cell (Breg) differentiation and IL-10 production, contributing to anti-inflammatory feed-
back loops. Systemically, increased Treg activity and reduced pro-inflammatory cytokine
output mitigate pathogenic Th17 responses. In the skin, SCFAs reduce oxidative stress
and enhance structural proteins such as filaggrin and transglutaminase-1, counteracting
hyperproliferation and barrier disruption typical of psoriatic lesions. Together, these inter-
connected mechanisms illustrate how SCFA-dependent signaling integrates gut microbial
metabolism with immune regulation and skin homeostasis, ultimately attenuating the
chronic inflammatory circuits characteristic of PSO.

3.2. Link Between Gut Dysbiosis and Psoriasis: Evidence and Mechanisms

Within the emerging gut–skin axis framework, dysbiosis has been documented across
inflammatory dermatoses and, specifically in PSO, is characterized by a loss of beneficial
commensals and enrichment of pro-inflammatory taxa [57].

In a bidirectional two-sample Mendelian randomization (MR) analysis, Qian and
colleagues used GWAS resources for the gut microbiome, covering 473 taxa at the species
level, to investigate the causal relationship between microbial composition and PSO. In the
forward direction, genetic instruments for microbial abundance identified 19 bacterial taxa
with putative causal effects on PSO. The reverse analysis, which used genetic liability to
PSO vulgaris as the exposure, implicated 13 microbial taxa as consequences of psoriatic
disease [58]. Placed within the scope of existing literature, Qian’s findings align with
reported compositional dysbiosis in PSO, including the relative abundance of Prevotella
with concomitant reduction in Lachnospira and Akkermansia muciniphila, alongside low
diversity in the sampled population. However, the trends for Firmicutes, Actinobacteria,
and Proteobacteria across cohorts remain inconsistent [59]. Importantly, MR signals sug-
gested a protective correlation with the family Lentimicrobiaceae along with certain taxa,
including Alistipes and Lactobacillus salivarius [58]. This aligns with the immunomodulatory
functions of SCFA-metabolizing microbes and protective bacteriocins that strengthen the
microbial barrier [60,61]. Within the MR dataset, the species-level CAG-485 (sp002404675)
and CAG-83 (sp000435555) were classified within the class Clostridia, a taxon linked to
Treg induction and suppression of Th1/Th17-type inflammation [53]. On the other hand,
numerous taxa were linked to a higher risk, such as the phylum Omnitrophota, the order
Flavobacteriales, the families Elusimicrobiaceae and Fusobacteriaceae, CAGs 698 and 977, as
well as genera Bacillus AY, Brevibacillus B, along with the species Blautia sp001304935 and
Desulfovibrio piger. The mechanistic understanding of these associations is explained by the
link of Fusobacteriaceae family members with mucosal inflammation as well as the hydro-
gen sulfide production by Desulfovibrio piger that may damage epithelium [54,62]. Finally,
although MR suggested a protective effect for Helicobacter at the genus level [58], previous
studies on Helicobacter pylori and PSO have shown contradictory results [63–65]. To translate
these signals into actionable frameworks, Table 2 combines directionality, evidence grade,
proposed mechanisms, and the hypothesized points of intervention, including dietary fiber
and pre-, pro-, or synbiotics.

Table 2. Microbiome–PSO associations: protective vs. risk taxa with hypothesized mechanisms.

Taxon (Level) Effect Level of Evidence Expected/Principal
Mechanism

Potential
Therapeutic Lever References

Prevotella (genus) ↑ risk Cohorts SCFA-profile shift;
Th17 activation

High-fiber
targeted diet;
pre/probiotics

Sonomoto et al.,
2023 [60]
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Table 2. Cont.

Taxon (Level) Effect Level of Evidence Expected/Principal
Mechanism

Potential
Therapeutic Lever References

Lachnospira
(genus) ↓ protective Cohorts

SCFA producer →
↑ Treg, barrier
support

Increase
fermentable
fibers; prebiotics

Sonomoto et al.,
2023 [60]

Akkermansia
muciniphila
(species)

↓ protective Cohorts Mucus-layer/
barrier integrity

Targeted
pre/probiotics;
lifestyle

Sonomoto et al.,
2023 [60]

Lentimicrobiaceae
(family) Protective MR Immunomodulation

(hypothesized) —- Qian et al.,
2024 [58]

Alistipes (genus) Protective Cohorts +
plausibility

SCFA production
→ ↓ cytokines,
↑ Treg

—-

Scher et al., 2015 [66];
Hidalgo-Cantabrana
et al., 2019 [67];
Parker et al.,
2020 [68]

Lactobacillus
salivarius
(species)

Protective Preclinical/early
clinical

Bacteriocins;
barrier
reinforcement

Strain-selective
probiotics

Messaoudi et al.,
2013 [69]

Clostridia CAG-
485/CAG-83
(species)

Protective MR/signals Th1/Th2/Th17
rebalance; ↑ Treg Probiotics Chen et al., 2020; [53]

Qian et al., 2024 [58]

Helicobacter
(genus)

Protective signal in
Qian et al., 2024
[58]; H. pylori
controversial

Cohorts/
meta-analysis Species-dependent —-

Yu et al., 2019 [63];
Fabrizi et al., 2001
[64]; Azizzadeh et al.,
2014 [65]

Omnitrophota/
Omnitrophica
(phylum)

↑ risk MR/observational Unknown —-
Seymour et al., 2023
[70]; Qian et al., 2024
[58]

Flavobacteriales
(order) ↑ risk MR/observational

Immuno-
activation
(hypothesized)

—- Qian et al., 2024 [58]

Elusimicrobiaceae
(family) ↑ risk MR/observational

Barrier/metabolite
dysfunction
(hypothesized)

—- Qian et al., 2024 [58]

Fusobacteriaceae
(family) ↑ risk Cohorts/models Pro-inflammatory —- Keku et al., 2013 [71];

Rau et al., 2018 [72]

CAG-698
(family) ↑ risk MR Not defined —- Qian et al., 2024 [58]

CAG-977
(family)

↑ risk; bidirectional
signal MR Not defined —- Qian et al., 2024 [58]

Bacillus AY
(genus) ↑ risk MR Not defined —- Qian et al., 2024 [58]

Brevibacillus B
(genus) ↑ risk MR Not defined —- Qian et al., 2024 [58]

Demequina
(genus) ↑ risk MR Not defined —- Qian et al., 2024 [58]
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Table 2. Cont.

Taxon (Level) Effect Level of Evidence Expected/Principal
Mechanism

Potential
Therapeutic Lever References

UBA6398 (genus) ↑ risk MR/observational Not defined —- Qian et al., 2024 [58]

Blautia
sp001304935
(species;
Lachnospiraceae)

↑ risk MR
Pro-inflammatory
metabolites
(hypothesized)

—-

Vacca et al., 2020 [62];
Chen et al., 2018 [73];
Hidalgo-Cantabrana
et al., 2019 [67]; Sun
et al., 2021 [74]

Desulfovibrio
piger (species) ↑ risk Mechanistic H2S production →

mucosal damage —- Rey et al., 2013 [54]

↑ increase; ↓ decrease; → lead/induce.

4. Nutrients, Metabolism, and Epigenetic Control of Keratinocyte
Function in Psoriasis

Fatty acids, amino acids, glucose, and vitamins (especially A and D) influence KC
activity and proliferation, which are central to the skin’s inflammatory response. Moreover,
metabolic byproducts such as SCFAs, reactive oxygen species (ROS), and molecules like
NAD+ and Sirtuins critically modulate inflammation and cellular function [75].

Building on this, growing evidence indicates that nutrigenomics and epigenetic modi-
fications can shape KCs behavior, suggesting that dietary factors and specific supplements
may regulate the expression of key PSO-related genes [76]. This integrative perspective
highlights the promising role of nutraceuticals in PSO management, offering new insights
on how nutrients and metabolic pathways converge to influence skin inflammation and
KCs function [77].

In line with these molecular insights, clinical and lifestyle factors further emphasize
the impact of nutrition and behavior on disease progression. Several risk factors, such as
alcohol consumption, smoking, stress, sleep disturbances, sedentary behavior, diet, and
intake of specific nutrients, have been identified as potential contributors to a more severe
disease course [78].

PSO patients often show unbalanced dietary habits, characterized by a higher intake
of saturated fats and simple sugars and a lower intake of components of the Mediterranean
diet, such as fish, vegetables, and fibers. These imbalances are not coincidental but reflect
a deep interaction between food and inflammatory processes [79].

Despite the recognized benefits of specific dietary patterns, adherence remains a clini-
cal challenge. For example, the Mediterranean diet—although consistently associated with
reduced inflammation and improved PSOseverity—is often difficult to maintain in the
long term due to behavioral, cultural, or socioeconomic factors. Similarly, more restrictive
approaches such as the ketogenic diet may show short-term metabolic advantages but fre-
quently present adherence issues related to dietary monotony, gastrointestinal symptoms,
and the need for sustained carbohydrate restriction. Such considerations underline that the
potential impact of diet on PSO is deeply influenced not only by biological effects but also
by the patient’s long-term ability to follow specific nutritional regimens [8,80,81].

Conversely, a balanced diet and regular physical activity may positively affect the
condition of psoriatic patients. By providing an adequate quantity of polyunsaturated
fatty acids, fibers (supplemented with prebiotics), and vitamin D, a healthy lifestyle can
effectively modulate inflammation and improve the overall well-being of patients [82].

In summary, chronic inflammation and oxidative stress are key drivers of PSO, and
diet can play a significant role in modulating these factors. Obesity is a considerable
risk factor that worsens the disease and the response to treatment. Accordingly, dietary
strategies such as a low-calorie diet, a gluten-free diet (for patients with gluten sensitivity),
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and particularly the Mediterranean diet are considered promising approaches to improving
therapeutic outcomes [78].

4.1. Impact of Fatty Acids

Fatty acids are key modulators of immune function and KCs behavior. SFAs, pre-
dominantly found in processed and animal-derived foods, are associated with increased
inflammation. They activate dendritic cells, triggering the release of pro-inflammatory
cytokines like IL-1β and TNF-α, and can negatively affect regulatory T-cell function. In con-
trast, polyunsaturated fatty acids (PUFAs), particularly omega-3s fatty acids (n-3 FAs), like
EPA and DHA, and omega-6s fatty acids (n-6 Fas), exert anti-inflammatory effects. They
can decrease IL-6 levels, reduce TNF-α production, and inhibit the activation of the NLRP3
inflammasome, thereby helping to mitigate the inflammatory response [83].

Maintaining a balanced omega-6 and omega-3 ratio is crucial for establishing a healthy
metabolic environment; the n-6/n-3 ratio ideally should not exceed 4:1, whereas typical
Western diets often reach 10:1 or higher, promoting chronic inflammation [75]. This balance
represents one aspect of dietary modulation of inflammation, which can be complemented
by other nutrients such as amino acids and vitamins, each contributing to KC function and
immune regulation [19].

Although some supplements and specific polyphenols have shown promising re-
sults in preliminary studies, a lack of large-scale, high-quality research currently limits
clinical recommendations.

Oral supplementation studies have produced inconsistent results, often due to insuffi-
cient doses or uncontrolled dietary fat intake. In contrast, intravenous applications have
shown more promising outcomes, leading to rapid clinical and immunological improve-
ments. Fish oil supplementation also appears more effective when combined with other
therapies, such as UVB, tacalcitol and etretinate. However, due to the lack of conclusive
evidence, the National Psoriasis Foundation’s Medical Board does not recommend oral or
intravenous fish oil supplementation in its dietary guidelines [84].

Beyond lipids, protein intake also plays a significant role in modulating inflammation.
Diets rich in protein, particularly from red and processed meats, are associated with
elevated levels of inflammatory markers, including C-reactive protein (CRP), IL-1, IL-6,
and TNF-α. In contrast, plant-based or dairy proteins appear to have a more favorable
effect on the metabolic environment. Some evidence even suggests that low-protein diets
might reduce CRP levels more effectively, although the overall effects of protein intake
remain conflicting [83]. Despite encouraging findings, studies investigating fatty acids and
protein intake in PSO are generally limited by small sample sizes, heterogeneous study
designs, lack of standardized supplementation protocols, and short follow-up periods.
Moreover, dietary intake is often not strictly controlled, making it difficult to attribute
clinical improvements solely to the interventions.

4.2. Impact of Carbohydrates

The impact of carbohydrates on PSO largely depends on their quantity, quality, and
dietary source. Diets with a high glycemic load (GL) or glycemic index (GI) are associated
with elevated levels of inflammatory markers, including CRP, IL-6, and TNF-α. In contrast,
dietary fiber, a complex carbohydrate, exhibits anti-inflammatory effects. It is fermented by
gut microbiota into SCFAs, which can significantly reduce CRP levels and contribute to
a healthier metabolic environment [85]. Emerging evidence also suggests that very low-
calorie ketogenic diets (VLCKDs) may inhibit inflammation by promoting the production
of ketone bodies, like β-hydroxybutyrate. These molecules appear to block the NLRP3
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inflammasome activation and improve oxidative stress, leading to a notable reduction in
body weight and Psoriasis Area and Severity Index (PASI) scores in some patients [86].

Carbohydrates are classified as macronutrients and are important modulators of
immune and inflammatory responses. High carbohydrate intake, particularly those as-
sociated with a high GL diet, is strongly correlated with high plasma concentrations of
high-sensitivity C-reactive protein (hsCRP) in healthy women [87]. Studies conducted on
elderly subjects have shown that a high GI or high GL diet led, after one year of follow-up,
to an increase in IL-6 and TNF-α levels, as well as a concomitant decrease in leptin and
adiponectin levels [87]. A hyperglycemic diet (containing 59–67% of Total Caloric Value,
TCV) resulted in higher CRP concentrations. In contrast, a hypoglycemic diet (10–13%
of TCV) led to decreased IL-6 levels [88]. The importance of carbohydrate quality was
highlighted in a study in which a low-GL diet reduced CRP compared to a high-GL diet in
participants, even though the diets were isocaloric (same calorie content) [89]. It should be
noted that some reports suggest that the reductions in CRP and serum amyloid A (SAA)
may be attributable to weight loss and not specifically to the carbohydrate content of the
diet itself [90].

The term “fibre” is used to denote “complex carbohydrates”. Fiber, which is composed
primarily of complex carbohydrates, serves as a prime example that underscores the
significance of the source of carbohydrates and exerts a predominantly anti-inflammatory
effect. The ingestion of a diet containing 30 g of fiber per day resulted in a substantial
decrease in the levels of the inflammatory marker hsCRP [91].

A study of overweight and obese individuals revealed that supplementation with rice
bran and rice husk powder, as part of a reduced-energy diet, led to a decrease in hsCRP
and IL-6 [91]. Fiber has been demonstrated to retard the absorption of carbohydrates and
impede the absorption of dietary lipids [92]. Some indigestible fibers are fermented in the
colon to produce SCFAs [93,94].

VLCKDs represent an approach that aims to significantly restrict carbohydrates in
order to induce physiological ketosis; the main feature of the VLCKD is a very low carbo-
hydrate intake, typically less than 30–50 g/day (13–25% of total calories), with adequate
protein intake and a total calorie intake of less than 800 kcal/day [95]. This restriction leads
to an increase in the production of ketone bodies by the liver, which act as an alternative en-
ergy source and are the main mechanism responsible for the anorexigenic effect (reduction
in hunger) [96].

The VLCKD is an effective strategy for managing overweight and obesity, associated
with rapid and consistent weight loss (on average −10.0 kg to −15.6 kg depending on
the duration of the ketogenic phase) [92]. The anti-inflammatory role of the ketogenic
diet is supported by several pieces of evidence, such as the activation of the peroxisome
proliferator-activated receptor gamma (PPAR-γ) and the hydroxycarboxylic acid recep-
tor 2 (HCA2) and the inhibition of the inflammasome by beta-hydroxybutyrate, with
a dose-dependent reduction in IL-1β and IL-18 [97]. Large-scale randomized prospective
studies will therefore be necessary to systematically evaluate the sustainability, efficacy,
and potential risks of VLCKDs in order to define its safer, evidence-based clinical use.

Studies on VLCKDs have shown a significant reduction in inflammatory and metabolic
markers, including HbA1c, total cholesterol, and triglycerides. The VLCKD has shown
promising results in the management of inflammatory diseases such as PSO, leading to
a significant reduction in PASI scores and decreased levels of IL-1β and IL-2 [98].

In summary, while high glycemic load carbohydrates are associated with increased
inflammation, complex carbohydrates (such as fiber) exert anti-inflammatory effects. Di-
etary regimens that drastically reduce carbohydrate intake, such as the VLCKD, exploit the
metabolic mechanisms of ketosis to induce rapid weight loss and positively modulate the
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inflammatory state [92]. Overall, clinical trials investigating fatty acids and protein intake
in PSO are constrained by important methodological weaknesses. Most available studies
include relatively few participants, apply diverse supplementation regimens, and differ
substantially in duration and outcome assessment. In many cases, dietary intake is not
rigorously monitored, and co-interventions are inconsistently controlled, making it difficult
to attribute observed changes specifically to the nutrient under investigation. These issues
collectively limit the comparability of results and reduce the strength of conclusions that can
be drawn from current evidence. Future studies will need to clarify the pathophysiological
mechanisms underlying the observed benefits and identify which patient subgroups may
benefit most from such dietary approaches.

4.3. Impact of Vitamins

Both Vitamin A and Vitamin D play a role in immune regulation, which is crucial for
managing PSO. Retinoic acid, the active metabolite of Vitamin A, supports immune cell
function, and its deficiency can impair the immune response. Vitamin D, on the other hand,
has a more clearly defined role. PSO patients often exhibit low Vitamin D levels, which can
disrupt immune balance [99].

The active form of Vitamin D, calcitriol, inhibits KC proliferation and promotes differ-
entiation, making topical Vitamin D therapy an effective treatment [100].

However, the efficacy of oral Vitamin D supplementation remains inconsistent. Conse-
quently, the National Psoriasis Foundation’s Medical Board recommends oral supplemen-
tation for patients with confirmed deficiency, primarily to prevent comorbidities, rather
than for patients with normal serum levels [86].

Overall, nutrition plays a pivotal role in the development and progression of PSO and
its comorbidities. Extensive evidence suggests that specific nutrients and dietary patterns
can either exacerbate or ameliorate the disease. Therefore, a careful assessment of the
patient’s diet and nutritional status, conducted by a dermatologist in collaboration with
a nutritionist, can help guide personalized dietary strategies that complement conventional
therapies [78]. Although nutritional interventions, such as vitamin D supplementation,
show promising therapeutic potential in PSO, current evidence remains limited. This
limitation is linked to individual variability due to genetic, environmental, and lifestyle
factors, which further affects the robustness of evidence. In general, large-scale, randomized,
controlled clinical trials are needed to rigorously validate the efficacy and safety of such
nutritional strategies in the management of PSO [78,86,99].

Another emerging and promising field for understanding the complex mechanisms
of PSO and its comorbidity, psoriatic arthritis, linked to nutrition, is metabolomics. This
field involves the systematic analysis of metabolites, providing a functional snapshot of
biochemical processes. Unlike other “omics,” metabolomics reflects the intricate interplay
between genetics, environment (including diet), and cellular activity [101].

Advanced analytical techniques, such as mass spectrometry (MS) and nuclear magnetic
resonance (NMR), have revealed significant metabolic alterations in skin, blood, and
urine samples of psoriatic patients. Studies have identified an increase in metabolites
like glutamic acid and choline in skin lesions, suggesting accelerated cell proliferation
and inflammation, while a reduction in metabolites, such as glucose and lactic acid, has
been observed [102].

At a systemic level, alterations in amino acids like glutamine and elevated homocysteine
levels lead to intense inflammatory activity and a potential link to cardiovascular risk. These
distinctive metabolic profiles not only help in understanding the disease’s pathogenesis but
also hold significant potential as biomarkers. Panels of metabolites can be used for more
accurate diagnosis, predicting disease severity, and monitoring treatment response [103].
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Research has already shown that some treatments, like glucocorticoids and anti-TNF-α
agents, induce specific changes in metabolites, offering a new perspective for personalized
medicine and the identification of novel molecular biomarkers [83]. Despite encouraging
mechanistic data, the clinical evidence on vitamin A and D supplementation in PSO remains
fragmented. Many studies include narrowly selected patient populations or rely on short-
term interventions that are insufficient to capture meaningful clinical change. Differences
in dosing strategies, baseline nutritional status, and outcome measures further complicate
interpretation. As a result, the current body of research provides only partial and sometimes
conflicting insights, underscoring the need for more rigorous and adequately powered
randomized controlled trials.

5. Functional and Molecular Alterations of Keratinocytes in Psoriasis:
Key Signaling Pathways

In PSO, KCs undergo profound functional and molecular alterations that fuel the
self-perpetuating cycle of inflammation, hyperproliferation, and defective differentiation
through aberrant activation of intracellular signaling pathways that integrate inflamma-
tory cues from immune cells and the tissue microenvironment. Among them, the NF-
κB, JAK/STAT, MAPK, and PI3K/AKT/mTOR cascades, together with the IL-23/IL-17
axis, emerge as critical regulators of KC behavior [104]. Their dysregulation sustains
the production of pro-inflammatory cytokines, chemokines, and antimicrobial peptides,
while simultaneously promoting abnormal proliferation and impaired epidermal matu-
ration [104]. Understanding the molecular mechanisms underlying these pathways, as
well as the influence of nutrition on inflammation, provides important insights into PSO
pathogenesis and highlights potential therapeutic targets. The following sections present
an overview of the major signaling cascades altered in psoriatic KCs and their contribution
to disease progression.

NF-κB pathway: As mentioned, dysregulated NF-κB signal in KCs and immune
cells is a key driver in PSO pathogenesis [104]. Canonical NF-κB pathway is activated
by a broad range of stimuli, including cytokines (IL-1β, IL-17A/F, IL-22, e IL-36), TNF
receptor superfamily members, pattern recognition receptors (PRRs), as well as T- and
B-cell receptors (TCRs and BCRs) [105]. The IKK complex (composed of IKKα, IKKβ, and
regulatory subunit IKKγ) is central to the pathway [106]. Following pro-inflammatory
stimulation, IKK phosphorylates IκBα, an inhibitory protein that retains NF-κB in the
cytoplasm, triggering its polyubiquitination and consequent degradation; this mechanism
disengages NF-κB dimers (primarily p50/RelA and p50/c-Rel), which translocate into
the nucleus [106].

Dietary supplements, such as omega-3 fatty acids, polyphenols, and vitamins A, D,
and E have been shown to dampen NF-κB activation by reducing IKK-mediated IκBα
phosphorylation and subsequent nuclear translocation of NF-κB dimers, thereby lowering
pro-inflammatory cytokine production, thus exerting anti-inflammatory response [107].

Activation of the IKK complex in the canonical pathway is tightly regulated by TRAF
proteins and E3 ubiquitin ligases [106]. Notably, TRAF6 catalyzes the ubiquitination of
adaptor proteins such as ACT1, thereby initiating a phosphorylation cascade that culmi-
nates in IKK activation [108]. This mechanism is critically involved in the pathogenesis
of PSO. In contrast, the non-canonical NF-κB pathway relies on the NIK (NF-κB-inducing
kinase)-dependent phosphorylation of p100, which leads to its processing into p52 [108].
This pathway is selectively triggered by specific members of the TNF cytokine family, such
as the CD40 ligand and the B-cell activating factor (BAFF) [108].

JAK-STAT pathway: JAK-STAT pathway is known to play an essential role in PSO [12].
The JAK family consists of intracellular kinases, including JAK1, JAK2, JAK3, and TYK2,
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which associate with cytokine receptors [109]. Upon cytokine binding to their receptors,
JAKs become activated and phosphorylate STAT proteins, which then dimerize and translo-
cate into the nucleus to regulate the transcription of numerous inflammatory mediators,
leading to pro-inflammatory responses [109]. JAKs mediate signaling downstream of
cytokines such as IL-12, IL-23, IFN-α, IFN-β, IFN-γ, IL-6, IL-22, and others [110]. TYK2
transduces signals downstream of IL-23, IL-12, and type I IFNs [111]. JAK1, JAK2, and
TYK2 are especially implicated in PSO, as they are strongly associated with the activation of
the transcription factor STAT3 [111], which is hyperactivated in both KCs and immune cells,
regulating key processes such as proliferation, apoptosis, and differentiation. Moreover,
JAK1/JAK2-dependent signaling also contributes to STAT1 phosphorylation [12]. The
increased phosphorylation of STAT1 and STAT3 observed in KCs from psoriatic lesions
is critical for disease development [12]. Interestingly, the same dietary supplements that
may play an effect on NF-κB may also modulate the JAK-STAT pathway [112]. Moreover,
curcumin and resveratrol may inhibit JAK activation and STAT1/3 phosphorylation, thus
attenuating KC hyperproliferation and Th1/Th17-mediated inflammation [112,113].

MAPK pathway: MAPKs are serine-threonine protein kinases also involved in the
pathogenesis of PSO, regulating KC proliferation as well as immune response [114]. The
MAPK family includes p38 MAPK, ERK, and JNK [115]. Each MAPK pathway is organized
in a three-tier cascade: a MAPKKK activates a MAPKK through phosphorylation, and
the MAPKK in turn phosphorylates and activates the downstream MAPK [115]. ERK1/2,
p38, and JNK MAPK are abundantly activated in psoriatic lesions [116]. It has been found
that p38 pathway, induced by the IL-17 and TNF-α, is central in PSO, regulating S100A8,
hBD-2, hBD-3, S100A7 [117,118] and IL-1β production in KCs [119]. MSK1, downstream of
p38/ERK1/2, regulates the expression of pro-inflammatory cytokine genes by activating
transcription factors and is hyperactivated in lesions [120]. IL-6 enhances ERK1/2 activ-
ity, while KRT16 drives KCs proliferation and VEGF release via ERK [121,122]. DUSP1,
a member of the phosphatase family, is an inhibitor of MAPK pathway. It is significantly
downregulated in PSO patients while its overexpression limits proliferation and induces
apoptosis in KCs by targeting ERK/Elk-1/Egr-1 pathway [123]. The JNK pathway in KCs
can be triggered by signals such as DAMPs, CCN1, and IL-22 [123]. Once activated, it drives
the production of cytokines and chemokines including IL-6, IL-8, IL-23, IFN-γ, TNF-α, and
CCL20, thereby recruiting various immune cell populations into psoriatic lesions [124].
Beyond its effects on KCs proliferation and differentiation, JNK activation also promotes
Th1 and Th17 cell recruitment and activation, enhancing the release of cytokines such as
IL-17, IL-22, and hβD-2 [124]. Furthermore, JNK has also been identified as an important
regulator of FOXP3, influencing the development and maturation of Tregs [125]. The MAPK
pathway is responsive to nutritional interventions; bioactive dietary compounds, including
polyphenols, flavonoids, and antioxidants can suppress p38, ERK, and JNK phosphoryla-
tion, thus reducing IL-1β, IL-6, and S100 protein expression in KCs, thereby mitigating the
inflammatory and hyperproliferative processes characteristic of psoriatic lesions [126,127].

PI3K/AKT/mTOR pathway: Elevated expression and activation of PI3K and AKT
have been observed in KCs of psoriatic lesions [128]. PI3K/Akt activation by a wide range
of stimuli contributes to epidermal hyperplasia, immune dysregulation, angiogenesis,
and other PSO-related processes [122]. Once activated, PI3K converts PIP2 into PIP3 at
the plasma membrane, enabling Akt recruitment via its PH domain [129]. Akt is subse-
quently phosphorylated at Thr308 by PDK1 and at Ser473 by PDK2, leading to its full
activation [129]. Activated Akt then translocates to the cytoplasm and nucleus, where its
key downstream effectors, FOXO and mTOR, regulate KC proliferation and survival [129].
Elevated PI3K activity drives Akt hyperactivation, which phosphorylates FOXO. In nor-
mal skin, FOXO is nuclear, whereas in psoriatic KCs it is mainly cytoplasmic [130]. This
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Akt-dependent translocation reduces FOXO’s inhibitory function, thereby enhancing KCs
proliferation [130]. The mTOR pathway is a key regulator of inflammation and cell prolifer-
ation in PSO. mTORC1 is activated by cytokines such as IL-1β, TNF-α, IL-17A, or IL-22,
promoting KCs growth [131]. PI3K/Akt/mTOR axis also modulates innate and adaptive
immunity, influencing the Th1/Th2/Th17 balance [132]. mTOR drives KCs secretion of pro-
inflammatory mediators, including CXCL8, IL-6, and VEGF, while mTORC2 contributes
to FOXP3 stability via CCL3 [133,134]. Furthermore, overactivated mTORC1 is linked to
parakeratosis, a severe pathological lesional feature of PSO [135]. Dietary components,
including polyphenols and some amino acids, can downregulate PI3K/Akt/mTOR signal-
ing, restoring FOXO nuclear localization and limiting KC proliferation together with the
modulation of mTOR-driven cytokine secretion, thus exerting significant effects on KCs
and PSO [136].

IL-17/IL-23 axis: Intercellular communication between immune cells and KCs is cen-
tral to PSO pathogenesis. KC-derived cytokines and receptors are increasingly recognized
as key modulators in disease progression [137]. The IL-23/IL-17 cytokine axis is recognized
as a central driver in the pathogenesis of PSO [137]. IL-23, primarily from immune cells,
sustains IL-17-producing cells, but KCs also produce IL-23 [138]. Recent mouse studies
show KCs-derived IL-23 alone can activate IL-17-secreting cells and drive chronic skin
inflammation, with its expression regulated epigenetically via H3K9 demethylation, impli-
cating a role in PSO [139]. The IL-17 cytokine family includes six members (IL-17A–F), with
IL-17A being the key effector downstream of IL-23 in PSO [140]. The IL-17 receptor family
comprises five members (IL-17RA–RE), with IL-17RA serving as the primary co-receptor for
IL-17A, IL-17C, IL-17E, and IL-17F [141]. IL-17A stimulates KCs to produce antimicrobial
peptides, chemokines, and pro-inflammatory cytokines, amplifying the IL-23/IL-17 axis
and promoting epidermal hyperplasia via IL-19 and IL-36 [142]. Other family members,
notably IL-17E and IL-17C, are also upregulated in psoriatic skin [143]; IL-17E, produced by
both immune cells and KCs, drives KCs proliferation and inflammation via IL-17RB/STAT3
signaling, while IL-17C, primarily KCs-derived, forms self-amplifying inflammatory cir-
cuits and contributes to KC hyperproliferation [143], making both potential therapeutic
targets in PSO and other inflammatory skin diseases. IL-22, major downstream cytokine of
IL-23, mainly produced by CD4+ T cells and ILC3, signals through IL-22R on KCs and other
epithelial cells [144]. In PSO, IL-22 drives disease by inhibiting KCs terminal differentiation
and inducing antimicrobial peptides and pro-inflammatory chemokines [144]. Its activity
is naturally restrained by IL-22BP, and IL-24 acts downstream of IL-22 to regulate KCs
differentiation [12]. Nutrients can indirectly influence the IL-23/IL-17 axis by altering gut
and systemic immunity; for instance, vitamin D and n-3 fatty acids are able to reduce IL-23
and IL-17 production and KC activation, with a positive effect on epidermal hyperplasia
and inflammation, and consequently on PSO [145]. Crucially, the regulation of the inflam-
matory cascades discussed so far is intimately linked to the cellular metabolic status, as
detailed next.

6. ROS and Lipid Peroxidation in Psoriasis
PSO is deeply influenced by the interplay between ROS and lipid metabolism. Exces-

sive ROS production in immune cells and KCs leads to oxidative stress, fueling chronic
inflammation [146]. Elevated ROS levels in dendritic cells promote the release of pro-
inflammatory cytokines such as TNF-α and IL-8, enhancing T-cell activation and Th1 differ-
entiation. Similarly, neutrophils and lymphocytes from psoriatic patients show increased
ROS generation and lipid peroxidation, with neutrophils undergoing ROS-dependent
NETosis, further amplifying KCs and immune activation [147]. The consequences of ROS
excess extend to lipid peroxidation products and other mediators. Reactive aldehydes
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like 4-hydroxynonenal (4-HNE) and malondialdehyde (MDA), detected at high levels in
psoriatic skin and plasma, can form protein adducts that disrupt cellular function [148].

Eicosanoids derived from polyunsaturated fatty acids also play a pivotal role, with
omega-6–derived pro-inflammatory metabolites outweighing the protective omega-3–
derived counterparts. In addition, the endocannabinoid system is altered, with complex
receptor-specific effects that suggest both protective and pro-inflammatory roles. Together,
ROS and lipid mediators sustain the inflammatory microenvironment of PSO and may
activate adaptive antioxidant responses, such as the Nrf2 pathway [149].

Mitochondria are central regulators of redox balance, and their dysfunction is a hall-
mark of psoriatic lesions. An altered NADH/NAD+ ratio, reflecting a shift toward an
oxidative state, has been identified as a key factor in disease pathophysiology. A novel
non-invasive diagnostic tool, Flow-Mediated Skin Fluorescence (FMSF), enables dynamic
assessment of NADH autofluorescence in response to ischemia–reperfusion and has demon-
strated mitochondrial impairment in psoriatic skin [76].

Restoring NAD+ levels in lesions has shown promising effects, with topical NAD+
application achieving outcomes comparable to conventional treatments. This benefit is
likely mediated by NAD+-dependent enzymes such as Sirtuins, particularly SIRT1 [150].

Targeting mitochondrial metabolism and redox imbalance thus emerges as a novel
therapeutic strategy, with FMSF offering a translational bridge for both diagnosis and
personalized treatment monitoring. The resulting metabolic and redox imbalance requires
fine molecular control. In this context, Sirtuins emerge as critical sensors

7. Sirtuins and Redox-Dependent Pathways
Sirtuins, particularly SIRT1, are critical regulators of oxidative stress and inflammation

in PSO. They maintain cellular balance by integrating redox control, metabolism, and
immune regulation [151]. Mechanistically, SIRT1 suppresses KC hyperproliferation and
migration by deacetylating STAT3, and it counteracts inflammation by deacetylating the p65
subunit of NF-κB, thereby reducing pro-inflammatory cytokine release (TNF-α, IL-6) [152].

Importantly, NF-κB can downregulate SIRT1 expression, creating a vicious cycle
of chronic inflammation [149,150]. SIRT1 activity is closely linked to the AMPK path-
way, a master regulator of cellular energy metabolism. In psoriatic skin, AMPK activ-
ity is often diminished; however, its activation enhances NAD+ availability and, conse-
quently, SIRT1 activity [150,153]. This reciprocal regulation suggests that dual targeting of
AMPK/NAD+/SIRT1 axis could restore KC homeostasis and dampen inflammation repre-
senting a promising strategy [151]. Building on this understanding, therapeutic strategies
focus on manipulating SIRT1 activity. For example, resveratrol (RSV), a potent natural acti-
vator of SIRT1, exerts anti-inflammatory effects by inhibiting the NF-κB pathway, reducing
inflammatory cytokines, and promoting KCs apoptosis [150]. Similarly, catalpol, an iridoid
glucoside, increases SIRT1 expression and blocks inflammatory pathways such as NF-κB
and MAPK [154].

Targeting mitochondrial metabolism and redox imbalance thus emerges as a novel
therapeutic strategy [65,155]. By controlling these intricate signaling networks, modulation
of sirtuins and their downstream pathways represents a promising frontier for personalized
treatments for PSO [149,152].

8. Conclusions
PSO represents a complex interplay between immune dysregulation, KCs dysfunction,

and metabolic imbalances. KCs emerge as central orchestrators of inflammation, respond-
ing to cytokines, nutrients, metabolites, and signals derived from the gut–skin axis, where
intestinal microbiota composition and their metabolites, such as SCFAs, modulate both
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cutaneous and systemic inflammation. Key intracellular signaling pathways, including
NF-κB, JAK/STAT, MAPK, and PI3K/AKT/mTOR, together with the IL-23/IL-17 axis,
drive epidermal hyperproliferation and pro-inflammatory mediator production. Metabolic
and redox status, including sirtuin activity and the NAD+/AMPK balance, further shapes
cellular homeostasis and offers potential therapeutic targets [155].

Our review specifically integrated these diverse factors, proposing that the KCs
metabolic state, particularly via the Sirtuin/NAD+ axis, serves as a crucial convergence
point where systemic nutritional and microbial signals meet intrinsic inflammatory path-
ways. This synthesis provides a mechanistic rationale for shifting therapeutic focus toward
metabolic checkpoints.

Nutritional and microbiota-based modulation, combined with targeted intervention on
key signaling pathways, represents a promising approach to personalize PSO management,
reduce chronic inflammation, and restore epidermal homeostasis [156].

9. Future Directions
Emerging evidence suggests that targeting KCs could provide new opportunities for

the treatment of various skin diseases. Future research should focus on translating these
insights into clinical practice, exploring personalized approaches that combine microbiota-
based interventions with nutraceutical strategies to support skin health. In addition, further
studies are warranted to translate these mechanistic insights into safe and effective clinical
interventions, integrating molecular, metabolic, and microbial knowledge for precision
medicine in PSO. Such efforts may enable innovative, non-invasive therapies that support
existing treatments, as dietary supplements and/or adjuvant therapy, and improve patient
adherence and outcomes.
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MSK1 Mitogen-and Stress-activated protein Kinase 1
mTOR mammalian Target of Rapamycin
mTORC1/mTORC2 mTOR Complex 1/2
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NF-κB Nuclear Factor kappa-light-chain-enhancer of activated B cells
NIK NF-κB-inducing kinase
NLRP3 NLR pyrin 3
NMR Nuclear Magnetic Resonance
NO Nitric Oxide
PASI Psoriasis Area and Severity Index
pDCs plasmacytoid Dendritic Cells
PDK1/PDK2 Phosphoinositide-dependent Kinase 1/2
PH domain Pleckstrin Homology domain
PI3K/AKT/mTOR Phosphoinositide 3-Kinase/AKT/mTOR
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PRRs Pattern Recognition Receptors
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p38-MAPK p38 Mitogen-Activated Protein Kinase
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ROS Reactive Oxygen Species
RSV Resveratrol
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STAT Signal Transducer and Activator of Transcription
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TCRs T-Cell Receptors
TCV Total Caloric Value
TGF-β1 Transforming Growth Factor beta 1
Th1 T helper type 1 cell
Th2 T helper type 2 cell
Th17 T helper type 17 cell
TLR4 Toll-like Receptor 4
TMA Trimethylamine
TMAO Trimethylamine N-oxide
TNF-α Tumor Necrosis Factor alpha
TOR/PI3K/MAPK Target of Rapamycin/PI3K/MAPK
TRAF TNF Receptor-Associated Factor
Tregs T regulatory cells
TYK2 Tyrosine Kinase 2
UVB Ultraviolet B
VEGF Vascular Endothelial Growth Factor
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γδ T cells Gamma-delta T cells
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