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Abstract

Atopic dermatitis (AD) is a chronic inflammatory dermatosis with a complex etiopatho-
genesis that, despite extensive research, remains incompletely understood. The disorder
affects a substantial proportion of the global population and is associated with a significant
clinical burden. In recent years, increasing attention has been directed toward the gut
microbiota as a potential modulator of the course of inflammatory diseases, including AD.
The aim of this review is to critically examine current evidence regarding the association
between gut dysbiosis and the exacerbation of inflammatory processes observed in AD.
Available studies suggest that alterations in gut microbiota composition may lead to dys-
regulation of the gut–skin axis, increased intestinal barrier permeability, and activation of
pro-inflammatory mechanisms, thereby contributing to the amplification of AD symptoms.
Overall, the analyzed findings suggest that the gut microbiota represents a significant yet
underexplored component of AD pathogenesis, and that its modulation may define a novel
direction for future therapeutic strategies. Elucidating the mechanisms underlying the
gut–skin axis may not only inform the development of preventive approaches targeting
gut microbiota regulation but also support a broader view of AD as a systemic disorder in
which redox imbalance is critically involved.

Keywords: atopic dermatitis; gut microbiota; dysbiosis; oxidative stress; inflammation;
skin-gut axis; reactive oxygen species; antioxidant defence; immune regulation; leaky gut

1. Introduction
The gut microbiota, a complex and dynamic community of bacteria, archaea, viruses,

and fungi inhabiting the gastrointestinal tract, plays a key role in maintaining systemic
homeostasis. Under physiological conditions, it contributes to: (i) digestion and metabolism
of nutrients [1]; (ii) synthesis of short-chain fatty acids (SCFAs) [2]; (iii) modulation of the
immune response [3]; (iv) production of neurotransmitters influencing cognitive func-
tion [4,5]; and (v) strengthening of the intestinal barrier [6,7]. Owing to these multifaceted
functions, the gut microbiota affects not only local immunity but also systemic immune
resilience through interactions within the gut–organ axes [8,9]. Therefore, maintaining its
quantitative and qualitative balance is essential for human health.

Disruption of the compositional and functional equilibrium of the gut microbiota
is referred to as dysbiosis. Important factors contributing to its development include:
(i) endogenous factors, such as an unhealthy diet deficient in dietary fiber, polyphenols,
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and SCFAs [10]; (ii) excessive or inappropriate antibiotic therapy, which induces long-
lasting alterations in microbiota composition and diversity [11,12]; (iii) psychosocial factors,
including chronic stress [13,14]; (iv) environmental factors, such as air pollution, heavy
metals, pesticides, and food additives [15–17]. The accumulation of these factors can induce
chronic oxidative stress within the gut and, through disruption of redox balance, lead
to damage to the intestinal epithelium and activation of inflammatory signaling path-
ways [18,19]. These processes are directly associated with a weakened intestinal mucosal
barrier, increased intestinal permeability (“leaky gut”), and translocation of bacterial cells
and their metabolites (e.g., toxins and/or lipopolysaccharide) into the systemic circula-
tion [20,21]. Consequently, both primary and secondary immune responses of the host are
stimulated [22], activating inflammatory pathways including NF-kB, MAPK, and NLR3,
leading to the production of pro-inflammatory cytokines and chemokines [23–25]. This
dysregulation of the gut–skin axis may lead to the initiation and progression of atopic
dermatitis (AD), as evidenced by a growing number of studies reported in the literature.

Patients with AD often present with reduced gut microbiota diversity, decreased
beneficial genera such as Bifidobacterium and Lactobacillus, and an increased presence of
potentially pathogenic species, i.e., Escherichia and Clostridium [26–28]. These alterations
correlate directly with disease severity and elevated levels of inflammatory markers. More-
over, studies have shown that dysbiosis can disrupt the Th1/Th2 balance and promote
polarization towards the Th2 profile characteristic of atopic conditions [29–31]. Undoubt-
edly, oxidative stress further exacerbates this pathological cascade through imbalance
between the production of reactive oxygen species (ROS) and the host’s antioxidant defense
mechanisms [32,33]. This situation, in turn, promotes lipid peroxidation, protein and DNA
damage, and the activation of transcription factors such as NF-kB, thereby amplifying pro-
inflammatory cytokine production [34,35]. Clinical studies involving patients with AD have
demonstrated elevated levels of oxidative stress markers with simultaneous weakening of
antioxidant capacity, which directly correlated with the intensity of skin lesions [33,36–38].
Collectively, these findings provide compelling evidence for the involvement of oxidative
stress and gut microbiota dysbiosis in the dysregulation of the gut–skin axis, in which
the intestinal microbiota plays a key role. Its members contribute to metabolic changes,
thereby affecting skin barrier integrity, dendritic cell activation, Tcell polarization, and the
production of inflammatory mediators. This complex, multi-level mechanism translates
into the clinical severity of AD symptoms, its frequent relapses, and its correlation with
other atopic diseases, such as asthma and allergic rhinitis [39–41].

However, despite extensive research leading to an understanding of the pathogenesis
of AD, a substantial gap remains in the comprehensive clinical integration of gut dysbiosis,
oxidative stress, and inflammatory mediators within a unified mechanistic framework.
This review aims to synthesize the current state of knowledge regarding the impact of gut
microbiota disturbances on the development and progression of AD. Its novelty lies in
its particular focus on the role of oxidative stress as a critical mechanistic link connecting
dysbiosis with chronic inflammation in AD.

2. Pathophysiology of Atopic Dermatitis
AD is a complex disease entity and one of the most frequently encountered chronic

inflammatory skin disorders. Despite its high prevalence, the pathophysiology of AD
remains incompletely understood. Among the predisposing factors, genetic and envi-
ronmental influences, dysfunctions of the skin barrier, and dysregulation of the immune
response are considered to play key roles [42–44]. Although the subsections of this part of
the manuscript are distinguished to facilitate clarity and organization, it is important to
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emphasize that the factors discussed are highly interdependent, and their effects overlap
and interact, ultimately contributing to the development of AD.

2.1. Genetic Determinants

Among the genetic abnormalities predisposing individuals to the development of
AD, mutations that disrupt filaggrin function are highlighted most prominently [45–48].
Filaggrin (FLG) is a structural, histidine-enriched protein that, in healthy skin, maintains
cellular integrity [49]. The precursor of FLG is profilaggrin, which forms keratohyalin gran-
ules (KHGs) within the cytoplasm of the granular layer (predominantly) and the spinous
layer. These granules are integral to epidermal keratinization through their interaction with
keratin filaments and promotion of their cross-linking. This process ensures the cohesion of
the epidermal barrier and enables the separation of the internal milieu of the human body
from the external environment [50]. Mutations in FLG are widely recognized as a major
contributor to both the onset and chronicity of AD [49,51]. These FLG mutations are often
accompanied by impairments in epidermal barrier integrity, which facilitate exposure to
allergenic factors and predispose the skin to bacterial colonization [52,53]. Although most
patients with AD exhibit impairment of the skin barrier, fewer than one-third carry FLG
null mutations that result in loss of function. Well-characterized mutations include R501X
and 2282del4 [54]. Importantly, reduced levels of FLG are also observed in patients with
AD who do not carry FLG mutations, indicating that this protein represents a fundamental
factor underlying the pathogenesis of the disease [48,55]. It is worth emphasizing that FLG
in the stratum corneum (SC) undergoes degradation into free amino acids—pyrrolidone
carboxylic acid (PCA) and urocanic acid (UCA)—which are pivotal for maintaining proper
skin hydration, photoprotection, and the regulation of immune responses. These acids
represent fundamental elements of natural moisturizing factor (NMF) [56,57]. A study
assessing the relationship between AD severity, FLG genotype, and levels of FLG degra-
dation products demonstrated that reduced NMF constitutes a principal component of
moderate-to-severe disease [57]. Furthermore, carriers of FLG null mutations exhibit signif-
icantly decreased NMF levels throughout the full thickness of the SC, along with increased
transepidermal water loss (TEWL) and skin dryness, a hallmark feature of AD [58,59].

2.2. Skin Barrier Dysfunction and Skin Dysbiosis

Human skin is often described as the largest organ of the body, harboring a highly
abundant and heterogeneous microbial community [60–62]. The vast majority of colonizing
microbes are harmless to the host. Moreover, symbiotic colonization can provide numerous
benefits. The skin microbiota may participate in regulating its metabolism and function
as a primary defensive barrier, protecting against the expansion of detrimental microor-
ganisms [62–64]. Microorganisms classically inhabiting the skin include fungi of the genus
Malassezia and bacteria such as coagulase-negative staphylococci (namely Staphylococcus
epidermidis, Staphylococcus lugdunensis, and Staphylococcus hominis), as well as members of
the families Streptococcaceae, Cutibacteriaceae, and Corynebacteriaceae [65]. However, under
certain conditions, particularly in the case of AD, skin dysbiosis can occur. By definition,
skin dysbiosis is a disruption of the balance of the microbiome residing in this organ [63,66].
This leads to the absence or deficiency of regularly occurring microorganisms, accompanied
by the presence of pathogenic microbes, which collectively produce adverse effects for
the host [67]. A reduction in the richness of the microbiome in lesional skin compared to
healthy skin is characteristic of AD [68]. Numerous studies have shown that enhanced
colonization by Staphylococcus aureus in AD leads to a reduction in commensal skin bacteria
and results in diminished synthesis of antimicrobial peptides (AMPs), which are normally
produced by the skin to inhibit the growth of pathogenic microorganisms [69–71]. Disrup-
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tion of AMP production may therefore elevate the risk of viral, bacterial, and fungal skin
infections, consequently leading to a deterioration in patients’ quality of life [71]. Table 1
summarizes a comparison of the changes occurring in the populations of microorganisms
inhabiting the skin of individuals diagnosed with AD.

Table 1. Skin dysbiosis associated with atopic dermatitis.

Dermatosis Excessive Microbial Populations Reduced Microbial Populations References

AD

S. aureus C. acnes [60]

S. aureus, C. tuberculostearicum, S. capitis,
S. lugdunensis, S. epidermidis,

Candida spp.
Malassezia spp. [65]

S. aureus, S. haemolyticus, S. capitis,
S.lugdunensis, S. epidermidis, C. albicans,

Aspergillus spp., C. diffluens

Corynebacterium spp., Acinetobacter spp.,
Cutibacterium spp., Prevotella spp.,
Malassezia spp., Streptococcus spp.

[67]

S. aureus Streptococcus spp., Cutibacterium spp.,
Corynebacterium spp. [69]

S. aureus Cutibacterium spp., Corynebacterium spp.,
Streptococcus spp. [72]

Abbreviations: AD—atopic dermatitis; C. acnes—Cutibacterium acnes; C. albicans—Candida albicans;
C. diffluens—Cryptococcus diffluens; C. tuberculostearicum—Corynebacterium tuberculostearicum;
S. aureus—Staphylococcus aureus; S. capitis—Staphylococcus capitis; S. epidermidis—Staphylococcus epidermidis;
S. haemolyticus—Staphylococcus haemolyticus; S. lugdunensis—Staphylococcus lugdunensis.

The skin barrier serves as a bridge in the complex interplay among the skin microbiota,
environmental factors, genetic determinants, and the host immune system [49]. The in-
tegrity of this barrier is maintained by the epidermis, which undergoes a process known as
keratinization or cornification. Histologically, the epidermis consists of four or five layers,
varying by location in the body [50]. The outermost layer is the stratum corneum (SC).
Moving inward, the epidermis comprises the stratum lucidum—typically found only on
the soles of the feet and the palms—followed by the granular layer, the spinous layer, and
the basal layer [50,52]. Barrier dysfunction affects the majority of patients with AD and is a
characteristic feature of the disease [54,73]. The barrier’s function is primarily determined
by the SC, where the stage of keratinization occurs—keratinocytes undergo enucleation
and flattening to become corneocytes, and their cell membranes are substituted by the
cornified envelope [74,75]. A disrupted epidermal barrier increases susceptibility to irrita-
tion and facilitates the penetration of exogenous antigens into the skin, where they interact
with resident immune cells and trigger inflammation [59,74,76]. Conversely, prolonged
skin inflammation further impairs the epidermal barrier, highlighting the significance of
preserving barrier integrity for both the treatment and prevention of allergic diseases [74].

2.3. Environmental Determinants

Given that the skin serves as a defense against agents such as toxins and UV light,
it is intriguing to consider how external environmental factors, including individual be-
haviors, influence the course of AD [77]. Among environmental factors, chemicals such
as preservatives, harsh detergents, and fragrances are recognized as contributing to the
pathophysiology of AD. The use of strong, alkaline cleansing agents can disrupt skin pH
and promote local inflammation [42]. Even water may decrease FLG levels in the epidermis,
thereby disrupting the structure of a functional skin barrier [55]. A compromised skin
barrier is particularly susceptible to environmental factors, which in AD exacerbate inflam-
mation, leading to secondary damage to the SC and perpetuating the disease’s vicious
cycle [73]. In addition to the factors mentioned above, environmental pollution also seems
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to influence the occurrence of AD [76]. Exposure to air pollution in the place of residence
was associated with an elevated risk of developing AD exclusively in males, as well as a
higher likelihood of allergic response to airborne allergens in both males and females [78].
Moreover, gases such as sulfur dioxide, nitrogen dioxide, and carbon monoxide, as well
as particulate matter present in the air, have been classified as independent contributors
to AD [79]. Furthermore, exposure to particulate matter experimentally suppressed FLG
expression in keratinocytes in vitro via TNF-α(tumor necrosis factor-alpha), resulting in in-
creased TEWL [80]. The collected data clearly indicate that broadly defined environmental
factors—from chemical to atmospheric—can significantly disrupt skin barrier integrity and
thereby contribute to the development and exacerbation of AD.

2.4. Lifestyle Factors in the Pathophysiology of AD

Tobacco smoking is considered a factor that may increase the prevalence of AD [81].
A genetic correlation has even been observed between tobacco use and multiple allergic
conditions, particularly asthma [82]. To investigate the association of exposure to smoking
and the occurrence of allergic diseases in children, such as asthma and AD, a study was
conducted that included control data from a total of 53,505 children [83]. Notably, both
maternal smoking during pregnancy and passive smoke exposure were linked to childhood
asthma, whereas no statistically significant relationship was found between contact with
tobacco and the development of AD in children [83]. A more recent meta-analysis from 2024,
however, reveals that AD in offspring is not connected with active maternal smoking during
pregnancy, but is nevertheless correlated with passive tobacco exposure [84]. Another study
assessing the relationship between active and passive smoking and the occurrence of AD
focused on an older population—Korean adolescents. A positive connection was observed
regarding AD prevalence and both the frequency and intensity of contact with each type
of smoking [85]. Exposure to tobacco smoke during childhood may result in AD onset in
adulthood [86]. Interestingly, a secondary cross-sectional analysis from 2018 demonstrated
that both the type of smoking and the sex of the participant influence the prevalence of AD
in adults. It was found that, in women, AD incidence was associated with current tobacco
use, whereas in men, no correlation was observed between either active or passive smoking
and AD occurrence [87].

Sleep disturbances are a common comorbidity among individuals with AD, affecting
approximately 47% to 80% of the pediatric population and 33% to 90% of the adult popula-
tion [88,89]. Interestingly, impaired sleep quality appears to be particularly pronounced
among adult patients, males, and individuals with severe forms of AD, which is generally
associated with greater difficulty maintaining restorative sleep throughout the night than
with sleep initiation [90]. Among pediatric patients, pruritus is the predominant symp-
tom reported as a cause of sleep disruption. The consequences of sleep disturbances in
children with AD may include behavioral disorders, short stature, cognitive dysfunction,
and mood fluctuations [91]. The inflammatory state present in AD may also contribute
to the development of additional psychiatric disorders, as pro-inflammatory cytokines
are elevated not only locally in the skin but also throughout the body. Moreover, sleep is
widely recognized as a central regulator of immune system function. In addition, sleep
disturbances are frequently accompanied by increased psychological stress [92]. Stress is a
well-established factor that exacerbates the course of various diseases, including AD [93].
Stress may lower the itch threshold, leading to nighttime scratching, which further worsens
the already-compromised skin barrier [92]. Stress itself may also impair skin barrier func-
tion by stimulating the secretion of pro-inflammatory cytokines, delaying wound healing,
and aggravating dermatological conditions such as AD, acne, psoriasis, and urticaria [93].
Although there is growing evidence suggesting that psychological stress plays a significant
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role in the onset and exacerbation of AD, the underlying pathophysiological mechanisms
have not been fully elucidated [94].

2.5. Deregulation of Immune Responses

Immune system dysfunctions constitute a significant component of AD pathophys-
iology. The primary complex abnormality consists of dysregulation of Th1/Th2, Th17,
and Treg cell responses. In the acute phase of AD, the immune response is predominantly
Th2-driven, whereas in the chronic phase, Th1, Th17, and Th22 responses prevail [53,95,96].
Langerhans cells (LCs) in the epidermis function as the key immune cells, whereas deeper
within the dermis, macrophages, T cells, and dendritic cells (DCs) are present. Keratinocytes
in the skin have the capacity to secrete inflammation-promoting cytokines, including TNF
and the interleukins IL-1β, IL-6, IL-10, and IL-18 [69]. Keratinocytes can also synthesize
thymic stromal lymphopoietin (TSLP), a pro-inflammatory cytokine that modulates Th
lymphocyte activity [53]. TSLP is a principal sensitizing molecule, as it induces DCs and
stimulates Th2-type immune responses, thereby amplifying inflammation and enhancing
allergic reactivity [95,97]. A dysfunctional skin barrier promotes the secretion of TSLP,
IL-1β, IL-25, and IL-33 by keratinocytes [98]. This stimulates LCs and DCs, triggering
the activation of Th2, Th17, and Th22 immune responses. The Th1 response is induced
through mast cells (MCs) that have been previously activated by LCs. Th1 lymphocytes
subsequently secrete IL-1, IL-6, IL-8, IL-10, TNF-α, and IFN-γ. In contrast, Th2 lymphocytes
release IL-4, IL-5, IL-13, IL-31, and IL-33 [98,99]. It is worth emphasizing that Th2-driven
inflammation can affect keratinocytes maturing in the presence of cytokines and decrease
FLG expression, thereby exacerbating pre-existing skin barrier dysfunction [54,73]. More-
over, cytokines produced by Th2 cells stimulate B lymphocytes to produce IgE antibodies,
which in turn induce MC degranulation and the release of mediators including histamine,
leukotrienes, and prostaglandins. This drives the pruritus–scratch cycle, further dam-
aging the skin barrier [43,45,53,99]. Figure 1 provides a schematic representation of key
pathophysiological mechanisms in AD.

2.6. Signaling Pathways and Molecular Mechanisms Involved in AD Pathogenesis

The etiology of AD is driven by complex molecular mechanisms, including activation
of the Janus kinase–signal transducer and activator of transcription (JAK–STAT) signal-
ing pathway, which constitutes a principal intracellular signaling cascade for cytokines.
Four members of the JAK family have been identified—JAK1, JAK2, JAK3, and tyrosine
kinase 2 (TYK2)—alongside seven members of the STAT family: STAT1, STAT2, STAT3,
STAT4, STAT5A, STAT5B, and STAT6 [100]. Importantly, the JAK–STAT pathway is crucial
in Th2-mediated immune responses, particularly those driven by IL-4, IL-13, and IL-31,
often referred to as cytokines involved in the acute phase of AD [101]. IL-4 impairs skin
barrier integrity by reducing the expression of critical proteins such as filaggrin, promoting
IgE class switching in B cells, and recruiting immune effector cells, including eosinophils
and mast cells [102,103]. IL-4 signals via two receptor types: type I receptors, formed by the
IL-4Rαchain and the common γ-chain, and type II receptors, comprising IL-4Rα and IL-13
receptor α1 (IL-13Rα1) chains [100]. Type II IL-4 receptor complexes are predominantly
expressed on non-hematopoietic cells, such as keratinocytes, fibroblasts, and immune cells,
where they contribute significantly to AD development. In contrast, type I IL-4 receptor
complexes are primarily restricted to hematopoietic cells. Additionally, type II IL-4 recep-
tors function as IL-13 receptors, with IL-13 representing a key mediator of pruritus that
links immune and neural pathways [102]. In the type I IL-4 receptor-mediated pathway,
JAK1 and JAK3 are activated by phosphorylation, subsequently leading to STAT6 signaling.
Conversely, stimulation of the type II IL-4 receptor complex results in JAK1 and TYK2 acti-
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vation, with JAK1 linked to the IL-4Rα chain and TYK2 associated with the IL-13Rα1 chain.
These events are followed by STAT6 and STAT3 induction, which ultimately upregulate the
expression of genes driving type 2 inflammation [100,102]. IL-31 receptors can also exist
in two forms, including a heterodimer composed of the IL-31 receptor αchain (IL-31RA)
and the oncostatin M receptor βchain (OSMRβ) [100]. Through the activation of DCs, IL-4,
IL-13, and IL-31 promote the production of chemokines, such as CCL17, CCL22, and CCL26,
thereby recruiting CCR4+ Th2 cells to sites of inflammation [102]. TSLP also represents a
crucial cytokine in the initiation of type 2 immune responses. In AD, it is highly expressed
in cutaneous epithelial cells and, together with IL-33, is further released from keratinocytes
upon skin barrier disruption, induced by scratching [101]. In turn, TSLP activates transient
receptor potential (TRP) sensory neurons, contributing to further pruritus. Additionally,
it stimulates keratinocytes to release periostin and IL-33, which in turn enhance IL-13
and IL-31 production, thereby sustaining the itch–scratch cycle [102,103]. Moreover, TSLP
promotes OX40L expression on DCs, a critical signal for the polarization of naïve T cells
toward a Th2 phenotype [102].

 

Figure 1. Multifactorial pathogenesis of AD. Abbreviations: B cell—B lymphocyte; DC—dendritic
cell; FLG—filaggrin; IFN-γ—interferon gamma; IgE—immunoglobulin E; IL-1—interleukin 1;
IL-1β—interleukin 1 beta; IL-10—interleukin 10; IL-13—interleukin 13; IL-25—interleukin 25;
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IL-31—interleukin 31; IL-33—interleukin 33; IL-4—interleukin 4; IL-5—interleukin 5;
IL-6—interleukin 6; IL-8—interleukin 8; LC—Langerhans cell; MC—mast cell;
S. aureus—Staphylococcus aureus; TEWL—transepidermal water loss; Th1—T helper 1 lym-
phocyte; Th2—T helper 2 lymphocyte; TNF-α—tumor necrosis factor-alpha; TSLP—thymic stromal
lymphopoietin. Symbols: yellow circles indicate S. aureus colonization; blue arrows and blue
squares represent environmental factors such as allergens and pollutants penetrating the skin; green
rectangles denote disrupted skin microbiota composition (skin dysbiosis); red arrows show the effect
of impaired skin barrier on the skin.

3. Gut Dysbiosis in Atopic Dermatitis
3.1. The Core Composition of the Human Gut Microbiome

The human gut is colonized by more than 100 trillion microorganisms, including
bacteria, archaea, fungi, and viruses, forming a complex and diverse ecosystem [28,104].
Altogether, gut bacteria weigh approximately 1–1.5 kg [28]. The predominance of bacteria
residing in the adult gut is attributed to two bacterial phyla: the Gram-negative Bacteroidetes
and the Gram-positive Firmicutes [28,105]. More than 99% of bacteria comprise the
Firmicutes, Bacteroidetes, Proteobacteria, and Actinobacteria [28]. Other bacterial phyla, present
at subdominant levels in the human gut, vary significantly among individuals. These
include the Actinobacteria, Fusobacteria, and Verrucomicrobia phyla [105]. Verrucomicrobia,
for instance, is more frequent in children aged 3–12 years [106]. Bifidobacterium is among
the first bacteria to colonize the human gut and is a dominant member of the intestinal
microbiota during breastfeeding, typically for at least the first 3 to 4 months [107].

3.2. The Role of SCFAs and Bacterial Dysbiosisin Atopic Dermatitis Development

From the first month of life, the gut microbial community is essential for the matu-
ration of the human immune system. This is closely linked to the production of various
metabolites and signal molecules, such as post-translationally modified peptides, amino
acid metabolites, short-chain fatty acids, oligosaccharides, glycolipids, and non-ribosomal
peptides, all of which influence the systemic immune response [105]. A healthy gut micro-
biota supports the Th1/Th2 balance by stimulating the development of Th1 cells. Overall,
the main factors influencing gut health include the level of microbial diversity, an abun-
dance of SCFA producers, and the presence of potentially pathogenic representatives [106].
A reduction in bacterial species diversity may be associated with dysbiosis, further con-
tributing to elevated inflammation. The onset and severity of AD are thought to correlate
with the degree of gut dysbiosis. Moreover, patients with AD have been reported to have
reduced levels of SCFAs [105,108]. These acids, including butyrate, propionate, acetate, and
lactate, originate from fermentation of fiber by gut microbiota. They play an important role
in preserving gut epithelial barrier integrity. Lower SCFA levels promote easier penetration
of toxins, undigested food particles and gut microorganisms into the systemic circulation,
thereby aggravating skin inflammation [105]. SCFAs also enhance innate immunity, im-
proving the skin’s defense against inflammation and supporting adaptive immunity. This
occurs through influencing T and B cell differentiation [109], particularly by regulating
the production of Th1, Th17, and regulatory T cells (Tregs) [106,110]. Among SCFAs, bu-
tyrate is crucial for mucosal Treg differentiation [110]. Dysregulation of Treg cells or an
imbalance in cytokines, especially elevated pro-inflammatory cytokines such as IL-6 and
IL-17, can contribute to the onset and progression of inflammatory dermatoses [106,110].
The interplay between SCFAs, the intestinal barrier, and systemic immune modulation is
summarized in Figure 2 (simplified scheme).
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Figure 2. The role of SCFAs in the human gut and immune system (simplified scheme). Abbrevia-
tions: SCFAs—short-chain fatty acids; Th1—T1 helper lymphocyte; Th17—T17 helper lymphocyte;
Treg—regulatory T lymphocyte.

3.3. The Infant Gut Microbiome and SCFA Producers

The highest incidence of AD occurs during infancy (the first 12 months of life), ex-
tending to early childhood [111]. The positive correlation between the poor diversity of
gut microbiota among infants and the prediction of AD onset has been demonstrated in
various studies [108,112,113]. It has been shown that infants with AD have significantly
less-diverse gut microbiota and higher levels of Clostridoides difficile, Escherichia coli and
Bacteroides spp., compared to healthy controls [114,115]. Microbes from the Clostridium
genus might aggravate the level of inflammation via eosinophilic inflammation [115]. In-
creased abundances of Clostridiaceae are further associated with excessive toxin release,
which inhibits the chemotaxis of neutrophils and suppresses eosinophil activity, thereby
promoting gut inflammation, as shown in a study examining AD risk across 24 cohorts [116].
In a different study [117], species such as C. difficile and pathogenic E. coli were linked
to increased intestinal epithelial barrier leak in infants. “Leaky gut syndrome” is also
implicated in insufficient SCFA production [105]. Inadequate production might be due to
suppression of SCFA-producing bacteria by pathogenic species. Notably, some Clostridiales,
like Clostridiales Family XIII Incertae Sedis, which produce SCFAs, show reduced numbers
in AD patients [106]. In a study [108] by Alam et al., preschool-aged children who were at
the highest risk of developing atopy exhibited lower initial levels of particular bacterial gen-
era, including Bifidobacterium, Akkermansia, and Faecalibacterium, measured during infancy.
This largely coincides with the results of research by Moniaga et al., where reduced levels
of Akkermansia, Lactobacillus, Faecalibacterium prausnitzii, and Bifidobacterium were specific
to AD patients [105]. Importantly, Akkermansia, Bifidobacterium, and Faecalibacterium are
producers of SCFAs [116]. A decreased abundance of Eubacteriaceae among atopic patients
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is strongly associated with impaired butyrate production. Additionally, a higher abun-
dance of Eubacteriaceae has been linked to lower levels of the pro-inflammatory mediators
eotaxin/CCL11 (eosinophil chemotactic protein/C-C motif chemokine 11), MDC/CCL22
(macrophage-derived chemokine/C-C motif chemokine 22), and Flt3L (fms-related tyrosine
kinase 3 ligand), which are involved in the Th2 response [106].

3.4. The Varying Relevance of Different Bacterial Strains Belonging to the Same Genus

Reduced levels of the Bifidobacteria genus might be influenced by a lack of breastfeed-
ing [118–120]. The Bifidobacterium genus is generally considered a protective factor against
inflammatory dermatoses through the production of SCFAs in murine models [110]. Addi-
tionally, γ-aminobutyric acid produced by Lactobacillus and Bifidobacterium in the gut has
been shown to suppress skin itch [105]. However, a higher incidence of certain Bifidobacteria
species, including Bifidobacterium catenulatum and Bifidobacterium pseudocatenulatum, has
been reported to impact AD development across different age groups [108,121]. In another
study, Depner et al. used 16S rRNA amplicon sequencing of fecal samples [107]. It was
found that during the first two months of life, members of Bifidobacterium were dominant
and showed the strongest and most consistent inverse associations with AD. Species such
as Bifidobacterium longum and Bifidobacterium bifidum, which possess the specific ability
to digest human milk oligosaccharides (HMOs) in breastmilk and to produce beneficial
aromatic lactic acids, were most prevalent at two months of age. Among AD patients, aged
2–12 months, the composition of the Bifidobacterium genus changed profoundly, showing a
premature shift toward adult-like Bifidobacterium spp., especially Bifidobacterium adolescentis
and B. catenulatum. This phenomenon suggests that the protective effect of Bifidobacterium
against AD depends on a critical window and an adequate combination of species [107].

Although previously cited studies highlight a reduction in the abundance of F. praus-
nitzii among AD patients [105,108], evidence also indicates that their numbers may be
elevated in this group [120,122]. F. prausnitzii is the main producer of SCFAs in healthy
individuals. However, subspecies of F. prausnitzii, insufficient in SCFA production, are more
common among AD patients [123]. This could explain potential differences in research
results. In addition, genes encoding carbohydrate-active enzymes (CAZymes), which break
down SCFA-resistant starch, are insufficiently represented in the intestinal microbiota of
patients with AD [124].

3.5. The Potential Relationships Between Immune Response Modulators and Gut Microbiota

Other bacteria, including Veillonellaceae, Fusicatenibacter, Flavonifractor, and Odoribacter,
have been identified as potentially protective factors against inflammatory dermatoses,
possibly through effects on circulating inflammatory cytokines, as shown in a Mendelian
randomization study. Cytokine IL-15RA was identified as an important mediator linking
the bacterial family Veillonellaceae to eczema. It triggers the MAPK signaling pathway
and promotes the secretion of pro-inflammatory cytokines, such as IL-6, IL-8, and TNF-α.
Fusicatenibacter and Odoribacter help maintain immune balance by regulating IL-10 pro-
duction and Treg differentiation. Elevated abundance of Flavonifractor has been observed
in moderate-to-severe AD, indicating its potential role in immune dysregulation [109]. A
different study conducted by Kalashnikova et al. analyzed the potential links between the
microbial community diversity and cytokine levels in the blood serum of children [106].
Among the atopic group, a significant increase in the levels of several markerscharacter-
istic of the Th2 response was observed. These include MDC/CCL22, IL-5, IL-8, IL-13,
IFN-γ (interferon gamma), TNF-α, MIP-1α/CCL3 (macrophage inflammatory protein 1-
α/chemokine (C-C motif) ligand 3), and VEGF (vascular endothelial growth factor). On
the contrary, atopic patients exhibited reduced levels of IL-2, IL-1α, IL-15, and IL-17A [106].
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There is also a causal relationship between IL-18R1 and an increased risk of eczema. IL-18R
is expressed on various immune cells, among which are Th1, NK, and mast cells, suggesting
a broad immunomodulatory function [109]. In another study [123], it was observed that
children with more severe AD, assessed using the SCORAD (SCORing Atopic Dermatitis)
index, had higher fecal calprotectin levels, as well as elevated blood eosinophils and IgE
levels, indicating increased inflammatory status of the gastrointestinal tract. Additionally,
the concentrations of IL-10 and IFN-γ in the bloodstream, influenced by intestinal microbes,
alter levels of cortisol, a stress hormone. In turn, higher cortisol levels can negatively
affect gut microbiota composition and intestinal barrier permeability, creating a vicious
cycle [105]. MDC/CCL22 is a key mediator of atopic disorders. A positive association was
found between the Pasteurellaceae family and MDC/CCL22 levels. On the other hand, a
negative correlation was observed between MDC/CCL22 levels and bacterial taxa, such as
Barnesiellaceae, Oscillospiraceae, Peptococcaceae, Eubacterium coprostanoligenes, and Clostridia
UCG-014, indicating possible protective effects of these species. Notably, in the same
study, atopic patients showed a significant increase in the abundance of Pasteurellaceae,
Peptococcaceae, and Clostridia UCG-014, whereas decreases were observed in other groups, in-
cluding Barnesiellaceae, Eubacteriaceae, Clostridiales Family XIII Incertae Sedis, Oscillospiraceae,
Anaerovoraceae, and Flavobacteriaceae, compared to the control group [106]. According to
an analysis of a dataset from 24 cohorts, Lachnospiraceae UCG001 strains exacerbate gut
dysbiosis, which was further correlated with impaired amino acid metabolism, increased
blood uric acid levels, and CD4 TH17-driven inflammation [116]. The varying effects of
specific bacterial strains are summarized in Tables 2 and 3, which present microorganisms
with potential protective or adverse impacts on atopic dermatitis development.

Table 2. Bacteria with potential protective effects on AD development.

Bacteria Protective Effects Reference

Clostridia UCG-014 Decreasing MDC/CCL22 levels [106]

Clostridiales Family XIII Incertae Sedis Producing SCFAs [106]

Akkermansia genus Producing SCFAs [116]

Bifidobacteria genus Producing SCFAs, γ-aminobutyric acid [105,110,116]

F. prausnitzii Producing SCFAs [116,123]

Eubacteriaceae family, e.g., E.
coprostanoligenes

Producing SCFAs—especially butyrate—lowering the
levels of the pro-inflammatory eotaxin/CCL11,

MDC/CCL22, and Flt3L
[106]

Lactobacillus genus Producing γ-aminobutyric acid [105]

B. longum, B. bifidum Digesting HMO in breastmilk and producing beneficial
aromatic lactic acids [107]

Veillonellaceae family Mediating circulating inflammatory cytokine IL-15RA [109]

Fusicatenibacter genus Regulating IL-10 production and Treg differentiation [109]

Odoribacter genus Regulating IL-10 production and Treg differentiation [109]

Barnesiellaceae family Decreasing MDC/CCL22 levels [106]

Oscillospiraceae family Decreasing MDC/CCL22 levels [106]

Peptococcaceae family Decreasing MDC/CCL22 levels [106]
Abbreviations: B. bifidum—Bifidobacterium bifidum; B. longum—Bifidobacterium longum; E. coprostanoligenes—
Eubacterium coprostanoligenes; F. prausnitzii—Faecalibacterium prausnitzii; eotaxin/CCL11—eosinophil chemotactic
protein/C-C motif chemokine 11; Flt3L—fms-related tyrosine kinase 3 ligand; HMO—human milk oligosaccha-
ride; IL-10—interleukin 10; IL-15RA—interleukin 15 receptor alpha subunit; MDC/CCL22—macrophage-derived
chemokine/C-C motif chemokine 22; SCFAs—short-chain fatty acids; Treg—regulatory T lymphocyte.
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Table 3. Bacteria with potential adverse effects on AD development.

Bacteria Adverse Effects Reference

Clostridium genus
Triggering eosinophilic inflammation, excessive

toxin release, inhibiting the chemotaxis of
neutrophils and inactive eosinophils

[115,116]

C. difficile Contributing to intestinal epithelial barrier leak [117]

E. coli Contributing to intestinal epithelial barrier leak [117]

B. adolescentis, B. catenulatum Premature shift towards adult-type microbiota [107,108,121]

Pasteurellaceae family Increasing MDC/CCL22 levels [106]

Lachnospiraceae UCG001
Deteriorating amino acid metabolism, increasing

blood uric acid levels and contributing to CD4
TH17-driven inflammation

[116]

Abbreviations: B. adolescentis—Bifidobacterium adolescentis; B. catenulatum—Bifidobacterium catenulatum;
C. difficile—Clostridoides difficile; CD4 TH17—T helper 17 lymphocyte; E. coli—Escherichia coli;
MDC/CCL22—macrophage-derived chemokine/C-C motif chemokine 22.

The results of the studies reviewed indicate that the relationship between the micro-
biota and the immune system is highly complex, providing multiple potential targets for
both the diagnosis and treatment of eczema.

4. Gut Microbiota and Oxidative Stress in Atopic Dermatitis
4.1. Gut Microbiota, Dysbiosis and Immune Homeostasis

The gut microbiota constitutes a highly dynamic and metabolically active ecosystem
that plays a central role in shaping immune tolerance, regulating oxidative balance, and
maintaining epithelial barrier function [125]. Perturbations in its composition, generally
referred to as dysbiosis, are increasingly recognized as a driving factor in the initiation and
persistence of chronic inflammatory disorders, including AD [126]. Mounting evidence
demonstrates that dysbiosis not only disrupts host immune equilibrium but also profoundly
influences redox homeostasis, thereby fueling a self-sustaining loop of oxidative stress and
inflammation that contributes to the chronicity and exacerbation of cutaneous pathology
in AD. One of the most critical consequences of gut dysbiosis is the loss of beneficial
commensals with anti-inflammatory and antioxidant properties, notably F. prausnitzii and
various Bifidobacterium species, accompanied by the expansion of pathobionts such as
Enterobacteriaceae and Clostridium perfringens [96,122,127]. This compositional shift leads to
profound disturbances in microbial metabolism.

4.2. Microbial Metabolites and Redox Regulation

Under healthy conditions, commensals ferment dietary fibers into SCFAs, particularly
butyrate, propionate, and acetate. Butyrate is especially relevant because of its ability to
serve as an energy source for colonocytes, reinforce intestinal barrier integrity, and exert
potent immunoregulatory and antioxidant effects [128]. Mechanistically, butyrate activates
the Nrf2 signaling pathway, which upregulates the transcription of antioxidant response
elements, including superoxide dismutase, catalase, and glutathione peroxidase [129,130].
In addition, SCFAs modulate epigenetic regulation through histone deacetylase inhibition,
promoting the differentiation and stability of Tregs. A deficiency in SCFAs therefore results
in impaired Treg function, a skewing toward pro-inflammatory Th2 and Th17 responses,
and the excessive release of cytokines such as IL-4, IL-5, IL-13, IL-17, and IL-22, which
directly stimulate ROS generation and tissue damage [131,132]. Tryptophan metabolism
constitutes another critical link between dysbiosis and oxidative stress [133]. Commensal
bacteria are key contributors to the conversion of tryptophan into immunomodulatory
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metabolites, including indole derivatives and kynurenine pathway intermediates, which
activate the aryl hydrocarbon receptor (AhR). AhR signaling is central to the maintenance of
epithelial barrier integrity and redox homeostasis. In dysbiotic states, the reduced microbial
capacity for tryptophan catabolism results in lower levels of these protective metabolites,
leading to increased susceptibility to oxidative stress and loss of mucosal tolerance.

4.3. Bidirectional Interaction and Clinical Evidence

Oxidative stress itself reinforces dysbiosis, thus establishing a bidirectional pathogenic
relationship. Elevated levels of ROS damage microbial DNA and proteins, generating
mutagenic byproducts and selecting for bacteria with enhanced stress-resistance pheno-
types [134]. ROS also alter luminal redox potential, suppressing obligate anaerobes such
as butyrate producers and creating a niche favorable for facultative anaerobes and oppor-
tunistic pathogens, which thrive under oxidative pressure [135]. At the epithelial level,
ROS impair mitochondrial function and increase lipid peroxidation, weakening epithelial
tight junctions and mucosal defenses. The loss of barrier integrity permits further microbial
translocation and antigen exposure, which sustains immune activation and accelerates ROS
production, thereby perpetuating the cycle of inflammation and dysbiosis [136]. Clinical
and experimental evidence support this bidirectional relationship. Biomarkers of oxida-
tive stress, such as 8-hydroxy-2′-deoxyguanosine (8-OHdG), advanced oxidation protein
products, and malondialdehyde (MDA), show strong correlations with disease severity in
AD [36]. Parallel microbiota profiling in AD cohorts consistently demonstrates a reduction
in SCFA-producing taxa and an overrepresentation of inflammation-associated bacteria. In
murine models, antibiotic-induced dysbiosis has been shown to exacerbate AD-like skin
inflammation by depleting SCFAs, confirming the causal role of microbial imbalance in
linking gut metabolism to cutaneous inflammation [36].

4.4. Gut–Skin Axis and Oxidative Stress

A crucial pathophysiological mechanism by which gut-derived oxidative and in-
flammatory signals influence cutaneous tissues is the phenomenon of increased intestinal
permeability, commonly described as “leaky gut” [36]. ROS-induced epithelial injury,
compounded by pro-inflammatory cytokine activity, disrupts tight junction proteins such
as claudins, occludin, and zonula occludens-1. As a result, microbial components including
lipopolysaccharide (LPS), peptidoglycan, flagellin, and other metabolites translocate into
systemic circulation [99]. These pathogen-associated molecular patterns (PAMPs) acti-
vate toll-like receptors (TLRs) and nucleotide-binding oligomerization domain (NOD)-like
receptors on innate immune cells, amplifying systemic inflammation. Circulating inflam-
matory mediators subsequently act on cutaneous immune cells, including keratinocytes,
Langerhans cells, and dermal dendritic cells, thereby extending the inflammatory process
from the gut to the skin [96]. This gut–skin crosstalk establishes a mechanistic basis for
the systemic propagation of inflammation in AD. From a therapeutic perspective, these
insights underscore the potential of interventions aimed at restoring eubiosis and reducing
oxidative stress. Probiotic and prebiotic supplementation has been shown to increase
SCFA levels, strengthen epithelial barrier function, and suppress ROS accumulation [137].
Strains such as Lactobacillus rhamnosus GG and B. longum have demonstrated particular
efficacy in modulating immune responses and reducing AD severity. Additionally, dietary
interventions rich in fermentable fibers and polyphenols support SCFA production and
enhance antioxidant defenses. Parallel strategies targeting oxidative stress, such as the use
of N-acetylcysteine, vitamin E, or polyphenolic compounds (e.g., resveratrol, quercetin),
have shown efficacy in reducing oxidative biomarkers and ameliorating clinical symp-
toms [36]. Importantly, combinatory approaches integrating microbiota modulation with
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antioxidant supplementation may prove superior in breaking the vicious cycle of dysbiosis
and oxidative stress. The proposed mechanisms linking intestinal dysbiosis, oxidative
stress, and skin inflammation in atopic dermatitis are summarized in Figure 3.

 

Figure 3. Proposed gut–skin axis in AD. In a healthy gut, commensal bacteria such as F. prausnitzii and
Bifidobacterium spp. produce SCFAs that support intestinal barrier integrity and immune homeostasis.
Dysbiosis, characterized by the overgrowth of Enterobacteriaceae and C. perfringens, reduces SCFA
production and contributes to increased intestinal permeability (“leaky gut”). This facilitates immune
dysregulation, leading to activation of dendritic and Langerhans cells in the skin, elevated levels of
pro-inflammatory cytokines (IL-4, IL-13, IL-17, IL-22), and the development of AD. Abbreviations:
IL-13—interleukin 13; IL-17—interleukin 17; IL-22—interleukin 22; IL-4—interleukin 4; SCFA—short-
chain fatty acid.

4.5. Impact of Skin Microbiota on Gastrointestinal Homeostasis

The gut–skin axis is a complex bidirectional communication network in which dis-
ruption of the skin barrier and cutaneous responses to environmental stimuli significantly
impact systemic immunity and intestinal health [125]. While traditional research has fo-
cused on the gut’s influence on the skin, recent experimental mouse models demonstrate
that dermal injury or the digestion of dermal hyaluronan directly alters the gut microbiome
and disrupts intestinal immune homeostasis [138]. Specifically, skin wounding in mice or
hyaluronidase activation leads to the systemic circulation of hyaluronan (HA) fragments,
which act as damage-associated molecular patterns. These skin-derived signals trigger
the increased expression of host defense genes in the colon, such as Reg3 and Muc2; no-
tably, research on human colonic epithelial cells and mouse colon tissue confirms that HA
fragments directly induce this Reg3 expression. Furthermore, cutaneous inflammation in
mice induces a systemic inflammatory response, elevating mediators like IgE and TNF-α
that aggravate intestinal inflammation [138,139]. This “reverse” axis signaling leads to a
measurable decrease in total live bacteria in the mouse gut while simultaneously selecting
for more virulent, opportunistic pathogens like Bacteroides thetaiotaomicron. These surviv-
ing microbes exhibit an enhanced capacity to penetrate the mucus layer and the colonic
epithelium of the mice, thereby increasing the host’s susceptibility to severe colitis.
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5. Therapeutic Perspectives
Therapeutic strategies that target the gut microbiota can reduce oxidative stress by

promoting beneficial gut flora. The most common approaches include probiotics, prebiotics,
synbiotics, and postbiotics, as well as fecal microbiota transplantation (FMT), while empha-
sizing the importance of a well-balanced diet and properly selected supplements [140].

5.1. Probiotics

According to the Food and Agriculture Organization (FAO) and the World Health
Organization (WHO), probiotics are defined as live microorganisms that, when consumed
in optimal amounts, confer a health benefit on the host [141,142]. The most commonly
used probiotic species are Gram-positive bacteria, including Lactobacillus (L. rhamnosus GG,
L. sporogenes, L. reuteri RC-14, L. plantarum 299v, L. acidophilus, L. lactis), Bifidobacterium spp.
(B. bifidum, B. longum, B. infantis), Streptococcus spp. (S. thermophillus, S. lactis) and
Enterococcus spp. These bacteria constitute part of the physiological intestinal flora in
healthy individuals [143,144].

The primary role of probiotics is to maintain the balance of the intestinal microflora
by competing with pathogenic bacteria for nutrients and adhesion sites on the intestinal
epithelium, enhancing intestinal barrier function, modulating the immune response, and
influencing other organs through the immune system and the production of neurotrans-
mitters [145]. As mentioned earlier, probiotics reduce the severity of AD symptoms by
increasing the production of Tregs, inhibiting the response of Th2 lymphocytes (type 2 T
helper cells), improving the Th1/Th2 ratio, and reducing the secretion of pro-inflammatory
cytokines (IL-4, IL-5, IL-6, IL-13, TNF-α, INF-γ) [146,147].

In addition, probiotics such as Lactobacillus and Bifidobacterium exhibit antioxidant
activity by expressing enzymes like superoxide dismutase (SOD) and catalase (CAT),
increasing glutathione (GSH) levels, and producing metabolites with antioxidant properties,
such as butyrate, thereby limiting the formation of ROS [148–150]. It was observed that
after supplementation with L. casei and L. fermentum, there was a significant increase in
SOD and CAT [149,150]. Despite numerous studies, the exact mechanism of the antioxidant
effect of probiotics is not yet fully understood.

A meta-analysis of 29 full-text articles, 15 of which were included in a pooled meta-
analysis, evaluated the effect of probiotics on oxidative stress markers. The study demon-
strated that probiotic supplementation at lower doses (less than 0.4 × 1010 CFU) resulted
in a significant reduction in serum MDA concentrations. In addition, the probiotic sup-
plementation resulted in increased levels of GSH, total antioxidant capacity (TAC), and
nitric oxide (NO). Notably, the duration of probiotic supplementation significantly influ-
ences the modulation of oxidative stress. In studies with administration lasting less than
10 weeks, a decline in MDA levels, a marker of early-stage oxidative stress, was observed.
This reduction may be attributable to the activation of SOD during the initial stages. In
contrast, a protracted supplementation period (>10 weeks) facilitated the subsequent stages
of antioxidant mechanisms by increasing GSH levels, which in turn are responsible for
the neutralization of hydrogen peroxide (H2O2) generated by SOD [151]. The findings
reported that the concurrent administration of probiotics with conventional AD treatment
significantly enhanced the efficacy of the standard treatment in adults with the exogenous
form of AD and the CC (C-159T) genotype [152].

Considering the high prevalence and impact of childhood AD, one meta-analysis
suggests that administering L. rhamnosus to mothers and infants before and after birth may
be an effective strategy for its prevention. However, further research is needed to determine
the optimal dosage, duration of intervention, and underlying mechanisms of action [153].
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Similarly, another review showed that supplementation with single- and multi-component
probiotics reduces the risk of AD [154].

5.2. Prebiotics

Prebiotics are indigestible food components that specifically stimulate the growth
or activity of advantageous bacterial strains in the intestines, thereby exerting a positive
effect on the host’s health [141,155]. Prebiotics include dietary fiber (oligosaccharides), in
particular fructooligosaccharides, galactooligosaccharides (GOSs), and inulin [156]. These
substances have been shown to stimulate the growth of Bifidobacterium and Lactobacillus,
primarily affecting the composition of the intestinal microflora [157]. Prebiotics undergo
fermentation in the host’s digestive tract by the action of the intestinal microflora, leading
to the production of SCFAs, namely acetate, propionate, and butyrate. These SCFAs
exert anti-inflammatory effects, decrease the formation of toxic fermentation products,
and stimulate nicotinamide adenine dinucleotide phosphate (NADPH) synthesis for GSH
production, thereby reducing ROS generation [150,156]. Furthermore, prebiotics increase
the Th1/Th2 ratio and the number of lymphocytes and/or leukocytes in gut-associated
lymphoid tissues. They also enhance IgA (immunoglobulin A) secretion and have been
shown to upregulate IL-18 (an anti-inflammatory cytokine) while downregulating IL-6 (an
inflammatory biomarker) as well as genes involved in oxidative stress [156].

A study was conducted to investigate the effects of prebiotics, such as β-glucan and
inulin, on the onset and progression of AD. To this end, the researchers employed an
oxazolone (OX)-induced AD-like mouse model. Prebiotics were administered orally for
2 weeks after the end of the sensitization period (therapeutic study) and 3 weeks prior to its
start (preventive study). The results of this study showed that prebiotic supplementation
significantly reduced the severity of skin lesions and inflammatory responses. Furthermore,
the dermis of mice treated with prebiotics exhibited a significant reduction in epidermal
thickness and immune cell infiltration. Notably, early administration of β-glucan and
inulin stimulated the growth of favorable gut bacteria in mice with AD, thereby preventing
further AD advancement [132].

5.3. Synbiotics

The synergistic pairing of probiotics and prebiotics, known as synbiotics, has demon-
strated high efficacy in product formulation [158]. Synbiotics are primarily designed to
improve the survival and functionality of probiotic microorganisms by shielding them
from gastric acid via prebiotics [141].

Administering a synbiotic composed of Lactobacillus casei and inulin may beneficially
modulate oxidative stress markers such as MDA, H2O2, GSH, and the presence of free
sulfhydryl groups [155]. Moreover, a meta-analysis confirmed the favorable impact of
synbiotics on the management of AD in children aged 1 year or older [159].

5.4. Postbiotics

In addition to probiotics, prebiotics, and synbiotics, postbiotics are defined as bioactive
metabolites or byproducts generated by probiotic microorganisms through fermentation
processes [160]. Postbiotics naturally occur in products such as yogurt, sauerkraut, pick-
led vegetables, and kombucha, and are also produced by various bacterial and fungal
species, including Lactobacillus spp., Bifidobacterium spp., Streptococcus spp., Eubacterium spp.,
Faecalibacterium spp., and Saccharomyces spp. [161]. Due to their unique structural properties,
postbiotics provide storage stability and can activate diverse biological pathways involved
in the modulation of inflammation and oxidative stress [162]. It should be emphasized that
postbiotics, as non-viable microbial metabolites incapable of replication, represent a safer
alternative to probiotics for individuals with impaired immune function [163].
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Postbiotics derived from Lactiplantibacillus plantarum display antimicrobial effects
against bacteria implicated in skin inflammation. They also modulate pro-inflammatory
cytokines (IL-6, IL-8, TSLP) and genes related to the skin barrier (INV, FLG, LOR) in
keratinocytes stimulated with TNF-α/IFN-γ, thereby strengthening the skin barrier [164].
One meta-analysis indicated that oral administration of Lactobacillus sp. postbiotics could
potentially alleviate the severity of AD [165]. Despite promising findings, conclusive
evidence for the clinical use of postbiotics in the treatment of AD is currently insufficient.

5.5. Fecal Microbiota Transplantation

FMT represents a promising therapeutic strategy for AD. It entails transferring in-
testinal microbiota from a healthy donor, obtained from a fecal sample, into the recipient’s
gastrointestinal tract for therapeutic purposes [166]. FMT promotes an increase in butyric
acid levels, leading to reduced LPS concentrations, attenuation of oxidative stress, inhi-
bition of the inflammatory response, and preservation of intestinal barrier integrity [167].
In addition, FMT influences oxidative stress markers through the normalization of
their expression [168].

Restoration of intestinal flora in mice with AD was investigated as a strategy to allevi-
ate disease symptoms. Following FMT, the mice exhibited a reestablished Th1/Th2 balance,
reduced IgE levels, and decreased numbers of mast cells, eosinophils, and basophils. By
modulating the immune response, FMT may represent a novel approach for the treatment
of AD in humans; however, further research is warranted [169,170]. Table 4 presents a
summary of microbiota-targeted therapeutic strategies for AD.

Table 4. Microbiota-targeted therapeutic strategies for the treatment of AD.

Therapeutic
Approach

Mechanism
of Action Example Documented or

Potential Effects Limitations Reference

Probiotics

Modulation of
intestinal

microflora;
strengthening of

the
intestinal barrier;
immunomodula-
tion; reduction in
Th2-dependent
inflammation

L. rhamnosus GG,
B.longum,

L. paracasei

Reduction in pro-
inflammatory

cytokine levels
(IL-4 and IgE);
improvement

in skin
barrier function

Variability of
action

depending on
strain and dose

[132,156,171]

Prebiotics

Stimulation of
the growth of

beneficial
bacteria that

produce SCFA

GOS, inulin, FOS

Reduction in
skin symptoms;
improvement in

immune
response
through

increased IL-18

Lack of
standardization
of preparation,
limited number
of large clinical
trials confirm-

ing efficacy

[150,156,172]

Postbiotics

Probiotic
metabolites;

strengthening
of the

intestinal barrier

Butyric acid,
bacteriocins,

lipoteichoic acid
from L. plantarum

Strengthening
the epithelial

barrier through
modulation of

pro-
inflammatory

cytokines
(IL-6, IL-8)

Lack of
standardization
and regulation

of doses

[162,164,173]
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Table 4. Cont.

Synbiotics

Combination of
probiotic and

prebiotic,
synergistic

improvement
inmicrobiota and

modulation of
oxidative stress

L. rhamnosus GG
and GOS

More effectively
relieve skin
symptoms

Heterogeneity of
preparations and

compositions; lack
of optimal doses

and duration
of therapy

[158,159,174]

FMT

Restoration of
intestinal flora;

modulation of the
immune system

FMT from healthy
donors

(preliminary
studies)

Relief of skin
inflammation

Risk of pathogen
transmission;

donor diversity
[166,167,175]

Abbreviations: B. longum—Bifidobacterium longum; FMT—fecal microbiota transplantation; FOS—
fructooligosaccharide; GOS—galactooligosaccharide; L. paracasei—Lactobacillus paracasei; L. plantarum—Lactobacillus
plantarum; L. rhamnosus—Lactobacillus rhamnosus; SCFA—short-chain fatty acid.

5.6. Biomarkers and Targeted Therapeutic Strategies

Improved understanding of the pathophysiological mechanisms underlying AD has
enabled the identification of disease-specific biomarkers, paving the way for the develop-
ment of more effective and molecularly targeted therapeutic strategies, including anti-IL-31
monoclonal antibodies (nemolizumab), anti-OX40L agents (IMG-007), anti-TSLP therapies
(APG777), and selective JAK1 inhibitors [176,177].

Nemolizumab is a humanized monoclonal antibody that acts as an antagonist of the
α subunit of the interleukin-31 receptor, thereby inhibiting the IL-31 signaling pathway.
Upon binding to its receptors in the skin, IL-31 promotes the recruitment of inflammatory
cells, reduces the expression of epidermal barrier proteins, and activates sensory nerves,
collectively contributing to pruritus [178,179]. Therefore, IL-31 represents a key therapeutic
target in AD. Administration of nemolizumab has been shown to achieve a ≥75% reduction
in skin lesions in 42–44% of patients after 16 weeks in phase III trials. Furthermore,
concomitant use of nemolizumab with topical therapy resulted in a significant improvement
in pruritus [177].

APG777 is a humanized monoclonal antibody that targets IL-13 via subcutaneous
administration. It demonstrates substantial and sustained inhibition of key biomarkers in
AD. Preliminary data suggest high efficacy and the potential for less frequent dosing (every
3–6 months) compared with current therapies. Phase-based clinical trials are currently
ongoing [180]. IMG-007 is an innovative, long-acting anti-OX40 monoclonal antibody
(anti-OX40 mAb) under investigation for the treatment of AD and alopecia areata. The
antibody inhibits inflammatory pathways without eliminating T cells, potentially offering
less frequent dosing (every 12 weeks) while maintaining a favorable safety profile [180].
These two drugs demonstrate considerable therapeutic and economic potential, as their
extended dosing interval and prolonged duration of action reduce the burden on healthcare
systems and are likely to improve patient adherence to treatment [180].

JAK inhibitors (JAKis) represent a novel class of therapeutics targeting dysregulated
immune responses, including AD. JAKis have been shown to inhibit the intracellular JAK–
STAT signaling pathway, thereby preventing the activation of multiple pro-inflammatory
cytokines involved in disease development [181]. It is important to note that JAKis demon-
strate high efficacy, but are also linked to comparatively higher risk of adverse effects [178].
The effectiveness and safety of topical ruxolitinib have been evaluated, leading to a re-
duction in inflammation and a faster antipruritic effect [182]. The clinical benefit of oral
abrocitinib, administered at 100 mg or 200 mg in combination with dupilumab, has been
evaluated in patients with moderate-to-severe AD requiring systemic treatment. Both
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medications exhibited comparable activity in reducing skin lesions, while the 200 mg
dose of abrocitinib significantly alleviated the itching sensation after only 2 weeks of treat-
ment [183]. Intervention with barticitinib, applied at doses of 2 mg or 4 mg, has been shown
to result in sustained long-term therapeutic benefit in patients with moderate-to-severe AD,
along with improvement in pruritus [184]. New targeted therapies, including JAKis and
monoclonal antibodies, have demonstrated efficacy in clinical trials involving patients with
moderate-to-severe AD. However, their precise mechanisms of action remain incompletely
understood. Further clinical and experimental studies are required to elucidate these
molecular mechanisms and to assess long-term safety.

6. The Role of Antioxidants and Antioxidant Supplementation in AD
This article outlines the mechanisms of oxidative stress, which play a central

role in the pathogenesis of AD by damaging the epidermal barrier and sustaining
chronic inflammation. Consequently, it is reasonable to consider antioxidants, whose
primary function is to neutralize ROS and thereby restore oxidative–antioxidant
equilibrium [185,186]. The most extensively studied antioxidants in AD include vita-
mins D (VD), E (VE), and C (VC), carotenoids, and melatonin [187]. A meta-analysis
suggests that antioxidant therapy may significantly reduce the severity of AD, but has
no notable effect on alleviating itching. The study included 18 randomized clinical trials
involving 763 patients with AD. The greatest therapeutic benefit was observed with oral
supplementation of vitamin D, combined VD and VE supplementation, a combination of
vitamins A (VA), VD, and VE, and topical vitamin B12. Overall, antioxidants may represent
a safe and potentially effective adjunctive treatment for patients with AD [188].

6.1. Vitamin D

VD is a group of fat-soluble steroid compounds produced endogenously in the skin
upon exposure to ultraviolet (UV) radiation from sunlight, which triggers its synthesis [189].
It is evident that VD exerts a significant influence on the process of keratinocyte differ-
entiation, as well as on the production of antimicrobial peptides, including cathelicidin
and human beta-defensin. These peptides have been shown to contribute to the reinforce-
ment of the skin barrier by promoting filaggrin synthesis and inhibiting the production
of inflammatory cytokines. In addition, VD plays a pivotal role in the prevention of skin
infections [187,190]. VD modulates Th2/Th17 pathways, supporting Treg activity and
thereby potentially ameliorating AD symptoms [190]. A study was conducted to evaluate
changes in the severity of AD during oral VD supplementation at 1000 IU/day (25 µg/day)
in 39 children with AD and 20 healthy, non-allergic children over a period of 3 months.
Following supplementation, reductions were observed in both the SCORAD index and
levels of pro-inflammatory cytokines, including IL-2, IL-4, IL-6, and IFN-γ [191]. Another
study reported that, in addition to a reduction in SCORAD, there was also an increase in
the expression of VD receptors and cathelicidin in affected skin. Cathelicidin is a protein
belonging to the family of AMPs with antimicrobial properties [192]. A meta-analysis
of 11 randomized controlled trials involving 686 patients with AD confirmed that VD
supplementation mitigated the intensity of AD in both children and adults [193]. Addition-
ally, it was observed that AD patients with lower serum VD concentrations experienced
a more severe course of the disease [194]. Following a comprehensive analysis of the
extant literature, it is concluded that the positive effects of VD supplementation and the
alleviation of AD symptoms require confirmation through larger-scale studies involving
longer treatment periods.
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6.2. Vitamin E

VE (tocopherols and tocotrienols) is a fat-soluble, potent biological antioxidant that
protects cells from oxidative stress by neutralizing oxygen free radicals and promoting
keratinocyte differentiation [36]. A meta-analysis suggests that the administration of VE at
a dose of 400 IU per day may improve itching sensation in patients with AD [195]. An inves-
tigation aimed to evaluate the relationship between higher VE supplementation and total
IgE/specific IgE levels in serum in children with AD. The study proposed that relatively
higher VE intake may lower total serum IgE levels, thereby improving AD symptoms [196].

6.3. Vitamin C

VC (also known as L-ascorbic acid) is an essential water-soluble antioxidant that
protects cells from oxidative stress, participates in collagen biosynthesis as well as carnitine
and catecholamine metabolism, supports immune function, and enhances dietary iron
absorption. It is obtained exclusively from the diet through the consumption of fruits and
vegetables [197]. VC helps maintain the integrity of the epidermis by preventing water
loss in the skin [198]. An open-label study involving 20 patients with AD investigated
the administration of a preparation containing poly-L-lysine in combination with VA and
VC for a period of 28 days. The study observed a 41.8% reduction in disease intensity on
the SCORAD scale and improvement in quality of life, as well as a decrease in erythema,
pruritus, and dryness [199]. Another investigation aimed to assess the impact of a maternal
diet rich in VC and VE and its potential protective effect against the development of atopy
in newborns. It was reported that higher concentrations of VC in breast milk correlate with
a reduced risk of atopy in infants [200]. However, as the study was conducted on a small
group, it is difficult to state unequivocally that VC reduces the severity of AD symptoms.
Further studies are needed to confirm its effectiveness.

6.4. Carotenoids

Carotenoids (including β-carotene, α-carotene, γ-carotene, and β-cryptoxanthin) are
natural, hydrophobic pigments synthesized by plants, algae, and bacteria that give plants
their yellow, orange, and red colors. They act as antioxidants, protecting the photosynthetic
apparatus from photooxidation, and also serve as precursors of VA. Carotenoids play a
role in modulating the immune system, cell communication, embryonic development,
hematopoiesis, and apoptosis. These pigments also exhibit antioxidant, anti-inflammatory,
anti-angiogenic, and anti-proliferative properties [201]. Carotenoids reduce ROS levels,
thereby decreasing lipid peroxidation and increasing the activity of endogenous antioxidant
enzymes such as superoxide dismutase and glutathione peroxidase. This action is partic-
ularly relevant to the protection of the skin barrier [202,203]. Additionally, carotenoids
have been reported to reduce the expression of pro-inflammatory cytokines such as TNF-α,
IL-6, and IL-1β, and to inhibit COX-2 (cyclooxygenase-2) and LOX (lysyl oxidase), thereby
exerting anti-inflammatory effects on the skin [203]. A study showed that consuming more
green and yellow vegetables, citrus fruits, and β-carotene during pregnancy may help
prevent eczema and asthma in children [204]. Another study suggested that higher concen-
trations of lutein, a yellow pigment belonging to the carotenoid family, were significantly
associated with a lower risk of AD [205].

7. Conclusions
AD is a common inflammatory skin disease affecting both children and adults world-

wide. Despite its prevalence, the pathophysiology of AD remains an elusive subject of
scientific inquiry and continues to serve as a focal point in the search for novel therapeutic
strategies. Among the main predisposing factors for the development of AD are skin
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barrier dysfunction, dysbiosis of the skin and gut microbiota, genetic factors (most notably
filaggrin gene mutations), environmental influences, and dysregulation of the immune
response. The presented review highlights that the interplay between gut dysbiosis and
oxidative stress represents a central pathogenic axis in atopic dermatitis. Dysbiosis di-
minishes the production of microbial-derived metabolites with immunoregulatory and
antioxidant properties, leading to enhanced inflammatory responses and increased ROS
generation. Elevated ROS levels, in turn, further damage the microbiota and epithelial
barrier, perpetuating dysbiosis and allowing systemic dissemination of microbial and
inflammatory mediators that ultimately affect the skin. These interconnected processes es-
tablish a chronic, self-reinforcing feedback loop that sustains inflammation and exacerbates
disease. Moreover, emerging therapeutic approaches involving the use of microorganisms—
such as probiotics, prebiotics, synbiotics, postbiotics, and fecal microbiota transplantation
(FMT)—offer promising perspectives for restoring microbial balance and mitigating disease
severity. Importantly, future research should aim to elucidate more precisely the complex
interactions between gut microbiota composition, oxidative stress, and immune regulation
in atopic dermatitis.

8. Future Directions
Future studies should focus on well-designed randomized controlled trials with larger

sample sizes that clarify the exact mechanisms involved in the interaction between gut
microbiota and oxidative stress in AD. It is particularly important to consider the timing of
supplementation (prenatal, postnatal, or both) and to identify the strains and doses that
provide the greatest benefits to patients. In addition, it is worth emphasizing the need to
assess the safety and durability of the therapeutic effects obtained.

Author Contributions: Conceptualization, P.L. and A.D.-M.; software, J.S., K.Ł. and I.L.; investigation,
P.L., K.Ł., J.S., I.L. and A.D.-M.; resources, A.D.-M., P.L., K.Ł., J.S. and I.L.; data curation, A.D.-
M., P.L., K.Ł., J.S. and I.L.; writing—original draft preparation, P.L., K.Ł., J.S., I.L. and A.D.-M.;
writing—review and editing, A.D.-M. and P.L.; visualization, P.L., K.Ł., J.S. and I.L.; supervision,
A.D.-M. and P.L.; project administration, P.L. and A.D.-M. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript: 8-OHdG—8-hydroxy-2′-deoxyguanosine;

AD—atopic dermatitis; AhR—aryl hydrocarbon receptor; AMPs—antimicrobial peptides;

B. catenulatum—Bifidobacterium catenulatum; B. longum—Bifidobacterium longum; B cell—B lym-

phocyte; CAT—catalase; CD4 TH17—T helper 17 lymphocyte; C. difficile—Clostridoides difficile;

COX-2—cyclooxygenase-2; DC—dendritic cell; DCs—dendritic cells; eotaxin/CCL11—eosinophil

chemotactic protein/C-C motif chemokine 11; E. coli—Escherichia coli; FAO—Food and Agricul-

ture Organization; FLG—filaggrin; Flt3L—fms-related tyrosine kinase 3 ligand; FMT—fecal mi-

crobiota transplantation; FOS—fructooligosaccharide; F. prausnitzii—Faecalibacterium prausnitzii;
GOS—galactooligosaccharide; GSH—glutathione; H2O2—hydrogen peroxide; HMO—human milk

oligosaccharide; IFN-γ—interferon gamma; IgA—immunoglobulin A; IgE—immunoglobulin E;
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IL-1—interleukin 1; IL-1β—interleukin 1 beta; IL-2—interleukin 2; IL-4—interleukin 4;

IL-5—interleukin 5; IL-6—interleukin 6; IL-8—interleukin 8; IL-10—interleukin 10; IL-13—interleukin

13; IL-15RA—interleukin 15 receptor alpha subunit; IL-17—interleukin 17; IL-18—interleukin 18;

IL-25—interleukin 25; IL-31—interleukin 31; IL-33—interleukin 33; KGH—keratohyalin granule;

LC—Langerhans cell; LCs—Langerhans cells; LOX—lysyl oxidase; LPS—lipopolysaccharide; L. rham-
nosus—Lactobacillus rhamnosus; MDA—malondialdehyde; MC—mast cell;

MDC/CCL22—macrophage-derived chemokine/C-C motif chemokine 22;

MIP-1α/CCL3—macrophage inflammatory protein 1-α/chemokine (C-C motif) ligand 3;

NMF—natural moisturizing factor; NADPH—nicotinamide adenine dinucleotide phosphate;

NO—nitric oxide; NOD—nucleotide-binding oligomerization domain-like receptor;

PAMPs—pathogen-associated molecular patterns; PCA—pyrrolidone carboxylic acid; ROS—reactive

oxygen species; S. aureus—Staphylococcus aureus; SC—stratum corneum; SCFAs—short-chain fatty

acids; SCORAD—SCORing Atopic Dermatitis; SOD—superoxide dismutase; TAC—total antiox-

idant capacity; TEWL—transepidermal water loss; Th1—T helper 1 lymphocyte; Th2—T helper

2 lymphocyte; Th17—T helper 17 lymphocyte; Th22—T helper 22 lymphocyte; Treg—regulatory

T lymphocyte; Tregs—regulatory T lymphocytes; TLRs—toll-like receptors; TNF—tumor necrosis

factor; TNF-α—tumor necrosis factor-alpha; TSLP—thymic stromal lymphopoietin; UCA—urocanic

acid; VEGF—vascular endothelial growth factor; WHO—World Health Organization.
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