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Abstract: Atopic dermatitis (AD) is a chronic inflammatory skin condition with a high prevalence
worldwide. AD pathogenesis is complex and consists of immune system dysregulation and impaired
skin barrier, influenced by genetic and environmental factors. The purpose of the review is to show
the complex interplay between atopic dermatitis and the microbiota. Human microbiota plays an
important role in AD pathogenesis and the course of the disease. Dysbiosis is an important factor
contributing to the development of atopic diseases, including atopic dermatitis. The gut microbiota
can influence the composition of the skin microbiota, strengthening the skin barrier and regulating
the immune response via the involvement of bacterial metabolites, particularly short-chain fatty
acids, in signaling pathways of the gut-skin axis. AD can be modulated by antibiotic intake, dietary
adjustments, hygiene, and living conditions. One of the promising strategies for modulating the
course of AD is probiotics. This review offers a summary of how the microbiota influences the
development and treatment of AD, highlighting aspects that warrant additional investigation.

Keywords: atopic dermatitis; eczema; gut microbiome; microbiota; probiotics; diet; hygiene; treatment;
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1. Introduction

Atopic dermatitis (AD), also known as atopic eczema or eczema, is one of the most
prevalent chronic inflammatory skin diseases, affecting approximately 10% of adults and
20% of children, being one of the most common childhood skin disorders, with its preva-
lence still increasing globally over the last few decades [1,2]. AD has age-dependent
symptoms that often co-occur with other atopic, IgE-associated diseases (food allergies,
allergic rhinitis, or allergic asthma). Interestingly, AD frequently marks the onset of the
“atopic march”, a progressive sequence of allergic conditions that emerge during early
childhood, which commonly leads to the development of asthma or rhinitis in a significant
portion of affected individuals. The most common manifestations of the disease include
intense itching, dry skin, recurrent eczematous lesions, and lichenification. It can appear at
any age, but the most typical time of the disease onset is 3 to 6 months [1-4].

Common eczema locations in infants are the scalp, face, neck, trunk, and the outer
parts of the arms and legs, with the diaper area typically unaffected. In infants, Yamamoto’s
sign can be seen—the midline of the face and the tip of the nose are always spared [5].
Children tend to experience eczema in the creases of their arms and legs, neck, wrists, and
ankles. As individuals enter adolescence and adulthood, eczema tends to affect the flexural
surfaces of the arms and legs, as well as the hands and feet. Itchiness, a hallmark of eczema,
persists throughout the day and often intensifies at night, resulting in sleep disturbances
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and significant declines in quality of life regardless of age [6,7]. AD diagnosis is generally
based on Hanifin and Rajka’s diagnostic criteria [8].

AD pathogenesis is complex and includes genetic and environmental factors, impaired
skin barrier, skin microbiota alterations.

1.1. Genetic Factors

One of the common genetic alterations causing eczema is gene encoding filaggrin
(FLG) mutation [9]. Filaggrin is an epidermal structural protein in the stratum corneum
responsible for maintaining the skin barrier. Its breakdown products, urocanic acid and
pyrrolidine carboxylic acid, are responsible for epidermis moisturization and the skin’s
acidic pH [10]. FLG mutation results in loss of protein function and, consequently, damage
to the epidermis; homozygous mutations are linked to a higher likelihood of experiencing
severe AD characterized by earlier onset, prolonged duration, and susceptibility to skin
infections [3,4,9]. Studies showed that FLG-deficient mice demonstrate a reduced stratum
corneum barrier function with enhanced sensitization and can develop spontaneous der-
matitis on proallergic BALB/c background [11,12]. Filaggrin mutation is detected in up
to 30% of AD patients, and it also increases the patient’s risk of developing other skin
conditions, such as ichthyosis vulgaris or keratosis pilaris. Claudins, proteins crucial for
forming tight junctions in the skin, airways, and GI tract epithelium, were found to be asso-
ciated with the risk of allergic sensitization [13,14]. Polymorphisms in the CLDN-1 gene
encoding claudin-1 were found to be associated with AD, and downregulation of claudin-1,
claudin-4, and claudin-23 was reported in the skin of AD patients [14-16]. Further factors
contributing to epidermis defect are a decreased level of ceramides in the stratum corneum,
resulting in transepidermal water loss [4]. In AD patients, the level of ceramides with
an extremely short chain length is significantly increased, and the number of long-chain
ceramides decreases; compared to healthy subjects, patients with AD have an increase in
ceramide subclasses AS, AH, AP, ADS, and NS and a decrease in subclasses NP, NH, and
acyl-CERs [17]. In a study by Angelowa-Fischer et al., reduced ceramide/cholesterol ratios
in AD skin have been reported [18]. Changes in stratum corneum lipid content correlate
with disease severity but are independent of filaggrin mutations [19].

1.2. Immune Factors

The immune onset of AD originates from the infiltration of allergens entering the
compromised epidermal barrier and engaging IgE on inflammatory dendritic epidermal
cells (IDECs) and epidermal Langerhans cells (LCs) [20]. IgE-activated IDECs and LCs
then release pro-inflammatory cytokines such as thymic stromal lymphopoietin (TSLP),
CCL17, CCL18, CCL22, and IL-33 [20]. This initiates a sensitization cascade mediated by
T cells and, consequently, a cutaneous inflammation. The Th2 immune response triggers
the production of IL-4, IL-13, IL-31, and IL-22 and further compromises the skin’s barrier
function by diminishing the expression of epithelial barrier molecules—FLG, lorcrin, PPL,
and claudins [21,22]. Moreover, they cause pruritus by direct stimulation of sensory
neurons [23]. Scratching in response to pruritus exacerbates the activation and infiltration
of pro-inflammatory cells, which release chemokines like CCL17 and TSLP, intensifying
the inflammatory cascade [20,24-26]. Innate lymphoid cells (ILCs) play a major role in
shaping immunity, tissue homeostasis, and inflammation. Changes in ILCs, especially
ILC2s, contribute to the onset and progression of AD, and ILC2s are connected to epithelial
damage [27,28]. In AD patients, ILC2 cells are elevated in the skin affected by the disease,
where they show an activated phenotype [29,30]. Expansion of ICL2 cells is associated with
elevated type-2 cytokines production and inflammatory skin lesions [31,32]. On the other
hand, a natural killer (NK) cell blood deficiency is presumed to be involved in inflammation
associated with AD [33].
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1.3. Environmental Factors

Environmental factors play an important role in AD development and include climate
changes, air pollutants, irritants, water hardness, urban living, diet, and multiple other
factors [34]. Cigarette smoking is also a modifiable risk factor for AD development; active
and passive smokers who have higher IgE levels are more likely to develop atopies [35-37].
Climate change can explain AD prevalence between different populations—AD symptoms
correlate negatively with annual outside temperature and positively with latitude [38—40].
UV light has an immunosuppressive effect, partly because it participates in the transforma-
tion of trans-urocanic acid into cis-urocanic acid within the skin filaggrin, which also has
immunosuppressive properties [41]. Exposure to sunlight/UVB increases vitamin D serum
levels, which has a protective effect on AD exacerbation [42]. Air pollutants are associated
with the development and aggravation of AD [43]; their detrimental effect is connected
to the production of reactive oxygen species, leading to damage of proteins, lipids, and
DNA of the stratum corneum [44]. In animal experiments, oxidative stress in the skin elicits
itching and scratching, with the infiltration of inflammatory cells and increased expression
of IL-4 [45].

1.4. Microbiota

Skin serves as the primary barrier between the human body and the outside world,
and its microbial diversity is impacted by the diversity of environments we inhabit. The
microorganisms in symbiosis with the host are crucial for the development and maintenance
of healthy keratinocytes and the epidermis. The microbial communities significantly
contribute to homeostasis and regulating immune function. Microbiota alterations result in
broader implications for overall health. There is growing evidence that dysbiosis of the
gut microbiota is associated with the pathogenesis of both intestinal and extra-intestinal
disorders [46]. Therefore, any factors that disrupt the balance and health of the microbiota
can predispose to multiple skin diseases as well as other inflammatory and autoimmune
disorders [47-49].

In this review, we aim to consolidate recent research findings concerning the human
microbiota involvement in AD development and therapeutic approaches. Additionally, we
aim to accentuate key areas necessitating further investigation in this field.

2. Human Microbiota and Atopic Dermatitis

The skin is the largest organ of the human body and, at the same time, is the most
exposed to external factors with which the body comes into contact [50]. Not only does it
constitute a physiological barrier, but it is also populated by a variety of bacterial strains,
particularly from the Actinobacteria, Firmicutes, Proteobacteria, and Bacteriodetes families, espe-
cially Staphylococcus, Corynebacterium, and Propionibacterium [51]. With properly functioning
mechanisms that keep human skin healthy, commensal human skin bacteria promote im-
mune function in several diverse ways. First, they occupy an ecological niche that could
be occupied by pathogenic species in the absence of a physiological microbiota [52]. Some
strains also fight pathogens actively: Staphylococcus epidermidis produces antibiotics, which
exhibit antibacterial properties and fight skin colonization by Staphylococcus aureus. More-
over, S. epidermidis promotes skin wound healing and prevents tumors by counteracting
Toll-like receptors (TLR) 3 signal on keratynocytes, thus reducing inflammation induced
by injury [52-54]. Cuticabacterium acnes converts skin triglycerides found on the skin into
short-chain fatty acids (SCFAs) via fermentation, which maintain an acidic pH of the skin
surface, inhospitable to many other bacteria from the external environment, and exhibits
immunomodulatory properties [48,52].

However, everything changes when dysbiosis occurs, a state of disruption of the
quantitative and qualitative composition of the skin microbiota due to negative internal or
external factors. One of the skin diseases that has been hypothesized to be associated with
the occurrence of dysbiosis is AD.
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AD is associated with an increase in the abundance of S. aureus in the skin [55,56]. It
has been shown that altered skin in AD patients is colonized by S. aureus in 70% of cases,
while unaltered skin is colonized by S. aureus in 39%; the rate is also high when nostrils are
sampled—62% [56]. S. aureus can colonize 60-100% of the skin surface of an AD patient,
while this proportion is 5-30% in healthy individuals [57]. It should be mentioned that the
proportion of Methicillin-resistant S. aureus (MRSA) is increasing among patients suffering
from AD. The reservoir of the bacteria is not only the nostrils but also the affected skin itself,
resulting in permanent recolonization, recurrent skin infections of the same etiology, and,
consequently, persistent chronic inflammation [56-58]. Treatment and eradication from the
skin surface of over-represented S. aureus is further complicated by a dense biofilm that is
resistant to antibiotic therapy [51]. Moreover, interruptions in the skin barrier caused by
scratching allow S. aureus to colonize and proliferate within the underlying layers [59].

An overrepresented population of S. aureus contributes in several ways to the disrup-
tion of the natural microbiota and the unsealing of the skin barrier. At the colonization
stage, S. aureus binds to the stratum corneum, facilitated by its pathological deformation
and the presence of fibronectin. It then secretes virulent factors, among which are prote-
olytic enzymes, as well as stimulates the production of endogenous keratinocyte proteases.
Thus, the skin barrier is breached and, as a consequence, other bacterial virulence factors
stimulate a type Il immune response, stimulating mainly Th2 and Th17 lymphocytes to
overproduce the cytokines IL-1, IL-12, IL-4 and IL-22, successively disrupting the modula-
tion of the immune system response, S. aureus superantigen also causes degranulation of
mast cells and basophils and, as a consequence, histamine secretion and overproduction of
IgE antibodies [50,57,60]. It also contributes to raising the pH of the skin and altering the
lipid profile, thereby reducing the level of AMP produced against S. aureus by commensal
skin bacteria [57,61].

Importantly, dysbiosis involving an overgrowth of S. aureus is not the only possible
cause of increasing AD symptoms. More recently, an overgrowth of S. epidermidis has also
been suspected as a potential driver of inflammation due to the overproduction of phenol-
soluble modulin (PSM), which induces skin inflammation similar to S. aureus [53,54].

A similar effect is suspected in the case of an overabundant population of Malassezia
furfur, which belongs to fungi and is also present on the skin like a commensal element
of the microbiota. Features typical of AD, such as decreased B-defensins, alkaline pH,
and irritated skin surface, may favor colonization of M. furfur [62]. It is suspected to be a
helpful marker for assessing the development of AD, based on IgE antibody count growth
due to hypersensitivity to M. furfur, especially when it comes to hand and neck dermatitis
(HND)—one of the phenotypes of AD [34,62].

3. Gut Microbiota in Atopic Dermatitis

In recent years, theories have been emerging linking the occurrence and exacerbation
of AD to not only the skin microbiota but also the gut microbiota, which is the commensal
flora of our digestive system [63]. Changes in the composition of the gut microbiota have
previously been linked to allergy and asthma symptoms [64,65], among others.

The reciprocal influence of gut and skin microbiota, the so-called “gut-skin axis”,
has been proposed to play a role also in the development and symptoms of AD. The gut
microbiota is the largest endocrine organ, being the source of number of hormone-like
metabolites and signal molecules [43—45]. Its high diversity is a protective factor regulating
immune responses in the host [46,47]. The formation of the intestinal microbiota is a dy-
namic process, ending more or less at the stage of the final termination of breastfeeding
and the transition to solid food around 2-3 years of age when the body’s microbiota adopts
the composition it will retain under physiological conditions until adulthood [66]. Years
of co-evolution between humans and commensal bacteria have made the immune system
able to distinguish them from pathogens. Therefore, it is recommended to promote the de-
velopment of the physiological intestinal flora from childhood through min. breastfeeding,
the use of probiotics with the aim of preventing the development of atopy [67-69]. In AD
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patients, there is a significant depletion of the intestinal microbiota, ex. Lactobacillus and
Bifidobacterium, with a concomitant overrepresentation of Escherichia coli and Clostridium
difficile and, importantly, as in the case of the skin microbiota, an abundant occurrence of S.
aureus [68-70]. The mycobiota, the fungal part of the microbiota, is also altered in atopy:
there is a reduced occurrence of Malassezia with Saccharomycetales, Rhodotorula, and Candida
increase [71-73].

Skin and gut interact not only with each other but also with the brain, forming the
so-called gut-brain—skin axis in which the three organs communicate via several pathways
(Figure 1) [72,73].

GUT-SKIN AXIS IN AD

INTESTINE PATHWAYS SKIN

METABOLIC PATHWAY

GUT MICROBIOTA Short-chain fatty acids SKIN MICROBIOTA
l (acetate, propionate, butyrate)
T Intestine barrier
i permeabilit, . .
{.qctobac:lll:ls, rmeabity Cutibacterium,
Bifidobacterium, Proteobacteri
Akkermansia NEUROENDOCRINE roteobacteria,
¢ bacteri ’ > PATHWAY > Streptococcus,
o’r:yne ac ?tmim’ y-aminobutyric Corynebacterium,
. prausnitzii -
praus l Acetylocholine Prevotella
<_ Tryptophan 4_
Serotonin
IMMUNE PATHWAY Escherichia coli
Escherichia coli, S. aureus
Clostridium difficile, l Tregs, IL-10 S. epidermidis
Bacteroides S. haemolitycus

T IgE, 19G4, IL-6

Figure 1. Gut-Skin axis in AD. Changes in the composition of gut and skin microbiota related
to interacting with each other through signaling pathways. Decreased (]) activity of intestinal
commensals: Lactobacillus, Bifidobaterium, Akkermansia, Corynebacterium and F.prausnitzii, and an
increase (1) in the activity of other intestinal residents: E.coli, Clostridium difficile and Bacteroides,
causes a disruption in the transmission of signaling pathways which affects the structure of the skin
microbiota.

3.1. Metabolic Pathway

Gut microbiota modulates homeostasis of the innate and adaptive immune system via
its metabolites such as SCFAs, amino acids, vitamins, and bile acid metabolism products.
Among them, the most common SCFAs, butyrate, propionate, and acetate, are products
of fiber fermentation by the gut microbiota that contributes greatly to improving immune
response on many levels [69,72,74]. The SCFA quantity depends not only on gut microbiota
metabolism but also on individual fibers input and colon absorption.

SCFAs’ main effect is enhancing epithelial barrier function and decreasing its per-
meability [75,76]. SCFAs, along with other metabolites and signal molecules such as
ribosomally synthesized and post-translationally modified peptides (RiPPs), amino acid
metabolites, oligosaccharides, and glycolipids, can form a mucous layer in the gut [77].
The role of butyrate includes the improvement of tight junctions between intestinal epithe-
lial cells (IECs). Butyrate is particularly responsible for strengthening tight junctions via
various pathways. It induces IL-10 receptors, which are crucial for barrier formation, and
also regulates the expression of important junctional proteins such as occludin, zonulin,
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and claudins. High expression of tight junctions limits the interaction of microbes with the
lumen and luminal epithelium [78]. Butyrate derived from bacteria affects epithelial O,
consumption and leads to the stabilization of hypoxia-inducible factor (HIF), a transcription
factor that coordinates barrier protection. Via these actions, butyrate also maintains physio-
logical hypoxia, creating a favorable environment for colon commensals [79]. Furthermore,
butyrate has an effect on the epithelial barrier by upregulating tight-junction proteins via
the activation of AMP-activated protein kinase [80]. Enhancement of the gut epithelial
barrier affects the systemic immune response of an individual by reducing the transport of
bacteria, proinflammatory cells, cytokines, and toxins from the intestinal lumen into the
bloodstream. Reaching the target tissue, transported components accumulate, and may
directly disrupt skin homeostasis, causing damage to tissues [66,73,81].

‘Leaky gut syndrome’ is described in the literature as an inflammation trigger in
AD. Indeed, bacterial cells and products that escape from the gut can interact with skin
receptors, directly and indirectly affecting the skin or skin’s commensal bacteria [66].

Song et al.’s study describes significant dysbiosis of F. prausnitzii species in the fecal
samples of AD patients with a concurrent decrease in SCFA [82]. Although several studies
implied a correlation between gut and skin microbiota in AD, the mechanisms of direct
and indirect interaction remain unclear and require further investigation.

The gut microbiota, via both innate and adaptive immunity processes, improves the
skin barrier function and contributes to the repair of damaged skin, as was presented in
several studies [83,84]. In clinical trials conducted by Ogawa et al. and Guéniche et al.,
the oral intake of Lactobacillus resulted in a marked decrease in transepidermal water loss,
which remains a crucial function of the skin barrier, followed by an increase in circulating
TGF-f3 [85,80]. L.reuteri supplementation in mice improved the thickness of the skin, hair
growth, and sebocyte production [87].

3.2. Immune Pathway

The gut microbiota is instrumental in activating innate and adaptive immune mecha-
nisms that function together to protect the host and regulate intestinal homeostasis. It is
important to note that the effects of gut microbiota extend beyond the gut and can signifi-
cantly impact overall health and well-being. However, the immunological implications of
gut microbiota on the development of AD remain largely unknown [88-90]. Metabolites of
gut commensals such as Bifidobacterium, Lactobacillus, Clostridium, Bacteroides, Streptococcus
play major part in proliferation of B cells as well as differentiation of naive T cells to other
types of Th cells and Tregs, which control inflammation by preventing excessive naive T
cells differentiation, downregulating cellular activities and modulate production of IgE and
IgG4 [66,91].

According to a study by Millard et al., butyric acid has a significant impact on the
differentiation, maturation, and function of DC and macrophages. It alters the phenotypic
differentiation process of DC, as assessed by the persistence of CD14 and decreased CD54,
CD86, and HLA class II expression. Cells in the early stage of differentiation treated
with butyric acid presented increased phagocytic capability. DC differentiated in the
absence of butyrate exhibited decreased anti-inflammatory IL-10 secretion nearly 20-fold
decreased compared to monocytes, while the presence of butyrate led to DC that exhibited
an intermediate capacity to produce IL-10 [92].

It has been described that increased gut bacterial DNA in the bloodstream of chronic
skin conditions patients triggers the inflammatory response [72,93]. For example, seg-
mented filamentous bacteria may stimulate pro-inflammatory Th17 and Thl cells [94].
Interaction between gut microbiota and Th2 cells in atopies was previously described in the
literature. In a study by Fujimura et al. on adult mice exposed to house dust, Lactobacillus
supplementation led to a reduction in Th2 reactivity to airway allergens [95]. Another
study reported the effect of propionate treatment on myelopoiesis, resulting in increased
production of macrophages and dendritic cell precursors reaching the lungs and equipped
with a high phagocytic capacity but impaired capability to induce Th2 response [96]. The
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studies mentioned indicate a strong link between the gut microbiota and its metabolites and
Th2 cell activity, yet a direct involvement in the pathomechanism of AD requires further
investigation.

Gut microbiota and its metabolites impact immune homeostasis via interactions with
Toll-like receptors (TLRs) [97]. The superfamily of pattern-recognition receptors is a class of
transmembrane non-catalytic proteins that bridge innate and adaptive immunity and can
recognize molecules with conserved structures from microorganisms known as pathogen-
associated molecular patterns (PAMPs). PAMPs bound by TRLs create complex initi-
ating a signal transduction cascade to activate innate immune responses to eliminate
pathogens [98-101]. A negative correlation between intestinal Enterobacteriaceae and
TLR4-induced TNF-a levels was described. Similarly, a reduced abundance of Ruminococ-
caceae in fecal samples of atopic eczema infants has been reported, negatively related to
TLR2-induced IL-6 and TNF-a [102]. SCFAs can modulate the production of cytokines and
chemokines, as well as gene expression of adhesion molecules, and some SCFAs, especially
butyrate, also participate in the activation and apoptosis of immune cells [103,104]. Bac-
teroides fragilis, F.prausnitzii, and some Clostridium clusters produce metabolites such as
retinoic acid and polysaccharide A, which may cause accumulation of Tregs and limpho-
cytes stimulating anti-inflammatory reactions [81,105-107].

3.3. Neuroendocrine Pathway

The concept of the “gut-brain-skin axis” connects the effect of microbiota modulation
and stress-induced systemic and cutaneous inflammation [81]. Microbiota connects the
gut-brain axis via direct and indirect pathways. The main agents participating in the
axis are norepinephrine, serotonin, acetylcholine, and tryptophan [108]. Examples of
direct pathways are tryptophan and y-aminobutyric produced by the gut microbiota
and presenting opposite effects. In AD patients, tryptophan intensifies itching, and -
aminobutyric suppresses it. Increased serotonin can also trigger itching as a response to
inflammation, while decreased acetylcholine levels in lesions of AD may suggest its anti-
inflammatory effect [72,75]. Gut microbiota also regulates the concentration of cytokines
such as IL-10 and IFN-y in the bloodstream via its metabolites such as butyrate, resulting
in changes in hypothalamic—pituitary—adrenal axis function, followed by anxiety and
stress [109,110]. An increase in cortisol levels has the potential to enhance the skin and
gut barrier by modulating the levels of circulating neuroendocrine molecules, such as
tryptamine, trimethylamine, and serotonin. This modulation may lead to the alteration
of intestinal permeability via the activation of cortisol receptors expressed on epithelial,
immune, and endocrine cells, along with their local response. Furthermore, it could also
influence the composition of the gut microbiota by impacting gut transit time [81,111].

4. Microbiota as a Mediator of Atopic Dermatitis

Epidemiological investigations over the years have facilitated the identification of
factors possibly influencing the microbiota, such as breastfeeding, hygiene and residency
conditions, antibiotics, and diet impacting the development of AD [1,38].

Hygiene and residency conditions are significant factors acknowledged for contribut-
ing to AD. Their importance is connected with the hygiene hypothesis—a theory stating
that alterations in the environment, particularly the decline in “old friends” (organisms that
have co-existed and co-evolved with humans for millennia), could disrupt the development
and shaping of the immune system. This disruption may result in inadequate responses
to both harmless and harmful stimuli, potentially fostering the development of autoim-
mune and allergic conditions, including AD [112,113]. Children who live in environments
with greater exposure to natural elements are less likely to develop atopic eczema—a phe-
nomenon called the “biodiversity hypothesis” that expands upon the hygiene hypothesis.
It suggests that interaction with nature enhances the diversity of the human microbiota
and strengthens the immune system [114]. Spending time with farm animals, owning a pet
in the family household, or living near species-rich vegetation or land use type has been
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proven to lower atopy incidences in children in multiple research [25,114,115]. Excessive
hygiene procedures exacerbate the course of AD. Washing hands frequently significantly
increases the risk of hand eczema and is associated with reduced diversity of skin micro-
bial species—particularly with reduced diversity of skin microbiota and an increase in
Staphylococcus, a species aggravating AD [116,117]. Sherriff et al. study revealed that in
children, increasing levels of hygiene correlate with a higher incidence of wheezing and
atopic eczema occurring between the ages of 30 and 42 months, and an association with
hygiene score was higher in children with more severe AD [118].

There is some evidence that breastfeeding counteracts the development of AD and
modulates the course of the disease. Current research findings indicate that breast milk
stands out as the optimal nourishment for infants, as it encompasses not only essential
nutrients but also bioactive compounds crucial for facilitating optimal growth and devel-
opment in early childhood [119]. Delayed gut microbiota maturation during infancy is
a characteristic feature observed in pediatric allergic diseases [120]. Breast milk contains
various components that can influence crucial aspects of allergy development, including
maintaining the integrity of the gut barrier, shaping the composition of the gut microbiota,
and promoting the development of oral tolerance [121]. During breastfeeding, among other
substances, the infant receives beneficial bacteria, including Lactobacillus, Bifidobacterium,
Streptococcus, Staphylococcus, and Enterococcus species [119,122]. Breastfeeding might mit-
igate the adverse effects of illnesses on an infant’s gut microbiota, such as reducing the
likelihood of dysbiosis triggered by conditions like diarrhea and results in allergic children
having fecal microbiota more similar to those of healthy individuals compared to formula-
fed infants [123]. The third most prevalent solid constituents in breast milk are human
milk oligosaccharides (HMOs). They serve as prebiotic agents—indigestible components,
promoting the growth of beneficial microorganisms, particularly Bifidobacterium, which
prevails in the gut of breastfed infants [124,125]. They significantly impact the microbiota
in the infant’s gut, thus influencing the maturation of the immune system. In general,
breastfed infants have a lower risk of developing autoimmune diseases [126]. Breast milk
contains a-tocopherol, 3-tocopherol, and prolactin, which reduce infant sensitivity and
enhance immune system activity [127]. Breast milk contains TGFf3, an important cytokine
that plays a crucial role in suppressing both the Th1l and Th2 pathways in the immune
system [128]. Research suggests that the presence of TGF[3-1 or TGF(3-2 in breast milk is as-
sociated with a reduced risk of atopic conditions during infancy and early childhood [129].
A study by Morita et al. showed that a lower concentration of TGFf3-1 in human milk at 1
month, but not TGF3-2, may be correlated with the development of AD in infants [130].
Postbiotic substances (metabolites of intestinal bacteria) derived from Lactobacillus spp. may
exhibit immunomodulatory effects by diminishing levels of Th2-associated cytokines [131].
KOALA birth cohort study showed that AD could be prevented by breastfeeding in the
first 2 years of life in children without first-order relatives with atopy [132]. More recent
studies showed that breastfeeding for three or four months (and more) reduces the risk of
developing AD [133]; it can also delay the onset of eczema in children [134]. On the other
hand, other studies deny the impact of breastfeeding on AD, which is why it still remains a
subject of debate [135,136].

Antibiotics have been proven to impact the microbiota and the course of AD. In
a study by Watanabe J. et al., conducted on NC/Nga mice with AD-like skin lesions,
oral administration of kanamycin resulted in decrease of beneficial Lactobacillus, higher
total IgE levels, induction of TH2-modulated immune responses, and higher scratching
frequency. Another study showed that administering azithromycin in mice with AD-like
symptoms resulted in enhanced severity of lesions, promotion of inflammatory cell skin
infiltration, elevated levels of IL-4, IL-6, and IL-17A, alongside increased serum TNF-o
and IL-6. Furthermore, an increase in gut bacterial genera (Bacteroides, Saccharibacteria,
Acetatifactor, Firmicutes) and a decrease in three SCFA-producing gut bacterial genera
(Alistipes, Clostridiales, Butyricicoccus) was noted [137]. Antibiotic administration disrupts
the mother’s own microbiota, which plays a crucial role in fetal development. This maternal
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imbalance caused by antibiotic exposure can be passed on to her children, affecting the
infant’s gut microbiota. Over time, this may impact the health of the children in their
later years [138,139]. There is a higher likelihood of childhood AD observed in cases
where mothers used antibiotics during pregnancy [140]. In utero exposure to antibiotics,
regardless of trimester, has been proven to raise the risk of eczema by 38%, with a more
pronounced effect noted in children exposed to penicillin [141,142]. Yamamoto-Hanada
et al. discovered that the notable connection to eczema was primarily influenced by the
use of macrolides [143]. Studies have shown positive associations between exposure to
antibiotics and AD, especially within the first year of life [136,142,143]. Postnatal antibiotic
exposure in infants is also associated with an increased risk (40-80%) of developing atopic
eczema [122,141]. In a study by Li Y et al., in a group of children under 7 years old,
frequent antibiotic use (intravenously or orally) strongly correlated with AD in young
adulthood [144]. Antibiotics should be administered thoroughly in the prenatal and early
postnatal life; opting for narrow-spectrum antibiotics is advisable because they have a more
limited impact on the microbiota, considering the link between prenatal antibiotic use and
a higher risk of developing AD, alongside other diseases [138] (Table 1).

Table 1. Factors mediating the microbiota in the context of atopic dermatitis—a summary.

Factors Mediating the Microbiota Effect on Atopic Dermatitis

Residency conditions

e “Biodiversity hypothesis”—with greater exposure to natural elements,
there is a more diverse microbiota, which strengthens the immune system
and reduces the risk of developing AD

Excessive hygiene

e  Excessive hygiene contributes to dysbiosis, with the increased prevalence
of Staphylococcus causing higher occurrence and aggravation of AD

Breast milk contains:

. Beneficial bacteria (e.g., Lactobacillus, Bifidobacterium), reducing the
likelihood of gut dysbiosis,

e  HMOs in milk working as prebiotics and promoting the growth of
beneficial organisms and gut microbiota maturation,

. a-tocopherol, 3-tocopherol, and prolactin reducing infant sensitivity and

Breastfeeding enhancing immune system activity,

e  Postbiotic substances with immunomodulatory effects which can
diminish levels of Th2-associated cytokines,

. TGFp, a cytokine that plays a crucial role in suppressing both the Th1 and
Th2 pathways in the immune system.

Breastfeeding for 3 or 4 months (and more) reduces the risk of AD.

e  Antibiotic administration in pregnant women disrupts the mother’s own
microbiota, which is crucial for fetal development.

Antibiotics o  There is a higher likelihood of childhood AD after in utero exposure to

antibiotics.
e  Postanatal antibiotic exposure is connected with an increased risk of
developing AD in children.

5. Probiotic Intervention as a Novel Direction in the Treatment of Atopic Dermatitis

The onset of gastrointestinal disorders frequently coincides with the appearance of
skin lesions, hinting at a reciprocal association between them [145]. Consequently, modify-
ing gut microbiota emerges as a prospective avenue for modulating immune reactivity and
enhancing skin conditions in patients afflicted with AD. Although probiotics are recognized
for their potential to modulate gut microbiota and improve AD clinical symptoms, their
consistent efficacy is still under investigation. Oral administration of Lactobacillus paracasei
strain KBL382 effectively reduced AD manifestations in murine models [146]. This interven-
tion modulated cytokine production in the skin and increased regulatory T cell populations.
Concurrently, KBL382 administration induced substantial reshaping of gut microbiota
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composition. Woon-Ki et al. observed a significantly increased abundance of Akkermansia
with administration of KBL382. These findings underscore the immunomodulatory and
microbiota-altering potential of KBL382 in mitigating AD course. L. sakei WIKIM30, derived
from kimchi, was found to enhance the generation of regulatory T cells (Tregs) while
reducing Th2-associated cytokines in mice and also to alter the gut microbiota in AD mice—
decreasing in Arthromitus and Ralstonia, and increasing in the Ruminococcus levels [147]. The
rise in Ruminococcus correlated strongly with Treg-related responses, potentially alleviating
AD symptoms. These findings indicate that L. sakei WIKIM30 could modulate allergic
Th2 responses, enhance Treg production, and increase beneficial gut bacteria associated
with Tregs, suggesting therapeutic promise for AD treatment. The impact of L. pentosus
supplementation in children with mild to moderate AD was investigated in a randomized
controlled trial. Over a 12-week period, children were randomly assigned to receive either
L. pentosus or a placebo. While both groups demonstrated improvement in AD severity,
no notable disparities were observed between them regarding clinical severity, cytokine
levels, or gut microbiota composition. Nevertheless, the mean subjective assessments of the
Scoring of AD (SCORAD) notably favored the probiotics group over the placebo group [43].

Oral administration of Lactococcus chungangensis CAU 28(T) reduced histological signs
of atopic skin lesions in mice, including erosion, epidermal and dermal hyperplasia, and
inflammatory cell infiltration [148]. It also suppressed the production of various cytokines
and chemokines associated with skin inflammation, including IL-4, IL-5, IL-12, IFN-y,
TNF-«, and thymus- and activation-regulated chemokine (TARC), comparable to the
effectiveness of tacrolimus, a commonly used topical AD treatment. These results suggest
that L. chungangensis CAU 28(T) holds promise as a new probiotic option for managing AD
symptoms.

The bacteriocins—bifilact Bb-12 produced by Bifidobacterium lactis Bb-12 and bifilong
Bb-46 produced by B. longum Bb-46 were found to effectively suppress the intestinal growth
of S. aureus and E. coli [149]. These bacteria are recognized as contributing factors to the
onset of AD, and their elevated levels are commonly observed in individuals affected
by the condition. This suggests a potential therapeutic role for these probiotic strains
in managing AD by targeting harmful intestinal bacteria. Enomoto et al. investigated
the impact of administering B. breve M-16V and B. longum BB536 to mothers before and
after childbirth and to their newborns for six months on the development of allergic
diseases in infants. The results demonstrated a significant decrease in the likelihood of
infants developing eczema or AD within the first 18 months of life when receiving the
probiotics. Analysis of fecal samples revealed alterations in the microbiota composition,
including reduced levels of Proteobacteria in supplemented mothers during delivery and
a positive correlation with infants” fecal samples at four months. Overall, the findings
suggest that prenatal and postnatal Bifidobacteria supplementation may effectively prevent
allergic disease development [150].

The impact of a probiotic drink containing L. paracasei Lpc-37, L. acidophilus 74-2, and
B. animalis subsp. lactis DGCC 420 (B. lactis 420) on clinical and immunological factors
in both healthy individuals and patients diagnosed with AD was assessed as well. Via a
double-blind trial spanning 8 weeks, participants were administered either probiotics or a
placebo. Notably, the probiotic strains were detected in fecal samples post-supplementation.
While there was a trend towards reduced AD severity in patients, measured by a 15.5%
decrease in SCORAD, distinct differences in immune responses were observed between
healthy subjects and AD patients following probiotic consumption. Probiotic intake did
not influence CD57(+) levels in AD patients, but it was heightened in healthy individuals,
and CD4(+) and CD54(+) were reduced effectively in patients, but no change was observed
in healthy participants, indicating varying effects on immune modulation [151].

Replenishing beneficial bacteria via probiotic intake not only addresses intestinal dys-
function but also modulates gut microbiota and systemic immune responses [36,146,148].
With prolonged consumption, probiotics hold promise in reshaping the gut microbial
environment towards a more balanced composition, which offers avenues for restoring
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AD [150,152]. Specific strains such as L. paracasei KBL382 [36], L. sakei WIKIM30 [147], and
L. chungangensis CAU 28(T) [149] show potential for alleviating AD symptoms and altering
gut microbiota composition. However, further research with large cohorts is needed to
clarify their efficacy, optimal dosages, and long-term effects in AD management.

6. Conclusions

Gut microbiota is a major contributor of gut—skin axis via signaling pathways con-
sisting of metabolic, neuroendocrine, and immunological components. Its composition
induces modulation of the innate and adaptive immune system, permeability of intestinal
barrier and activation of stress-related inflammatory mechanisms. Further research of path-
omechanism of these interactions allows to locate targets for new therapies and prevention
of AD.

The association between gastrointestinal and skin disorders suggests a bidirectional
relationship, indicating the potential of gut microbiota modulation to ameliorate skin condi-
tions, especially AD. Experimental studies with probiotics like Lactobacillus paracasei strain
KBL382 and L. sakei WIKIM30 demonstrate their ability to modulate cytokine production,
increase regulatory T cell populations, and reshape gut microbiota, offering promise for
AD management. Despite promising findings, uncertainties persist regarding the efficacy
of certain probiotics in clinical trials, underscoring the need for further investigation to
establish their effectiveness and optimal usage in treating AD.

Factors such as hygiene and breastfeeding, residency conditions, antibiotic intake,
dietary changes, and use of hydrolyzed formulas are connected with the development of
AD. Research suggests that those factors have the potential to impact the microbiota and
influence the host immune system, especially in people with a genetic predisposition to-
wards atopic diseases. However, further studies are required to gain a more comprehensive
understanding of these relationships.
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