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Abstract: Human skin is the largest organ and the most external interface between the environment
and the body. Vast communities of viruses, bacteria, archaea, fungi, and mites, collectively named the
skin microbiome (SM), cover the skin surface and connected structures. Skin-resident microorganisms
contribute to the establishment of cutaneous homeostasis and can modulate host inflammatory
responses. Imbalances in the SM structure and function (dysbiosis) are associated with several skin
conditions. Therefore, novel target for the skincare field could be represented by strategies, which
restore or preserve the SM natural/individual balance. Several of the beneficial effects exerted by the
SM are aroused by the microbial metabolite butyrate. Since butyrate exerts a pivotal role in preserving
skin health, it could be used as a postbiotic strategy for preventing or treating skin diseases. Herein,
we describe and share perspectives of the potential clinical applications of therapeutic strategies
using the postbiotic butyrate against human skin diseases.

Keywords: short chain fatty acids; skin microbiome; skin barrier; atopic dermatitis; psoriasis; UVB
radiation; wound healing

1. Introduction

The skin is the largest human organ and represents the most external interface between
the environment and the body [1]. The skin represents the first line of defense against
infection, environmental stressors, and loss of nutrients and water, so addressing the skin is
a gateway to overall health and well-being. Vast communities of viruses, bacteria, archaea,
fungi, and mites, collectively named the skin microbiome (SM), cover the skin surface
and connected structures (hair follicles, sebaceous glands, and sweat glands) [2]. The
microbial composition changes across body sites, and shapes by their physical, chemical,
and biological features such as anatomic location, local humidity, sebum and sweat pro-
duction, host hormonal status, and age. Sequencing studies have shown that human SM
includes approximately 113 phylotypes belonging to six bacterial divisions [3,4]. Most skin
bacteria genera include Staphylococcus, Propionibacterium, Micrococcus, and Corynebacterium.
Furthermore, the SM shares with the gut microbiome (GM), four main phyla: Actinobacteria,
Firmicutes, Proteobacteria, and Bacteroides [4,5]. Skin-resident microbes contribute to the
establishment of cutaneous homeostasis and can modulate host inflammatory responses [6].
Several of the beneficial effects exerted by the SM are aroused by the microbial metabolites
short-chain fatty acids (SCFAs), acetate, propionate, and butyrate [7,8]. These microbial
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end-products can acidify the pH and thus inhibit the growth of other microbes, they can
stimulate keratinocyte-derived immune mediators on the host epithelium, and on immune
cells in the dermis and epidermis [6,9]. Furthermore, these fatty acids can decrease epithe-
lial permeability improving the barrier properties, can elicit eutrophic effect on the skin, and
can suppress cutaneous inflammatory response [10]. The mutualistic relationship between
microbial communities and the host is essential for the establishment of a well-controlled
and balance needed for healthy skin. Hence, a disruption of the SM homeostasis (dysbiosis)
is associated with several skin conditions, either pathological such as acne, dermatitis, aller-
gies, or dandruff or non-pathological such as reactive, irritated, or dry skin [10]. Therefore,
novel targets for dermatologists and in the skincare field could be represented by strategies
that restore or preserve the SM natural/individual balance [11]. SM dysbiosis linked with
skin disorders, could be treated “on-site” via various mechanisms: prebiotics, probiotics,
synbiotics, and postbiotics. Among them, postbiotics are the most easily formulated into
products, contrary to probiotics that pose issues in terms of formulation and packaging to
ensure the microorganisms’ viability [12]. The definition of postbiotics is “any factor result-
ing from the metabolic activity of a probiotic or any released molecule capable of conferring
beneficial effects to the host in a direct or indirect way” [13]. Recent years have seen a sharp
increase in clinical investigations of postbiotics use in dermatology and cosmetology, and
particularly the beneficial action of the postbiotic butyrate has been described [14]. The
opportunity of manipulating the SM to address human skin condition has paved exciting
new paths for therapy. The SCFA butyrate is emerged to play a pivotal role in influencing
the predominance of definite cutaneous microbic profiles, which subsequently evoke skin
immune defense mechanisms, by protecting against infection and ultraviolet radiation, and
providing adequate nourishment to the cells of the skin [15].

Herein, we describe and share perspectives of the potential clinical applications of
therapeutic strategies using the postbiotic butyrate as modulator of the skin response to
diseases, as a protective agent against skin damage, and as an enhancer of specific therapies.

2. Butyrate in the “Gut–Skin Axis”

Growing evidence has demonstrated a bidirectional crosstalk between the gut and the skin,
referred to as the “gut–skin axis”, linking gastrointestinal health to skin allostasis [16]. Therefore,
it is unsurprising that gut disorders are often accompanied by cutaneous manifestations.

Among environmental factors, diet plays a pivotal role in shaping the GM, which
in turn it is dependent on food metabolites for its survival and metabolism [17]. Healthy
dietary pattern, such as a high-fiber diet is essential for the maintenance of a healthy GM.
Indeed, indigestible fibers provide high rates of butyrogenesis, which satisfy the epithelial
cells metabolic requirements and enter the blood stream to exert immunomodulatory and
epigenetic effects on other body sites, including the skin [18]. Therefore, skin health is
modulated by nutrition, and dietary modulation could also represent a useful avenue for
skin damage protection [19]. The GM modulatory effect on systemic immunity could repre-
sent the mechanisms by which gut exerts its influence on skin homeostasis [16]. Indeed,
aberrant GM seems to be a contributor of the physiopathology of many inflammatory skin
disorders (Figure 1) [20,21]. For instance, GM dysbiosis increases epithelial permeability
and the leaky gut barrier gains access to the bloodstream of detrimental intestinal microbes
and toxins, which once accumulate in the skin can disrupt its homeostasis impairing epider-
mal differentiation and barrier integrity [16]. GM dysbiosis determine the effector T cells
activation, disrupting their balance with regulatory T cells (Tregs), the immunosuppressive
counterpart [22]. The release into circulation of effector T cells and their pro-inflammatory
cytokines are supposed to contribute directly to several skin dermatoses pathogenesis [22].
In turn, pro-inflammatory cytokines further increase gut permeability setting up a vicious
cycle of systemic inflammation with deleterious consequences for the skin (Figure 2) [16,23].
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Figure 1. Schematic illustration of the correlation between gut microbiome (GM) and skin homeostasis.
GM is the major regulator of the gut–skin axis: in fact, perturbations of GM homeostasis (dysbiosis)
provoke also an altered skin environment. This condition increases the predisposition for the host to
develop skin diseases and/or altered responses to skin damages.
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Figure 2. Given the bidirectional crosstalk between the gut and the skin, referred to as the “gut–skin
axis”, it is unsurprising that gut disorders are often accompanied by cutaneous manifestations. GM
dysbiosis increases epithelial permeability and the leaky gut barrier gains access to the bloodstream
of detrimental intestinal microbes and toxins, which once accumulated in the skin can disrupt
its homeostasis impairing epidermal differentiation and barrier integrity. GM dysbiosis trigger the
activation of effector T cells, disrupting their balance with immunosuppressive counterpart regulatory
T cells (Tregs). These effector cells and their pro-inflammatory cytokines are supposed to directly
contribute to the pathogenesis of several skin inflammatory dermatoses. In turn, pro-inflammatory
cytokines further increase gut permeability setting up a vicious cycle of systemic inflammation with
deleterious consequences for the skin.
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The mechanisms responsible for the communication between the commensal bacteria
of the skin and the immune system may be compared to what happens in the intestine [24].
Gut commensal microbes influence the mucosal immune system through the increase
of Tregs, and this is mediated by the SCFAs [25]. Because skin commensal bacteria also
contain SCFAs producing strains (e.g., Cutibacterium acnes), an immunomodulatory/anti-
inflammatory mechanism like that in the gut also exists in the skin [26]. Most beneficial
roles of SCFAs are mediated by direct activation of its G-protein coupled receptors (GPRs)
GPR41, GPR43, and GPR109a, and by the inhibition of histone deacetylase (HDAC) [27].
Among SCFAs, butyrate suppresses immune responses by inhibiting cytokines and inflam-
matory cells production, and through the HDAC inhibition promotes Tregs proliferation,
the main cells involved in many physiologic functions of the skin, such as hair follicle regu-
lation, stem cell differentiation, and wound healing [28,29]. Inflammatory skin diseases are
characterized by skewed cutaneous immune response and SM perturbation. Through the
production of butyrate, commensal skin microbes may counteract exaggerated inflamma-
tory responses by exerting a down-regulatory function and maintaining a homeostatic state
under physiologic conditions [24]. Whereby, topical butyrate administration may become a
useful therapeutic application with a “curative” potential on inflammatory skin diseases.

Figure 3 graphically describes the main effects of butyrate on the regulation of
host functions.
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Figure 3. Schematic illustration of the main effects of butyrate on the regulation of host functions.
Butyrate positive effects are indicated with a green arrow, negative ones are indicated with red
arrows. Abbreviations: NaBut: sodium butyrate; GPR: G-protein coupled receptor; HDACi: histone
deacetylase inhibitor; Tregs: T regulatory cells; GLP-1: Glucagon-like peptide 1; PYY: Peptide YY.

In the next paragraphs, the beneficial effects of butyrate against the most common
skin diseases have been reported.

3. Butyrate in Psoriasis Disease

Psoriasis is a chronic immune-mediated inflammatory skin disease, affecting more
than 125 million people globally [30]. This condition is typified by enhanced tumor necrosis
factor-α (TNF-α)/interleukin-23 (IL-23)/IL-17 axis, with hyperproliferating epidermal ker-
atinocytes, and with anomalous differentiation [31,32]. Dendritic cells (DCs) secrete TNF-α,
which acts on themselves and induces the secretion of IL-23, which in turn induces the
conversion of Tregs into type 17 helper T (Th17) cells, which proliferate and overproduce
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IL-17A. IL-17A reduces forkhead box protein 3 (Foxp3) expression, suppressing Tregs
functional activity and stability [31]. Indeed, functional defects in CD4+CD25+ Foxp3 Tregs
affect patients with psoriasis, the main suppressors of the excess immune response and
mediators of homeostasis. Defects in Tregs may contribute to psoriasis disease development
and exacerbation [33]. The metabolites SCFAs of specific gut microbic populations (e.g.,
Bacteroides fragilis, Faecalibacterium prausnitzii, Clostridium cluster VI and XIVa) influence
Tregs activity and number [34,35], and several pieces of evidence reported that psoriatic
patients show a decrease in the GM abundance of protective taxa producing butyrate,
which may contribute to the defects in Tregs, such as Parabacteroides and Coprobacillus [36],
Prevotella and Ruminococcus [37], Akkermansia muciniphila [38], and Faecalibacterium praus-
nitzii [39]. Furthermore, it has been shown that the gut microbial genes encoding the
enzymes involved in butyrate synthesis, butyrate kinase, and phosphate butyryltransferase
are less abundant in psoriatic patients compared to matched non-psoriatic controls [40].

Acetylation of H3 histones is associated with the activity of Tregs, and it has been
described that H3 acetylation is significantly decreased in Tregs of patients with psoriasis,
compared to healthy controls [41]. Since butyrate acts on DCs to promote Foxp3 expression
in Tregs, and it has a well-known role as an HDAC inhibitor, it has been demonstrated that
it induces on Foxp3 intronic enhancer the histone H3 acetylation, allowing the expression
of Foxp3 in naïve CD4+ T cells, inducing their differentiation into Tregs [42].

The impaired number and activity of Tregs in psoriasis determine deleterious effects
on the ability to control the inflammatory response [43,44]. It has been shown that Tregs
isolated from the blood of psoriatic patients have an altered suppressive activity, which was
normalized through the topical application of sodium butyrate on human biopsies of psori-
atic lesions [41]. Sodium butyrate topically applied normalizes the enhanced expression
of IL-17 and IL-6 and restores IL-10 and FOXP3-expression levels [41]. Moreover, in the
same study it has been demonstrated that sodium butyrate, though only topically applied,
reduced also systemic inflammation response, since it was able to reduce splenomegaly
and IL-17 expression and to induce IL-10 and Foxp3 in the spleen [41].

A more decreased expression of keratinocytes in psoriatic patients than in healthy
controls of the butyrate binding receptors GPR43 and GPR109a [45] has been described.
The topical appliance of sodium butyrate was able to increase the reduced expression
of both receptors and was able to restore the altered cytokine balance in psoriasis via
GPRs. Butyrate topical application caused an increase in IL-10 and IL-18 production, and
a reduction in the cytokines, which block the suppressive activation of Tregs, IL-17, and
IL-6 [45].

Altogether, this evidence indicates that the restoration of defective Tregs represents a
promising therapeutic target for psoriasis disease. As stated, butyrate restores the defected
Tregs, and it may represent a promising tool in the management of psoriasis.

4. Butyrate in Atopic Dermatitis

Atopic Dermatitis (AD) is a chronic inflammatory skin disease that usually begins in
early infancy, but also affects a significant number of adults [46]. The skin damage in AD
patients is caused primarily by chronic inflammation, high levels of immunoglobulin (Ig)-E
in the serum and anomalous T helper (Th)-2 type immune responses, with an overproduc-
tion of pro-inflammatory cytokines against common environmental triggers [47–49]. The
GM, regulating the immune system development and function, might play a crucial role
in AD. Indeed, imbalance in GM composition (dysbiosis) and a decreased production of
SCFAs have been reported to precede the AD onset [50–53]. Low fecal levels of SCFAs have
been linked to AD development in infants [54], and higher level of gut butyrate-producing
bacteria have been reported in healthy infants than in those with severe AD [55–57]. It
has been demonstrated that AD patients have an imbalance of Faecalibacterium praus-
nitzii subspecies compared to healthy subjects that results in a significant reduction in
butyrate production, with a suppression of other subspecies butyrate-producing, such as
the A2-165 type bacteria, resulting in gut barrier damage through an increase of various
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pathobionts [58]. This condition determines the entry into the systemic circulation of toxins
and pathogenic microbes that can finally reach the skin and induce aberrant Th2-type
immune responses to allergens. As stated above, butyrate exerts anti-inflammatory effects,
preserving tight junctions and mucus layer, and promoting Tregs formation to increase
IL-10 production, protecting against AD occurrence [59,60]. In AD murine model, the
oral intake of a probiotics mixture plus sodium butyrate determined an increase of Th1
and Tregs differentiation, and of the population of butyrate-producing bacteria, thereby
alleviating AD symptoms [61]. Furthermore, butyrate in addition to the anti-inflammatory
effects, also exerts Staphylococcus aureus bactericidal activity. As is known, the skin of AD
patients is more susceptible to the Staphylococcus aureus colonization and overgrowth [62].
Glycerol fermentation of Staphylococcus epidermidis determined the production of butyric
acid and effectively hindered the Staphylococcus aureus strain growth in skin lesions of AD
patients, in vitro and in vivo [63], confirming the immunomodulatory effects of butyrate in
mitigating AD.

5. Butyrate Effects against Skin Prolonged Exposure to Ultraviolet B (UVB) Radiation

The skin and its constituents represent the most external layer of the body, and as such,
are the primary targets for solar Ultraviolet B (UVB) radiation [64]. The chronic exposure to
UVB radiation alters the cutaneous and systemic immune systems, causing several skin cells
signaling alterations resulting in erythema, sunburn, inflammation, and carcinogenesis [65].
UVB radiation promotes activation of specific receptors on cell surface activating biological
process such as DNA damage, lipid peroxidation, generation of reactive oxygen species
(ROS) and chronic inflammation due to the release of key inflammatory mediators such
as IL-1, -6, -8, -10, and TNF-α [66]. The effect of a pre-treatment with sodium butyrate
in human fibroblasts have been previously investigated. Butyrate induces changes of
cellular nucleotide metabolism and stimulates repair of UV damage by increasing the
rate of specific DNA deletion modifying the structure of chromatin [67]. Furthermore,
butyrate induces hyperacetylation of histones H3 and H4, facilitating the access of DNA
repair enzymes to damage sites [68,69]. This process influences the average number of
nucleotides incorporated at each repair site, the expression of certain proteins involved
in repair synthesis after UV damage, and the rate of removal of UV-induced lesions after
irradiation by excision [67].

The commensal bacteria of human skin Staphylococcus epidermidis can ferment the ma-
jor component in stratum corneum glycerol, into butyric acid [70]. It has been shown that
butyric acid alone or Staphylococcus epidermidis with glycerol topical application remark-
ably ameliorated the UVB-induced inflammation on mice skin [70]. Butyric acid noticeably
decreased the ulceration of the skin and the epidermal thickness from UVB exposure and
exerted a significant reduction in IL-6 and IL-8 level. These butyrate immunomodulatory
effects are mediated by the binding with the GPR43, which controls the pro-inflammatory
cytokines production elicited by skin injury [70]. Additionally, soothing and anti-reddening
effects with a significant decrease of the erythema index induced by Sodium Laureth Sulfate
(SLES) were demonstrated in vivo after the application of a butyrate releaser emulsion [14].
Therefore, butyrate can be effective not only for overt skin diseases, but as an ingredient in
cosmetic products, to prevent skin alterations.

6. Butyrate in Skin Wound Healing

Skin homeostasis disruption may be associated with several cutaneous diseases and
abnormal skin wound healing [71]. Wound healing process is based on a precious molecular
mechanism divided into three different steps such as inflammation, cell proliferation, and
cell differentiation [72]. The healing process can be hampered in the case of wounds that
are large, long-lasting, and difficult-to-treat. Given the wound healing process complexity,
the development of functional wound dressing materials that stimulate reparative and re-
generative processes and have a positive effect on infected and/or difficult-to-heal wounds
are needed [73]. The effects of a porous dressing materials based on butyric-acetic chitin
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co-polyester containing 90% of butyryl and 10% of acetyl groups (BAC 90/10) have been
evaluated [74]. In vivo results have shown that BAC 90/10 had beneficial effect on skin
repair and epithelization process, evoked reduced inflammatory effect with less effusion,
and enhanced the creation phase [74]. Furthermore, the effects of sodium butyrate in com-
bination with two different growth factors (EGF and PDGF-BB) in the skin wound healing
of diabetic mice [75] have been reported. Butyrate plays a role as cell differentiation factor,
an essential process for a normal diabetic wound healing. The combination of growth
factors with sodium butyrate could be a new therapeutic agent as nanoparticle to treatment
of human diabetic wounds [76]. Furthermore, a treatment by 4-phenylbutyrate (4-PBA)
of venous leg ulcer biopsies showed a reduction of endoplasmic reticulum (ER) stress
markers [77]. In effect, several cellular stress conditions are associated to accumulation of
unfolded proteins in ER lumen, by a process called ‘ER stress’ [78]. This mechanism is over-
come in cells by an unfolded protein response (UPR), a mechanism typical of eukaryotic
organisms to bypass cellular damage induced by ER stress. In the case of a venous ulcer, a
cellular stress conditions as hypoxia, induces an unfolded or misfolded of different proteins
accumulate in the ER, causing ER stress [79]. Typical progress of wound healing is divided
into inflammatory, proliferative (neo angiogenesis, tissue formation, re-epithelization), and
tissue remodeling phases. In biopsies of venous ulcers, a treatment by 4-PBA increased the
rate of re-epithelization, suggesting a potential use of this compound in wound healing
therapeutic products [80].

7. Conclusions

Effective strategies for preventing and treating skin disorders could be the develop-
ment of approaches that preserve or restore the SM natural/individual balance. Emerging
data are supporting the efficacy of the topical application of the postbiotic butyrate. This
strategy is considered safe, free from toxic and side-effects, industrially scalable, and easily
formulated into cosmetic products. Unfortunately, the main limitation factor for the use of
butyrate in dermatology could be due to the unfavorable sensorial and physicochemical
properties. Nevertheless, products that mask the unpleasant organoleptic properties of
butyrate are needed to facilitate its use in clinical practice. Odorless butyrate releasers could
be an effective strategy for facilitating a wide use of butyrate against human skin disorders.
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Gut Microbiome in Psoriasis and Psoriatic Arthritis. Int. J. Mol. Sci. 2021, 22, 3998. [CrossRef] [PubMed]

38. Tan, L.; Zhao, S.; Zhu, W.; Wu, L.; Li, J.; Sheng, M.; Lei, L.; Chen, X.; Peng, C. The Akkermansia muciniphila is a gut microbiota
signature in psoriasis. Exp. Dermatol. 2018, 27, 144–149. [CrossRef] [PubMed]

39. Eppinga, H.; Sperna Weiland, C.J.; Thio, H.B.; van der Woude, C.J.; Nijsten, T.E.; Peppelenbosch, M.P.; Konstantinov, S.R.
Similar depletion of protective faecalibacterium prausnitzii in psoriasis and inflammatory bowel disease, but not in hidradenitis
suppurativa. J. Crohn’s Colitis 2016, 10, 1067–1075. [CrossRef] [PubMed]

40. Shapiro, J.; Cohen, N.A.; Shalev, V.; Uzan, A.; Koren, O.; Maharshak, N. Psoriatic patients have a distinct structural and functional
fecal microbiota compared with controls. J. Dermatol. 2019, 46, 595–603. [CrossRef] [PubMed]

41. Schwarz, A.; Philippsen, R.; Schwarz, T. Induction of regulatory T cells and correction of cytokine dysbalance by short chain fatty
acids—Implications for the therapy of psoriasis. J. Investig. Dermatol. 2020, 141, 95–104.e2. [CrossRef]

42. Schulthess, J.; Pandey, S.; Capitani, M.; Rue-Albrecht, K.C.; Arnold, I.; Franchini, F.; Chomka, A.; Ilott, N.E.; Johnston, D.G.W.;
Pires, E.; et al. The short chain fatty acid butyrate imprints an antimicrobial program in macrophages. Immunity 2019, 50,
432–445.e7. [CrossRef]

43. Owczarczyk-Saczonek, A.; Czerwinska, J.; Placek, W. The role of regulatory T cells and antiinflammatory cytokines in psoriasis.
Acta Dermatovenerol. Alp. Pannonica Adriat. 2018, 27, 17–23.

44. Stockenhuber, K.; Hegazy, A.N.; West, N.R.; Ilott, N.E.; Stockenhuber, A.; Bullers, S.J.; Thornton, E.E.; Arnold, I.C.; Tucci, A.;
Waldmann, H.; et al. Foxp3+ T reg cells control psoriasiform inflammation by restraining an IFN-I-driven CD8+ T cell response. J.
Exp. Med. 2018, 6, 1987–1998. [CrossRef] [PubMed]

45. Krejner, A.; Bruhs, A.; Mrowietz, U.; Wehkamp, U.; Schwarz, T.; Schwarz, A. Decreased expression of G-protein-coupled receptors
GPR43 and GPR109a in psoriatic skin can be restored by topical application of sodium butyrate. Arch. Dermatol. Res. 2018, 310,
751–758. [CrossRef] [PubMed]

46. Kapur, S.; Watson, W.; Carr, S. Atopic dermatitis. Allergy Asthma Clin. Immunol. 2018, 12, 52. [CrossRef]
47. Maslowski, K.M.; Mackay, C.R. Diet, gut microbiota and immune responses. Nat. Immunol. 2011, 12, 5–9. [CrossRef] [PubMed]
48. Brandt, E.B.; Sivaprasad, U. Th2 cytokines and atopic dermatitis. J. Clin. Cell. Immunol. 2011, 2, 110. [CrossRef] [PubMed]
49. Kubo, A.; Nagao, K.; Amagai, M. Epidermal barrier dysfunction and cutaneous sensitization in atopic diseases. J. Clin. Investig.

2012, 122, 440–447. [CrossRef] [PubMed]
50. Toh, Z.Q.; Anzela, A.; Tang, M.L.; Licciardi, P.V. Probiotic therapy as a novel approach for allergic disease. Front. Pharmacol. 2012,

3, 171. [CrossRef]
51. Candela, M.; Rampelli, S.; Turroni, S.; Severgnini, M.; Consolandi, C.; De Bellis, G.; Masetti, R.; Ricci, G.; Pession, A.; Brigidi, P.

Unbalance of intestinal microbiota in atopic children. BMC Microbiol. 2012, 6, 95. [CrossRef]
52. Penders, J.; Stobberingh, E.E.; van den Brandt, P.A.; Thijs, C. The role of the intestinal microbiota in the development of atopic

disorders. Allergy 2007, 62, 1223–1236. [CrossRef]
53. Plöger, S.; Stumpff, F.; Penner, G.B.; Schulzke, J.D.; Gäbel, G.; Martens, H.; Shen, Z.; Günzel, D.; Aschenbach, J.R. Microbial

butyrate and its role for barrier function in the gastrointestinal tract. Ann. N. Y. Acad. Sci. 2012, 1258, 52–59. [CrossRef] [PubMed]
54. Kim, H.K.; Rutten, N.B.; Besseling-van der Vaart, I.; Niers, L.E.; Choi, Y.H.; Rijkers, G.T.; van Hemert, S. Probiotic supplementation

influences faecal short chain fatty acids in infants at high risk for eczema. Benef. Microbes 2015, 6, 783–790. [CrossRef] [PubMed]
55. Nylund, L.; Nermes, M.; Isolauri, E.; Salminen, S.; de Vos, W.M.; Satokari, R. Severity of atopic disease inversely correlates with

intestinal microbiota diversity and butyrate-producing bacteria. Allergy 2015, 70, 241–244. [CrossRef] [PubMed]
56. Reichardt, N.; Duncan, S.H.; Young, P.; Belenguer, A.; McWilliam Leitch, C.; Scott, K.P.; Flint, H.J.; Louis, P. Phylogenetic

distribution of three pathways for propionate production within the human gut microbiota. ISME J. 2014, 8, 1323–1335. [CrossRef]
[PubMed]

57. Shu, M.; Wang, Y.; Yu, J.; Kuo, S.; Coda, A.; Jiang, Y.; Gallo, R.L.; Huang, C.M. Fermentation of Propionibacterium acnes, a
commensal bacterium in the human skin microbiome, as skin probiotics against methicillin-resistant Staphylococcus aureus.
PLoS ONE 2013, 8, e55380. [CrossRef] [PubMed]

58. Song, H.; Yoo, Y.; Hwang, J.; Na, Y.C.; Kim, H.S. Faecalibacterium prausnitzii subspecies-level dysbiosis in the human gut
microbiome underlying atopic dermatitis. J. Allergy Clin. Immunol. 2016, 137, 852–860. [CrossRef] [PubMed]

59. Luo, A.; Leach, S.T.; Barres, R.; Hesson, L.B.; Grimm, M.C.; Simar, D. The microbiota and epigenetic regulation of T helper
17/regulatory T cells. In search of a balanced immune system. Front. Immunol. 2017, 8, 417. [CrossRef] [PubMed]

60. Macia, L.; Thorburn, A.N.; Binge, L.C.; Marino, E.; Rogers, K.E.; Maslowski, K.M.; Vieira, A.T.; Kranich, J.; Mackay, C.R. Microbial
influences on epithelial integrity and immune function as a basis for inflammatory diseases. Immunol. Rev. 2012, 245, 164–176.
[CrossRef]

http://doi.org/10.1002/art.38892
http://www.ncbi.nlm.nih.gov/pubmed/25319745
http://doi.org/10.3390/ijms22083998
http://www.ncbi.nlm.nih.gov/pubmed/33924414
http://doi.org/10.1111/exd.13463
http://www.ncbi.nlm.nih.gov/pubmed/29130553
http://doi.org/10.1093/ecco-jcc/jjw070
http://www.ncbi.nlm.nih.gov/pubmed/26971052
http://doi.org/10.1111/1346-8138.14933
http://www.ncbi.nlm.nih.gov/pubmed/31141234
http://doi.org/10.1016/j.jid.2020.04.031
http://doi.org/10.1016/j.immuni.2018.12.018
http://doi.org/10.1084/jem.20172094
http://www.ncbi.nlm.nih.gov/pubmed/29980582
http://doi.org/10.1007/s00403-018-1865-1
http://www.ncbi.nlm.nih.gov/pubmed/30209581
http://doi.org/10.1186/s13223-018-0281-6
http://doi.org/10.1038/ni0111-5
http://www.ncbi.nlm.nih.gov/pubmed/21169997
http://doi.org/10.4172/2155-9899.1000110
http://www.ncbi.nlm.nih.gov/pubmed/21994899
http://doi.org/10.1172/JCI57416
http://www.ncbi.nlm.nih.gov/pubmed/22293182
http://doi.org/10.3389/fphar.2012.00171
http://doi.org/10.1186/1471-2180-12-95
http://doi.org/10.1111/j.1398-9995.2007.01462.x
http://doi.org/10.1111/j.1749-6632.2012.06553.x
http://www.ncbi.nlm.nih.gov/pubmed/22731715
http://doi.org/10.3920/BM2015.0056
http://www.ncbi.nlm.nih.gov/pubmed/26565082
http://doi.org/10.1111/all.12549
http://www.ncbi.nlm.nih.gov/pubmed/25413686
http://doi.org/10.1038/ismej.2014.14
http://www.ncbi.nlm.nih.gov/pubmed/24553467
http://doi.org/10.1371/journal.pone.0055380
http://www.ncbi.nlm.nih.gov/pubmed/23405142
http://doi.org/10.1016/j.jaci.2015.08.021
http://www.ncbi.nlm.nih.gov/pubmed/26431583
http://doi.org/10.3389/fimmu.2017.00417
http://www.ncbi.nlm.nih.gov/pubmed/28443096
http://doi.org/10.1111/j.1600-065X.2011.01080.x


Molecules 2022, 27, 1849 10 of 10

61. Kim, J.A.; Kim, S.H.; Yu, D.Y.; Kim, S.C.; Lee, S.H.; Lee, S.S.; Yun, C.H.; Choi, I.S.; Cho, K.K. Anti-Inflammatory Effects of a
Mixture of Lactic Acid Bacteria and Sodium Butyrate in Atopic Dermatitis Murine Model management. J. Med. Food 2018, 21,
716–725. [CrossRef]

62. Leung, D.Y. New insights into atopic dermatitis: Role of skin barrier and immune dysregulation. Allergol. Int. 2013, 62, 151–161.
[CrossRef] [PubMed]

63. Traisaeng, S.; Herr, D.R.; Kao, H.J.; Chuang, T.H.; Huang, C.M. A Derivative of Butyric Acid, the Fermentation Metabolite of
Staphylococcus epidermidis, Inhibits the Growth of a Staphylococcus aureus Strain Isolated from Atopic Dermatitis Patients.
Toxins 2019, 31, 311. [CrossRef]

64. Krutmann, J.; Bouloc, A.; Sore, G.; Bernard, B.A.; Passeron, T. The skin aging exposome. J. Dermatol. Sci. 2017, 85, 152–161.
[CrossRef] [PubMed]
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