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Abstract: Atopic dermatitis (AD) is one of the most common skin diseases with inflammation,
chronic relapses, and intense pruritus. Its pathogenesis includes genetic susceptibility, an abnormal
epidermal lipid barrier, and an increased production of IgE due to immune dysregulation.
Recently, AD has been reported to be associated with intestinal inflammation and dysbiosis in
human and murine models. Various probiotics are being used to control intestinal dysbiosis and
inflammatory reactions. However, it is difficult to predict or determine the therapeutic effects of the
probiotics, since it is rare for clinicians to use the probiotics alone to treat AD. It is also difficult to check
whether the intestinal inflammation in patients with AD has improved since probiotic treatment.
The aim of the present study was to determine whether mice with induced atopic dermatitis had any
changes in fecal calprotectin, an indicator of intestinal inflammation, after probiotic administration.
Our results showed that the fecal calprotectin levels in mice with induced dermatitis decreased
significantly after the administration of probiotics. In addition, epidermal skin lesions were attenuated
and inflammatory-related cytokines were downregulated after the administration of probiotics in
mice with induced dermatitis. These results suggest that changes in fecal calprotectin levels could be
used to assess the effectiveness of a probiotic strain as an adjuvant treatment for AD.
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1. Introduction

Atopic dermatitis (AD) is the most common chronic pruritic inflammatory dermatosis and affects
15-30% of children and 2-10% of adults [1-3]. AD’s etiology is not completely understood, but it
is multifactorial. AD is characterized by complex interactions between genetic and environmental
factors, such as skin barrier dysfunction, allergy/immunity, and pruritus [4,5]. Filaggrin is a key protein
involved in skin barrier function. Th2 cytokines decrease filaggrin expression by keratinocytes [6,7].
They also promote the production of IgE to low doses of allergens, a characteristic commonly observed
in AD [8]. Although biologics and immunosuppressants targeting immune cells and cytokines have
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good therapeutic effects on AD, they are not applicable to all patients because of high prices or side
effects such as renal toxicity [9-11].

Although the direct causes and pathogenesis of AD are poorly defined, concurrent dysbiosis
and the disruption of the intestinal epithelial barrier can cause secondary uncontrolled intestinal
epithelial inflammation, which creates an environment that allows the easy penetration of allergens [12].
Since AD is associated with dysbiosis, probiotics may be useful for preventing and treating AD via
microbial, epithelial, and immune effects [13]. Recently, probiotics using various combinations of
strains have been released. Many scientists are interested in treating allergies using probiotics or
byproducts [14,15]. However, the results of treatment with probiotics vary across patients, even when
the same probiotics are used [15]. In addition, there are no markers to indicate that the epithelial
inflammation of the gut in AD patients has been impacted after treatment with probiotics. Calprotectin,
also known as S100A8/A9, MRP8/14, and calgranulin A/B, is a 36 kDa calcium and zinc binding protein
belonging to the 5100 family [16]. Persistent inflammatory reactions trigger increases in calprotectin
levels [17]. Additionally, when the inflammatory response decreases, the levels of calprotectin in the
plasma, urine, and feces decrease. Furthermore, increased calprotectin levels have been found in
chronic inflammatory bowel disease and allergic diseases [18-20]. Taken together, fecal calprotectin is
an important clinical marker for gastrointestinal tract inflammation. In this regard, this study was
conducted to determine if calprotectin could be used as an indicator of the downregulation of gut
inflammation after the administration of probiotics in an AD-like skin model.

2. Results

2.1. Probiotics Can Improve AD-Like Skin Lesions in Oxazolone (Ox)-Induced AD

To study the effects of probiotics on AD, we established a mouse model of AD-like skin lesions by
using mice treated with Ox. The mice were sensitized with Ox for 6 weeks (1% for 1 week followed
by 0.1% for 5 weeks). Probiotics (1 x 108) were orally administered to Ox-induced AD mice daily
for 3 weeks (from Week 3 to Week 6) in parallel with the sensitization with 0.1% Ox (Figure 1A).
We found that the dorsal skin of Ox-treated mice at 3 weeks exhibited AD symptoms including itching,
severe dryness, erythema, and erosion. Interestingly, increases in atopic symptoms in Ox-treated
mice were significantly reduced from one week after the administration of probiotics. (Figure 1B).
These results suggest that sustained stimulation such as with Ox can induce AD-like skin lesions,
which were alleviated by treatment with probiotics.
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Figure 1. Effects of probiotics on the development of an Ox-induced atopic dermatitis (AD) mouse
model. (A) Schematic representation of the experiment. Development of Ox-induced AD mouse model
with multiple features of AD. (B) Clinical features of AD skin lesions. Con, control mice; Ox, oxazolone;
Ox + Probiotics, Ox-induced AD mice with probiotics treatment. Two independent experiments were
performed, and at least three mice per group were used in each experiment.

2.2. Probiotics Can Attenuate Epidermal Skin Lesions in Ox-Induced AD Mice

We explored the effects of probiotics on the epidermal skin lesions of Ox-induced AD mice by
the microscopic analysis of H&E- and toluidine blue-stained sections of epidermal skin. Ox-induced
AD mice exhibited typical characteristics of AD, including parakeratosis, hyperkeratosis, and the
infiltration of inflammatory cells (Figure 2A). In addition, the number of mast cells was dramatically
increased in the Ox-induced AD mice compared to that in the control mice (Figure 2B). However, in skin
sections of the Ox-induced AD mice treated with probiotics, the epidermal tissue was significantly
thinner and the number of mast cells as well as the infiltration of inflammatory cells was reduced
in the dermis (Figure 2A,B). These data supported the idea that probiotics could improve the skin
symptoms of Ox-induced AD mice by inhibiting the migration of inflammatory cells such as mast cells
and lymphocytes, protecting the skin barrier against atopic inflammation.
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Figure 2. Effects of probiotics on the epidermal skin lesions in Ox-induced AD mice. (A) Histological
features of epidermal skin lesions. Tissues were fixed in 10% formaldehyde, embedded in paraffin,
and sectioned. The sections were stained with H&E (magnification, 400x) (B) Toluidine blue staining to
detect infiltrating mast cells in the dorsal skin of mice. Arrowheads indicates mast cells (magnification,
400x). Data pooled from two independent experiments are presented as the mean + SD. * p < 0.05,
**p <0.01.

2.3. Probiotics Can Reduce Th2-Associated Cytokines and Pro-Inflammatory Cytokines

To investigate the effects of probiotics on the secretion of Th2-associated cytokines in the
development of AD, the expression levels of the cytokines were measured in the serum and skin of an
Ox-induced AD mouse model. As expected, the secretory levels of IL-4, IL-13, and IgE were significantly
increased in the serum of Ox-induced AD mice compared to those in the control mice (Figure 3A).
The transcript levels of II-4 and Il-13 were also markedly elevated in the skin tissue of Ox-induced AD
mice compared to those in the control mice (Figure 3B). Furthermore, qPCR demonstrated that the
increased secretion and transcript levels of the Th2-associated cytokines in the Ox-induced AD mice
were significantly reduced by probiotic treatment (Figure 3A,B). We further determined the effects
of probiotics on the expression of pro-inflammatory cytokines in the skin of Ox-induced AD mice.
We found that probiotic treatment effectively attenuated the elevated expression of II-6, II-18 and
Caspase-1 transcripts in the dorsal skin of AD mice (Figure 3B). These data indicate that the accumulation
of inflammatory cells in Ox-induced AD mice is induced by the production of inflammatory cytokines,
whereas the administration of probiotics to AD mice can regulate inflammatory cell-mediated allergic
responses and inflammation, possibly by downregulating the production of these cytokines.
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Figure 3. Anti-inflammatory effects of probiotics on the development of AD. (A) Serum total IgE, IL-4,
and IL-13 levels were determined by ELISA. Con (n = 3), vehicle (n = 3), Ox (n = 5), Ox + probiotics
(n =5). (B) mRNA expression levels of inflammation-related genes were determined by qPCR in dorsal
skin tissues. Con (n = 3), vehicle (n = 3), Ox (n = 5), Ox + Probiotics (n = 5). Data pooled from two
independent experiments are presented as the mean + SD. * p < 0.05, ** p <0.01.

2.4. Probiotics Can Effectively Restore Impaired Skin Barrier Formation

To investigate whether probiotics might have skin barrier-recovering effects, we examined the
expression of skin barrier proteins such as loricrin and filaggrin, known to contribute to skin barrier
function and epidermal hydration. Immunofluorescence staining showed that the signal intensities
of filaggrin and loricrin were decreased in both the epidermis and dermis in Ox-induced AD mice
compared to those in control mice, whereas mice administered probiotics showed significant increases
in the expression of these proteins (Figure 4). These results suggested that Ox applied to mouse skin
could lead to the development of skin barrier dysfunction, whereas probiotics could prevent skin
barrier destruction.

Con vehicle Oxazolone Ox+Probiotics

Filaggrin+DAPI

Loricrin+DAPI

Figure 4. Effects of probiotics on skin barrier dysfunction in the development of AD. Paraffin-embedded
skin tissues were stained with anti-filaggrin (green) and anti-loricrin (red). All sections were
counterstained with 4’,6-diamidino-2-phenylindone (DAPI) (blue). Closed arrowheads indicate
epidermis. Open arrowheads indicate dermis (magnification, x400). Two independent experiments
were performed, and at least three mice per group were used in each experiment.
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2.5. Probiotics Can Decrease the Level of Calprotectin Increased in the Feces of AD Mice

Fecal calprotectin is a protein abundant in the cytoplasm of neutrophils and monocytes.
Consequently, the calprotectin level is increased in inflammatory processes such as chronic inflammatory
bowel disease and allergic disease [18-20]. To demonstrate the intestinal inflammatory control effect of
probiotics in the Ox-induced AD mice model, we measured calprotectin levels in the feces by ELISA.
Calprotectin levels were significantly elevated from one week after sensitization in the Ox-induced AD
mice up to 6 weeks, the end of the experiment. Surprisingly, the level of calprotectin that increased
in the Ox-induced AD mice was markedly decreased in the mice administered probiotics (Figure 5).
These findings indicate that probiotics can decrease the levels of calprotectin seen in Ox-induced AD.
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Figure 5. Effects of probiotics on calprotectin levels in Ox-induced AD. The levels of fecal calprotectin
in stool samples of the Con, Ox, and Ox + Probiotics groups. The concentrations of calprotectin were
measured by ELISA. The stool samples were collected once a week for 3 weeks after the administration
of probiotics. Data pooled from two independent experiments are presented as the mean + SD.
*p <0.05 **p<0.01

We further asked if calprotectin was detectable in the dorsal skin of mice and determined the
temporal expression of calprotectin transcripts (510028 and S10049) in the skin and gut of Ox-induced
AD mice with and without probiotic treatment. We found that both the transcript and protein of
calprotectin (510048 and 5100a9) were detectable in the skin of mice and more abundantly expressed
in Ox-induced AD mice (Figure 6 and Figure S1). However, the elevated levels of the calprotectin
transcript and protein in the dorsal skin of Ox-induced AD mice were not reduced by probiotic
treatment for 1 and 2 weeks, respectively (Figure 6). We also found that the levels of calprotectin and
inflammatory cytokines, increased in the guts of Ox-induced AD mice, were significantly decreased in
mice administered with probiotics for 2 weeks, even though there was no effect of probiotic treatment
on the reduction of calprotectin and inflammatory cytokines in the skin of the Ox-induced AD mice
(Figure 6B and Figure S1). Together, these findings suggest that calprotectin might be an effective
indicator of improvements in intestinal inflammation following the administration of probiotics as an
adjuvant therapy for atopic patients.
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Figure 6. Effects of probiotics on the temporal expression of inflammatory cytokines and calprotectin
in the skin and guts of Ox-induced AD mice. (A) Transcript levels of calprotectin (5100a8 and S100a9)
and inflammatory cytokines in the skin and guts of AD mice treated with probiotics for 1 week (from
Week 3 to 4) in parallel with the sensitization with 0.1% Ox. Bars indicate the means + SD. * p < 0.05,
**p <0.01. (B) Transcript levels of calprotectin and inflammatory cytokines in the skin and guts of
AD mice treated with probiotics for 2 weeks (from Week 3 to 5) in parallel with the sensitization with
0.1% Ox. Data pooled from two independent experiments are presented as the mean + SD. * p < 0.05,
**p <0.01.

3. Discussion

In this study, we found that the levels of fecal calprotectin were decreased significantly,
accompanied by clinical and immunological improvement, in an Ox-induced AD mouse model
following the administration of probiotics. Many studies have shown that after the administration
of probiotics, the severity of atopic dermatitis decreases, immunological changes in the serum are
detected, and there is a temporary intestinal microbiome change. These changes are the result of the
reduction in inflammation in the intestine through probiotics, and through this, the effect of allergen
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invasion is reduced. However, to date, there has been no research on whether probiotics actually
improve inflammation in the intestine.

As initial barriers to an external environment, the intestinal tract and skin are essential for
maintaining physiological homeostasis [5]. Furthermore, gut health is linked to skin homeostasis
and allostasis [14,15]. The intestinal microbiome can prevent the invasion of exogenous
allergens both directly (by competitively binding to epithelial cells) and indirectly (by triggering
immunoprotective responses) [8]. For immunoprotection, intestinal immunomodulatory metabolites,
especially short-chain fatty acids (SCFAs), produced by the intestinal microbiome are essential.
SCFAs are known for their anti-inflammatory actions mediated by G-protein coupled receptor 43 and
for their contribution to epithelial barrier integrity [9,16]. However, the low-fiber and high-fat contents
of the western diet can alter the gut microbiome, resulting in the deficient production of SCFAs [9,16].
For example, a metagenomic analysis of fecal samples from patients with AD has demonstrated a
significant reduction in Faecalibaterium prausnitzii compared to in control patients [10]. In parallel,
a decrease in SCFA production was also observed in AD patients. The authors cited a putative positive
feedback loop involving intestinal dysbiosis in association with F. prausnitzii and epithelial barrier
disruption, secondary to uncontrolled inflammation. As such, intestinal dysbiosis, in the form of
an unbalanced bacterial composition or aberrant immune reaction to commensal flora, can result
in intestinal inflammation and altered gut permeability to allergens, which in turn can affect the
development and severity of allergic disease [14-16].

Given the integral role of the gut microbiome in the development of the immune system and
homeostasis, probiotics might be useful for modifying the microbial composition and improving
impaired barrier function via the production of SCFAs. Thus, the use of probiotics in AD should
ultimately correct immunological imbalance, reduce intestinal inflammation, and reduce the invasion
of allergens. Many studies show they can promote immunologic balance by inhibiting proinflammatory
cytokines (interleukin IL-4, interferon gamma, and IL-17) and promoting regulatory cytokines (IL-10
and transforming growth factor beta). Probiotics can also increase the expression of regulatory T
cells, which can migrate to the skin and inhibit Th2 and Th17 responses. Thus, probiotics may
have a therapeutic role in AD, in addition to their preventative role [17-19]. Numerous studies
have demonstrated good clinical outcomes following treatment with probiotics, including improved
dermatitis and reduced itching in atopic animal models and patients, as well as the restoration
of immunological balance [6,20]. Of the various strains used experimentally and clinically,
Lactobacillus species are the most commonly tested probiotics in the context of AD treatment [20,21].
In the present study, the administration of Lactobacillus in an atopic animal model resulted in positive
immunological changes and clinical improvement, similar to the results of previous reports [6,20-23].
Many studies have shown that the severity of dermatitis and the immunological marker profile are
improved after probiotic treatment [21-23]. In this study, as in past studies, the clinical symptoms of
mice improved and reductions in IgE and Th2 cytokines, IL-4 and IL-13, confirmed an improvement of
the immunological imbalance.

Calprotectin, an antimicrobial protein released via neutrophil activation or monocyte—endothelial
cell adhesion, can be used as a marker of intestinal inflammation [7]. Fecal calprotectin levels
correlate positively with neutrophil migration into the gut lumen [24]. It can serve as a candidate
biomarker for diagnosis and follow-up as well as a predictive indicator of therapeutic responses in
inflammation-associated diseases [11]. In patients with inflammatory bowel disease, the level of fecal
calprotectin is closely related to mucosal gastrointestinal inflammation [25]. Thus, fecal calprotectin
is considered a sensitive marker of mucosal healing in gut inflammation [26]. In studies of the link
between intestinal inflammation and allergic diseases, calprotectin is rarely used. A recent study
has shown that fecal calprotectin levels are higher in children with a non-IgE-mediated cow’s milk
protein allergy than in controls [12]. In addition, high fecal calprotectin levels have been found
in children with an egg allergy [27]. Orivuori et al. [13] have demonstrated that infants with high
fecal calprotectin levels at the age of 2 months have an increased risk of developing AD by age 6.
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Seo et al. [26] have reported that elevated fecal calprotectin levels are associated with the severity of AD
in children. Probiotics can be administered to promote the diversity of gut microbiome and suppress
inflammation. However, few studies have actually assessed the ability of probiotics to inhibit the gut
inflammation that facilitates the invasion of antigens. In inflammatory bowel disease, a decrease in the
fecal calprotectin level following the administration of probiotics for 4 weeks indicates that probiotics
may affect the host by supplying beneficial intestinal bacteria [28-30]. Interestingly, infants with
low fecal calprotectin levels showed a low abundance of Lactobacillaceae and a high percentage of
Escherichia in their feces, suggesting that the early microbial colonization of the gut could regulate
intestinal inflammation [31,32]. This further implies that the administration of probiotics can diminish
gastrointestinal inflammation and allergic responses. The purpose of administering probiotics to
patients with atopy is to alter their intestinal flora, reduce intestinal inflammation and gut permeability
(via SCFAs), and enhance immunological protection. It is impractical to perform intestinal biopsies in
subjects with AD to assess whether adjuvant probiotic therapy has modulated intestinal inflammation
in the context of AD. Thus, we speculated that we could follow probiotic-mediated changes in intestinal
inflammation by tracking fecal calprotectin and that changes in intestinal fecal calprotectin levels
would mirror changes in the levels of type 2 inflammatory cytokines in the serum. In this study,
we found that the levels of fecal calprotectin were decreased and dermatitis was improved after the
administration of probiotics for 4 weeks. Calprotectin can be quantified in a straightforward and
non-invasive manner. Its test results can be confirmed quickly. Therefore, we propose that calprotectin
can be used as an indicator of intestinal inflammation before and after treatment with probiotics as
adjuvant therapy in atopic patients. However, this study neither confirmed whether calprotectin could
serve as a marker of therapeutic efficacy using various probiotics nor confirmed whether the level
of calprotectin changes with the dose of probiotics. In addition, the calprotectin levels in our mouse
model were not measured before treatment, i.e., no cutoff was applied. Baseline differences might have
affected the treatment outcomes. Thus, clinical research in humans using various probiotics is needed
in the future to validate our findings.

4. Materials and Methods

4.1. Animals

SKH-1 hairless mice were purchased from Dooyeol Biotech. Female mice were housed in a specific
pathogen-free facility. All animal procedures were approved by the Institutional Animal Care and Use
Committee of Kangwon National University (KW-181129-2, 29 November 2018). The SKH-1 hairless
mice were divided into following four groups: Group 1, the control group (1 = 6); Group 2, the vehicle
group (n = 6); Group 3, Ox-induced AD (n = 6); and Group 4, Ox-induced AD with probiotics (1 = 6).
The AD groups were sensitized with 1% Ox in acetone (Sigma-Aldrich, Burlington, MA, USA, E0753)
daily for 1 week, while the vehicle group were treated with acetone only. After 1 week, the vehicle
group or Ox-induced AD groups were treated with acetone or 0.1% Ox daily for 5 weeks, respectively.
Probiotics (Lactobacillus, 1 x 10® CFU in 500 uL per day; HANWHA PHARMA, 612091-5-2) were
orally administered to Ox-induced AD mice with 0.1% Ox daily for 3 weeks (from 3 to 6 week) in
parallel with the sensitization.

4.2. ELISA

Mouse IgE, IL-4, and IL-13 concentrations were determined in the serum by using the ELISA Kits
(Finetest, Wuhan, China, #£EM0211, #EM0119, #EM0103) according to the manufacturer’s protocols.
For the detection of the fecal calprotectin level, fecal supernatant samples were lysed in RIPA (ELPIS,
Seoul, Korea, #£EBA-1140) with protease inhibitor (Thermo Scientific, Waltham, MA, USA, #78430) and
analyzed with ELISA kits (Finetest, #£EM1620).
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4.3. Immunohistochemistry

The immobilized dermal skin sections were stained with hematoxylin and eosin (BBC, #3540,
#3600). For the investigation of mast cell infiltration, sections were stained with toluidine blue O
(Sigma-Aldrich, Burlington, MA, USA, #T3260-5G). To evaluate mast cell counts, five mice in each
group were used and data were obtained from four fields and averaged.

4.4. Immunofluorescence Staining

The paraffin block-embedded skin sections were immobilized, and then immunofluorescence was
performed on deparaffinized mouse skin tissue slides. The slides were blocked with 10% goat serum
(normal goat serum, Cell Signaling, H5425) in distilled water for 1 h at room temperature. After washing,
the tissue sections were incubated with primary antibodies against filaggrin (Santa Cruz, TX, USA,
#5c66192) and loricrin (Abcam, Cambridge, UK, #ab85679) overnight at 4 °C. The slides were then
incubated with corresponding secondary antibodies for 1 h at room temperature as follows: goat-anti
mouse Alexa Fluor® 488 (Abcam, #150077) and goat-anti mouse Alexa Fluor® 594, (Abcam, #150116).
All the sections were counterstained with DAPIL

4.5. Quantitative Real-Time PCR (qgPCR)

Quantitative real-time PCR was performed as previously described [33]. Briefly, total RNA from
dorsal skin was extracted using TRIzol reagent (Ambion, 15596018) and quantitative PCR analyses
were performed using a Step One Plus real time PCR system (Applied Biosystems, Warrignton, UK)
with all the reactions performed in triplicate. The qPCR reactions involved pre-denaturation at 95 °C
for 10 min, 95 °C for 15 s, and 60 °C for 1 min for 40 cycles. The primers are listed in Table 1.

Table 1. Primer sequences used for qPCR.

Genes Sequences 5’ to 3’ Product Size (bp)
e F  AGGATACCACTCCCAACAGACCT »
R CAAGTGCATCATCGTTGTTCATAC
F  AGATGGATGTGCCAAACGTCCTCA
I-4 R AATATGCGAAGCACCTTGGAAGCC 107
F  TGAGGAGCTGAGCAACATCACACA
113 R TGCGGTTACAGAGGCCATGCAAT 176
F GCCAAGCCTTATCGGAAATG
110 R CACCCAGGGAATTCAAATGC 102
F CCGACCTCATTTTCTTCTGG
l-ler R GTGCACCCGACTTTGTTCTT 104
115 F CCCAAGCAATACCCAAAGAA .
R GCTTGTGCTCTGCTTGTGAG
Copase1 AGATGGCACATTTCCAGGAC 1
R GATCCTCCAGCAGCAACTTC
F  GCCCTCTACAAGAATGACTTCAAG
5100a8 R ATC ACC ATC GCA AGG AAC TCC 151
F  TGGTGGAAGCACAGTTGGCAAC
51003 R CAGCATCATACACTCCTCAAAGC 165
Gapih F GTTGTCTCCTGCGACTTCA .
R GGTGGTCC GGGTTTCTTA

4.6. Western Blotting

Western blotting was performed as previously described [34]. Briefly, lysates from dorsal skin
and gut tissues were lysed in RIPA with protease inhibitor and quantified using the BCA protein
assay (Thermo Scientific, Waltham, MA, USA, 23225). Then, 20 pg of protein were loaded into
an SDS-PAGE gel (10% or 12%) and transferred to PVDF membranes (Millipore, Burlington, MA,
USA, IPVH00010). The nonspecific binding of proteins was blocked with 5% skim milk for 1 h at
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room temperature, then the membranes were incubated with the primary antibodies anti-5S100A8
(R&D system, Minneapolis, MN, USA, af2059) and anti-S100A9 (R&D system, af2065) overnight at
4 °C. Their corresponding secondary antibodies were incubated with the membranes for 1 h at room
temperature. The membranes were scanned with a ChemiDoc imaging system (Bio-Rad Laboratories).

4.7. Statistical Analysis

To evaluate the therapeutic effects of probiotics in vivo, at least three animals per group were used in
each experiment. Data pooled from two independent experiments are presented as the mean + standard
deviation (SD) unless otherwise indicated. All data analysis was performed in the GraphPad Prism
software (GraphPad Software Inc, San Diego, CA, USA). The non-parametric Mann-Whitney U test
was used for data analyses, and a value of p < 0.05 was considered statistically significant.

5. Conclusions

Our results indicated the existence of anti-inflammatory effects of and attenuation of epidermal
skin lesions by probiotics treatment in an Ox-induced AD mice model. The administration of
probiotics significantly decreased the levels of fecal calprotectin in an Ox-induced AD mouse model.
Overall, these results suggest that changes in fecal calprotectin levels could be used to assess the
effectiveness of a probiotic strain as an adjuvant treatment for AD.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/11/
3968/s1. Figure S1. Effects of probiotics on the temporal protein expression of calprotectin in the skin and guts of
Ox-induced AD mice.

Author Contributions: Y.H., and S.-H.H. conceived designed the experiments and wrote the manuscript; M.-]. K.,
J-YK, MK, and M.-H.W. performed experiments and analyzed the data. All authors have read and agreed to the
published version of the manuscript.

Funding: This study was supported by grants from Basic Science Program through the National Research
Foundation (NRF) funded by the Ministry of Education (2020R111A3053276) and 2019 Amorepacific grant.

Acknowledgments: We thank Jung-Hyun Kim, Roya Rasaei, Suji Jeong for their valuable technical and animal
care assistance.

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

References

1. Hahm, M.I; Kim, J.; Kwon, H.J.; Chae, Y.; Ahn, K,; Lee, HY. Exposure to mould allergens and
rhinoconjunctivitis in Korean children. Pediatr. Allergy Immunol. 2016, 27, 290-298. [CrossRef] [PubMed]

2. Lee, KS.; Oh, IL.H,; Choi, S.H.; Rha, YH. Analysis of Epidemiology and Risk Factors of Atopic Dermatitis in
Korean Children and Adolescents from the 2010 Korean National Health and Nutrition Examination Survey.
Biomed. Res. Int. 2017, 2017, 5142754. [CrossRef] [PubMed]

3. Nutten, S. Atopic dermatitis: Global epidemiology and risk factors. Ann. Nutr. Metab. 2015, 66, 8-16.
[CrossRef] [PubMed]

4. Otsuka, A.; Nomura, T.; Rerknimitr, P; Seidel, ].A.; Honda, T.; Kabashima, K. The interplay between genetic
and environmental factors in the pathogenesis of atopic dermatitis. Immunol. Rev. 2017, 278, 246-262.
[CrossRef]

5. Salem, I.; Ramser, A.; Isham, N.; Ghannoum, M. A. The Gut Microbiome as a Major Regulator of the Gut-Skin
Axis. Front. Microbiol. 2018, 9, 1459. [CrossRef]

6. Makrgeorgou, A.; Leonardi-Bee, J.; Bath-Hextall, FJ.; Murrell, D.E; Tang, M.L.; Roberts, A.; Boyle, R.J.
Probiotics for treating eczema. Cochrane Database Syst. Rev. 2018, 11, CD006135. [CrossRef]

7. Rodrigo, L. Fecal calprotectin. Rev. Esp. Enferm. Dig. 2007, 99, 683—-688. [CrossRef]

8.  Kosiewicz, M.M.; Dryden, G.W.; Chhabra, A.; Alard, P. Relationship between gut microbiota and development
of T cell associated disease. FEBS Lett. 2014, 588, 4195-4206. [CrossRef]


http://www.mdpi.com/1422-0067/21/11/3968/s1
http://www.mdpi.com/1422-0067/21/11/3968/s1
http://dx.doi.org/10.1111/pai.12520
http://www.ncbi.nlm.nih.gov/pubmed/26663367
http://dx.doi.org/10.1155/2017/5142754
http://www.ncbi.nlm.nih.gov/pubmed/28904961
http://dx.doi.org/10.1159/000370220
http://www.ncbi.nlm.nih.gov/pubmed/25925336
http://dx.doi.org/10.1111/imr.12545
http://dx.doi.org/10.3389/fmicb.2018.01459
http://dx.doi.org/10.1002/14651858.CD006135.pub3
http://dx.doi.org/10.4321/S1130-01082007001200001
http://dx.doi.org/10.1016/j.febslet.2014.03.019

Int. ]. Mol. Sci. 2020, 21, 3968 12 0f13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Maslowski, K.; Vieira, A.; Ng, A.; Kranich, J.; Sierro, F; Yu, D.; Schilter, H.C.; Rolph, M.S.; Mackay, F.;
Artis, D.; et al. Regulation of inflammatory responses by gut microbiota and chemoattractant receptor GPR43.
Nature 2009, 461, 1282-1286. [CrossRef]

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]

Wang, S.; Song, R.; Wang, Z.; Jing, Z.; Ma, J. SI00A8/A9 in Inflammation. Front. Immunol. 2018, 9, 1298.
[CrossRef] [PubMed]

Beser, O.F; Sancak, S.; Erkan, T.; Kutlu, T.; Cokugras, H.; Cokugras, F.C. Can Fecal Calprotectin Level Be Used
as a Markers of Inflammation in the Diagnosis and Follow-Up of Cow’s Milk Protein Allergy? Allergy Asthma
Immunol. Res. 2014, 6, 33-38. [CrossRef] [PubMed]

Orivuori, L.; Mustonen, K.; De Goffau, M.C.; Hakala, S.; Paasela, M.; Roduit, C.; Genuneit, J.; Lauener, R.;
Riedler, J.; Weber, J.; et al. High level of fecal calprotectin at age 2 months as a marker of intestinal
inflammation predicts atopic dermatitis and asthma by age 6. Clin. Exp. Allergy 2015, 45, 928-939. [CrossRef]
[PubMed]

Levkovich, T.; Poutahidis, T.; Smillie, C.; Varian, B.].; Ibrahim, Y.M.; Lakritz, J.R.; Alm, E.J.; Erdman, S.E.
Probiotic bacteria induce a ‘glow of health’. PLoS ONE 2013, 8, e53867. [CrossRef] [PubMed]

O'Neill, C.A.; Monteleone, G.; McLaughlin, ].T,; Paus, R. The gut-skin axis in health and disease: A paradigm
with therapeutic implications. Bioessays 2016, 38, 1167-1176. [CrossRef]

Kim, Y.G.; Udayanga, K.G.; Totsuka, N.; Weinberg, ].B.; Nunez, G.; Shibuya, A. Gut dysbiosis promotes M2
macrophage polarization and allergic airway inflammation via fungi-induced PGE(2). Cell Host Microbe 2014,
15,95-102. [CrossRef]

Purchiaroni, F; Tortora, A.; Gabrielli, M.; Bertucci, F; Gigante, G.; Ianiro, G.; Ojetti, V.; Scarpellini, E.;
Gasbarrini, A. The role of intestinal microbiota and the immune system. Eur. Rev. Med. Pharm. Sci. 2013, 17,
323-333.

Seite, S.; Bieber, T. Barrier function and microbiotic dysbiosis in atopic dermatitis. Clin. Cosmet. Investig.
Dermatol. 2015, 8, 479-483. [CrossRef]

Johnson, C.C.; Ownby, D.R. The infant gut bacterial microbiota and risk of pediatric asthma and allergic
diseases. Transl. Res. 2017, 179, 60-70. [CrossRef]

Huang, R.; Ning, H.; Shen, M; Li, J.; Zhang, J.; Chen, X. Probiotics for the Treatment of Atopic Dermatitis
in Children: A Systematic Review and Meta-Analysis of Randomized Controlled Trials. Front. Cell Infect.
Microbiol. 2017, 7, 392. [CrossRef]

Wang, L.].; Wang, ].Y. Children with atopic dermatitis show clinical improvement after Lactobacillus exposure.
Clin. Exp. Allergy 2015, 45, 779-787. [CrossRef]

Gruber, C.; Wendt, M.; Sulser, C.; Lau, S.; Kulig, M.; Wahn, U.; Werfel, T.; Niggemann, B. Randomized,
placebo-controlled trial of Lactobacillus rhamnosus GG as treatment of atopic dermatitis in infancy.
Allergy 2007, 62, 1270-1276. [CrossRef]

Folster-Holst, R.; Miiller, F.; Schnopp, N.; Abeck, D.; Kreiselmaier, I.; Lenz, T.; Von Riiden, U.; Schrezenmeir, J.;
Christophers, E.; Weichenthal, M. Prospective, randomized controlled trial on Lactobacillus rhamnosus in
infants with moderate to severe atopic dermatitis. Br. J. Dermatol. 2006, 155, 1256-12561. [CrossRef]

Tibble, J.A.; Sigthorsson, G.; Foster, R.; Forgacs, I.; Bjarnason, I. Use of surrogate markers of inflammation and
Rome criteria to distinguish organic from nonorganic intestinal disease. Gastroenterology 2002, 123, 450-460.
[CrossRef]

Takashima, S.; Kato, J.; Hiraoka, S.; Nakarai, A.; Takei, D.; Inokuchi, T.; Sugihara, Y.; Takahara, M.; Harada, K,;
Okada, H.; et al. Evaluation of Mucosal Healing in Ulcerative Colitis by Fecal Calprotectin Vs. Fecal
Immunochemical Test. Am. J. Gastroenterol. 2015, 110, 873-880. [CrossRef]

Seo, S.C.; Ahn, S.H; Ri, S.; Yoon, Y.; Byeon, ].H.; Kim, S.H.; Yoon, W.; Yoo, Y. Elevated fecal calprotectin levels
are associated with severity of atopic dermatitis in children. Asian Pac. ]. Allergy Immunol. 2018, 36, 82-87.
Zhu, Q.; Li, F; Wang, J.; Ma, ].; Sheng, X. Upregulation of calprotectin in mild IgE-mediated ovalbumin
hypersensitivity. Oncotarget 2017, 8, 37342-37354. [CrossRef]

Conte, M.P; Schippa, S.; Zamboni, I.; Penta, M.; Chiarini, F; Seganti, L.; Osborn, J.; Falconieri, P.; Borrelli, O.;
Cucchiara, S. Gut-associated bacterial microbiota in paediatric patients with inflammatory bowel disease.
Gut 2006, 55, 1760-1767. [CrossRef]


http://dx.doi.org/10.1038/nature08530
http://dx.doi.org/10.1016/j.jaci.2015.08.021
http://dx.doi.org/10.3389/fimmu.2018.01298
http://www.ncbi.nlm.nih.gov/pubmed/29942307
http://dx.doi.org/10.4168/aair.2014.6.1.33
http://www.ncbi.nlm.nih.gov/pubmed/24404391
http://dx.doi.org/10.1111/cea.12522
http://www.ncbi.nlm.nih.gov/pubmed/25758537
http://dx.doi.org/10.1371/journal.pone.0053867
http://www.ncbi.nlm.nih.gov/pubmed/23342023
http://dx.doi.org/10.1002/bies.201600008
http://dx.doi.org/10.1016/j.chom.2013.12.010
http://dx.doi.org/10.2147/CCID.S91521
http://dx.doi.org/10.1016/j.trsl.2016.06.010
http://dx.doi.org/10.3389/fcimb.2017.00392
http://dx.doi.org/10.1111/cea.12489
http://dx.doi.org/10.1111/j.1398-9995.2007.01543.x
http://dx.doi.org/10.1111/j.1365-2133.2006.07558.x
http://dx.doi.org/10.1053/gast.2002.34755
http://dx.doi.org/10.1038/ajg.2015.66
http://dx.doi.org/10.18632/oncotarget.16954
http://dx.doi.org/10.1136/gut.2005.078824

Int. ]. Mol. Sci. 2020, 21, 3968 13 0f 13

29.

30.

31.

32.

33.

34.

Mylonaki, M.; Rayment, N.B.; Rampton, D.S.; Hudspith, B.N.; Brostoff, ]. Molecular characterization of rectal
mucosa-associated bacterial flora in inflammatory bowel disease. Inflamm. Bowel Dis. 2005, 11, 481-487.
[CrossRef]

Ott, S.J.; Musfeldt, M.; Wenderoth, D.E,; Hampe, J.; Brant, O.; Folsch, U.R.; Timmis, K.N.; Schreiber, S.
Reduction in diversity of the colonic mucosa associated bacterial microflora in patients with active
inflammatory bowel disease. Gut 2004, 53, 685-693. [CrossRef]

Savino, F.; Cordisco, L.; Tarasco, V.; Calabrese, R.; Palumeri, E.; Matteuzzi, D. Molecular identification of
coliform bacteria from colicky breastfed infants. Acta Paediatr. 2009, 98, 1582-1588. [CrossRef]

Savino, F; Cresi, F.; Pautasso, S.; Palumeri, E.; Tullio, V.; Roana, J.; Silvestro, L.; Oggero, R. Intestinal
microflora in breastfed colicky and non-colicky infants. Acta Paediatr. 2004, 93, 825-829. [CrossRef]

Kim, J.; Kim, W.J.; Ha, K.S.; Han, E.T,; Park, W.S.; Yang, S.R.; Hong, S.H. Perivascular Stem Cells Suppress
Inflammasome Activation during Inflammatory Responses in Macrophages. Int. |. Stem. Cells 2019, 12,
419-429. [CrossRef]

Kim, J.Y,; Lee, J.Y,; Ha, K.S.; Han, E.T.; Park, W.S.; Min, C.K.; Hong, S.H. Perivascular Cells and NADPH
Oxidase Inhibition Partially Restore Hyperglycemia-Induced Alterations in Hematopoietic Stem Cell and
Myeloid-Derived Suppressor Cell Populations in the Bone Marrow. Int. ]. Stem. Cells 2018, 12, 63-72.
[CrossRef]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1097/01.MIB.0000159663.62651.4f
http://dx.doi.org/10.1136/gut.2003.025403
http://dx.doi.org/10.1111/j.1651-2227.2009.01419.x
http://dx.doi.org/10.1111/j.1651-2227.2004.tb03025.x
http://dx.doi.org/10.15283/ijsc19115
http://dx.doi.org/10.15283/ijsc18097
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Probiotics Can Improve AD-Like Skin Lesions in Oxazolone (Ox)-Induced AD 
	Probiotics Can Attenuate Epidermal Skin Lesions in Ox-Induced AD Mice 
	Probiotics Can Reduce Th2-Associated Cytokines and Pro-Inflammatory Cytokines 
	Probiotics Can Effectively Restore Impaired Skin Barrier Formation 
	Probiotics Can Decrease the Level of Calprotectin Increased in the Feces of AD Mice 

	Discussion 
	Materials and Methods 
	Animals 
	ELISA 
	Immunohistochemistry 
	Immunofluorescence Staining 
	Quantitative Real-Time PCR (qPCR) 
	Western Blotting 
	Statistical Analysis 

	Conclusions 
	References

