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ABSTRACT

Purpose: The beneficial effects of a combination therapy using Bifidobacterium longum and 
galactooligosaccharide (GOS) for the treatment of atopic dermatitis (AD) have not been 
elucidated.
Methods: Gene expressions of interleukin (IL)-4 and IL-13 from peripheral blood 
mononuclear cells and fecal abundance of B. longum from 12-month-old infants were 
evaluated. Human primary epidermal keratinocytes (HEKs) and hairless mice were treated 
with B. longum, GOS, B. longum-derived extracellular vesicles (BLEVs), dinitrochlorobenzene 
(DNCB), or a synbiotic mixture of B. longum and GOS. Expression of epidermal barrier 
proteins and cytokines as well as serum immunoglobulin E (IgE) levels were analyzed in 
HEKs and mice. Dermatitis scores, transepidermal water loss (TEWL), epidermal thickness, 
and fecal B. longum abundance were evaluated in mice.
Results: Fecal abundance of B. longum was negatively correlated with blood IL-13 expression in 
infants. B. longum or BLEVs increased expression of filaggrin (FLG) and loricrin (LOR) in HEKs. 
B. longum increased the efficacy of GOS to upregulate FLG and LOR expressions in HEKs. Oral 
administration of GOS increased fecal abundance of B. longum in mice. Oral administration 
of B. longum attenuated DNCB-induced skin inflammation, abnormal TEWL, AD-like skin, 
and deficiency of epidermal barrier proteins. Moreover, the combination of B. longum and 
GOS showed greater effects to improve DNCB-induced skin inflammation, abnormal TEWL, 
AD-like skin, serum IgE levels, IL-4 over-expression, and the deficiency of epidermal barrier 
proteins than the administration of B. longum alone.
Conclusions: B. longum and GOS improve DNCB-induced skin barrier dysfunction and AD-
like skin.
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INTRODUCTION

Recent insights into the pathophysiology of atopic dermatitis (AD) have focused on the 
pivotal roles of gut microbial dysbiosis and skin barrier dysfunction.1-3 It has been reported 
that children with eczema have low numbers of Lactobacillus, Bifidobacterium (B), and Bacteroides 
in the gut.4 Additionally, previous studies have suggested that oral administration of 
probiotics and prebiotics, such as galactooligosaccharide (GOS), has beneficial effects on the 
treatment of AD.5-7 Skin barrier dysfunction is a characteristic finding of AD and considered 
an initial step in the development of allergic diseases.3,8,9 Thus, maintaining normal skin 
barrier function is important for preventing and controlling AD.1,10,11

B. longum is one of the dominant microbial strains in the gut of vaginally-delivered and breast-
fed infants.12 It has been suggested that B. longum inhibits the expression of T helper type 2 
(Th2) cytokines and reduces immunoglobulin E (IgE) levels.13 GOS provides energy sources 
for intestinal microbes and produces short-chain fatty acids (SCFAs) that stimulate the 
growth of beneficial microorganisms.7,14,15 It has been demonstrated that oral administration 
of GOS attenuates dinitrochlorobenzene (DNCB)-induced dermatitis symptoms via changes 
in the intestinal microbial community and inhibition of Th2 cytokines.16 Therefore, it is 
supposed that oral administration of probiotics or prebiotics has beneficial effects on AD. 
However, specific mechanisms underlying the beneficial effects of probiotics and prebiotics 
have not been fully understood. Recently, it has also been proposed that a combination 
therapy with both probiotics and prebiotics is more effective than a single therapy of 
probiotics or prebiotics alone for the treatment of AD.17 However, it has not been clarified 
whether the combination therapy is more effective than a single therapy of probiotics or 
prebiotics alone for the treatment of AD.

Therefore, the present study examined whether B. longum modulates epidermal barrier 
proteins. Also, the beneficial effects of a synbiotic mixture (B. longum and GOS) on skin 
barrier dysfunction and AD-like skin were investigated.

MATERIALS AND METHODS

Human subjects and analysis of blood and fecal samples
Blood and fecal samples were collected from Korean 12-month-old infants who had never 
been administered oral antibiotics. Peripheral blood mononuclear cells (PBMCs) were purified 
from peripheral blood using standard Ficoll-PaqueTM PLUS (GE Healthcare, Chicago, IL, USA) 
gradient centrifugation according to the manufacturer’s instructions. Gene expressions of 
interleukin (IL)-4 and IL-13 from PBMC were evaluated using real-time reverse transcriptase-
polymerase chain reaction (RT-PCR). This study was approved by the Institutional Review 
Board (IRB) of Samsung Medical Center in Seoul (IRB No. 2016-12-111), and written informed 
consent was obtained from each parent prior to participation in this study.

Preparation of B. longum and GOS
The B. longum KACC 91563 (GenBank accession number CBG0412011-1) was provided by the 
National Institute of Animal Science, Rural Development Administration, Jeonju, Korea, and 
was freeze-dried in a skim-milk-based protectant. The GOS was purchased from Biosynth 
Carbosynth (Campton, Berkshire, UK). They were isolated from feces of healthy Korean 
infants and anaerobically cultured at 37ºC.
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Preparation and isolation of B. longum-derived extracellular vesicles (BLEVs)
B. longum was grown in tryptic soy broth, and 5 × 106 colony-forming units (CFU) /flask (150 
cm2) of B. longum were incubated with differentiated human primary epidermal keratinocytes 
(HEKs) in serum-free Epilife™ cell culture medium (Life Technologies, Grand Island, NY, 
USA) for 48 hours. Then, culture medium was centrifuged at 8,000 rpm for 20 minutes. The 
supernatant was filtered using a 0.22-μm bottle-top filter to remove cellular debris and stored at 
−80°C until use. Non-conditioned control medium was generated in the same manner as above, 
except that no cells were cultured on the plates. Protein concentrations of BLEVs were measured 
using a Bicinchoninic Protein Assay Kit (ThermoFisher Scientific, Rockford, IL, USA).

Human primary keratinocytes culture
The HEKs were derived from neonatal foreskin and grown in serum-free EpiLife™ cell 
culture medium (Life Technologies) containing 0.06 mmol/L calcium chloride, 1% human 
keratinocyte growth supplement S7 (Life Technologies), and 1% gentamicin/amphotericin as 
described previously.9 To investigate the effects of the B. longum, GOS, and a synbiotic mixture 
(B. longum and GOS) on the mRNA expression of filaggrin (FLG) and loricrin (LOR), HEKs 
were differentiated in the presence of 1.3 mmol/L CaCl2 for 3 days. Cells were then incubated 
with B. longum (0.01, 0.05, or 0.1 CFU/cell), GOS (0.01%), a synbiotic mixture, a combination 
of IL-4 (5 ng/mL, R&D Systems, Minneapolis, MN, USA) and IL-13 (5 ng/mL, R&D Systems), 
or interferon (IFN)-γ (10 ng/mL, R&D Systems) for additional 24 hours. To investigate the 
effects of BLEVs on the expression of FLG and LOR, HEKs were differentiated in the presence 
of 1.3 mmol/L CaCl2 for 3 days. HEKs were then incubated with BLEVs (0, 25, 50, or 100 ng/
mL) for additional 24 hours. All reagents including B. longum, GOS, cytokines, and BLEVs 
were diluted using the serum-free EpiLife™ cell culture medium (Life Technologies) for in 
vitro experiments.

Animal study
Hairless mice (Crl: SKH1-Hrhr, female, 12-week-old, Orient Bio Incorporation, Seongnam, 
Korea) were applied with 100 μL of 0.75% DNCB (Sigma-Aldrich Inc, St. Louis, MO, USA) in 
propylene glycol:EtOH (7:3 v/v) to the dorsal skin once daily for 4 weeks, while mice in the 
non-treatment group were treated with propylene glycol:EtOH (7:3 v/v) alone. The DNCB-
treated mice were divided into 3 groups: the DNCB alone group, DNCB skin treatment plus 
oral administration of B. longum group, and DNCB plus synbiotics (oral administration of a 
combination of B. longum and GOS) group. The B. longum (107 CFU per mouse) and GOS (8 
mg per mouse) were administered orally once a day from days 7 to 28. The dose was chosen 
in terms of previous animal study results, where B. longum was administered in doses ranging 
between 1 × 107 and 5 × 109 CFU/day.18,19 Mice were housed in a temperature-controlled animal 
room (24°C ± 2°C) under a 12 h/12 h light–dark cycle. They were fed standard laboratory food 
and water during the experiments. All experiments were approved by the Institutional Animal 
Care and Use Committee of Samsung Medical Center, Seoul, Korea (Certification No. SMC-
20201113001).

Transepidermal water loss (TEWL) and dermatitis score were evaluated on days 0, 7, 14, 21, and 
28. On each measurement day, a device from GPower Inc. (Seoul, Korea) was used to obtain 3 
measurements of TEWL in the dorsal skin of each mouse, and the mean values were calculated. 
The severity of erythema/hemorrhage, scarring/dryness, excoriation/erosion, and edema was 
scored as 0 (none), 1 (mild), 2 (moderate), or 3 (severe). The dermatitis score was defined as 
the sum of these individual scores. All mice were euthanized using carbon dioxide on the final 
day of the experimental schedule, and 2 skin biopsy specimens (4 mm) were obtained from 
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each animal. The skin biopsy specimens were submerged immediately into either TRI Reagent® 
(Sigma-Aldrich Inc) or 4% buffered formalin for real-time RT-PCR and immunostaining. 
Sections from formalin-fixed, paraffin-embedded skin were stained with hematoxylin and 
eosin (H&E), and epidermal thickness was measured under a microscope. Blood samples were 
obtained from mice, and total serum IgE concentration was measured using enzyme-linked 
immunosorbent assay (ELISA) kits (eBioscience Inc., San Diego, CA, USA).

RNA preparation and real time RT-PCR
The skin biopsy specimens of each mouse in TRI Reagent® (Sigma-Aldrich Inc) were 
homogenized, and chloroform was added. After centrifugation, the aqueous phase was 
transferred to a new tube and isopropanol was added. After centrifugation, the supernatant 
was removed and 70% ethanol was added to the RNA pellet. RNeasy Mini Kits (Qiagen, 
Valencia, CA, USA) were used according to the manufacturer’s protocol to isolate RNA 
from keratinocytes or the skin biopsies of mice. The RNA was reverse transcribed into 
cDNA using SuperScript® VILOTM MasterMix according to the manufacturer’s protocol 
(Life Technologies). The cDNA was analyzed using real-time quantitative-PCR and an ABI 
prism 7900 real-time PCR instrument (Applied Biosystems, ThermoFisher Scientific) as 
described previously.20 Primers and probes for GAPDH, IL-4, IL-5, IL-10, IL-12, IL-13, IL-33, 
transforming growth factor (TGF)-β, FLG, LOR, transglutaminase (TGM)-3, keratin (KRT)-1, 
KRT-10, and desmoglein (DSG)-1 were purchased from Applied Biosystems and normalized 
to the GAPDH mRNA levels.

Western blot
For Western blot analysis, 20 μg of total proteins extracted from HEKs were separated on 4%–
20% Tris-Glycine gel (Invitrogen, Carlsbad, CA, USA) and transferred to the nitrocellulose 
membrane (Invitrogen). Membranes were blocked for 1 hour at room temperature in 5% non-
fat milk. Primary antibodies were diluted with their respective blocking buffers and incubated 
overnight at 4°C. Antibodies against FLG (1:200 dilution, Cat# sc-66192, Santa Cruz 
Biotechnology Inc., Dallas, TX, USA), and β-actin (1:5,000 dilution, Cat# A-5441, Sigma-
Aldrich) were used as primary antibodies. Washing was performed with TBS 0.1% Tween 20 
(TBS-T) before addition of goat anti-mouse IgG HRP-conjugated secondary antibody (1:5,000 
diluted, Cat# ab205719, Abcam) for 1 hour at room temperature. After incubating secondary 
antibody and washing with TBS-T, chemiluminescence detection was performed using a 
chemiluminescence kit (Amersham ECL Western Blotting Kit, GE Healthcare) and developed 
on Automatic X-RAY Film Processor JP-33 (JPI Healthcare, Korea). The densitometry of 
the detected protein bands was calculated using ImageJ software, version 1.52 (National 
Institutes of Health, Bethesda, MD, USA).

Immunofluorescence staining
Mouse skin sections were fixed and blocked with 5% bovine serum albumin and Super Block 
(ScyTek Laboratories, Logan, UT, USA). Slides were stained with an antibody against FLG 
(1:500 dilution, Cat# 905804, BioLegend, San Diego, CA, USA). Nuclei were visualized with 
DAPI, and wheat germ agglutinin-conjugated FITC was used to stain the cytoskeleton. The 
slides were visualized using fluorescent microscopy (Leica, Wetzler, Germany). Images were 
collected at 400x magnification, and the mean fluorescence intensity was measured using 
Slidebook 6.0 (Intelligent Imaging Innovations, Denver, CO, USA).
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Analysis of the gut microbiome
Total DNA from fecal samples obtained from infants and mice was extracted using a 
FastDNA® SPIN Kit for Soil (MP Biomedicals, Santa Ana, CA, USA). Then, PCR amplification 
of the DNA was performed using fusion primers targeting the V3 to V4 regions of the 16S 
rRNA gene with the extracted DNA. The PCR amplification, DNA extraction, and sequencing 
were carried out at Chunlab, Inc. (Seoul, Korea) using the Illumina MiSeq Sequencing system 
(Illumina, San Diego, CA, USA) as described previously.21 After the QC pass, paired-end 
sequence data were merged using the fastq mergepairs command of VSEARCH version 2.13.4 
with default parameters.22 Chimeric reads were filtered on reads with <97% similarity by 
reference-based chimeric detection using the UCHIME algorithm and the non-chimeric 16S 
rRNA database from EzBioCloud.23

Statistical analysis
All statistical analyses were conducted using GraphPad Prism, version 9 (San Diego, CA, USA) 
and SPSS 27.0 software (SPSS Inc., Armonk, NY, USA). In cases where 2 groups were compared, 
data were analyzed using a paired or unpaired Student’s t test. Correlations between 2 variables 
were calculated using Spearman’s correlation. Statistical differences between 3 or more groups 
were determined using a one-way ANOVA, and significant differences were determined by a 
Tukey-Kramer post hoc test. All error bars represent the SEM.

RESULTS

The fecal proportion of B. longum was negatively correlated with IL-13 from PBMCs in 
12-month-old infants.

A total of 17 infants were enrolled, and the demographic findings are presented in Table. We 
found that the proportion of fecal B. longum among total fecal bacteria was negatively correlated 
with gene expression of IL-13 from PBMC (r = −0.501, P < 0.05) (Supplementary Fig. S1A). The 
relationship between the proportion of fecal B. longum and gene expression of IL-4 from PBMC 
failed to reach statistical significance (r = −0.448, P =0.08) (Supplementary Fig. S1B).
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Table. Clinical characteristics of the subjects (n = 17)
Characteristics Values
Sex (boys, %) 14 (82.4)
Birth weight (kg) 3.2 ± 0.3
Intrauterine period (wk)* 39.0 ± 1.9
Presence of atopic dermatitis 4 (23.5)
Birth type

Vaginal delivery 7 (41.2)
Cesarean section 10 (58.8)

Paternal history of allergic diseases
Atopic dermatitis 2 (11.8)
Allergic rhinitis 3 (17.6)
Asthma 0 (0.0)

Maternal history of allergic diseases
Atopic dermatitis 4 (23.5)
Allergic rhinitis 11 (64.7)
Asthma 2 (11.8)

Data are presented as number (%) or mean ± standard deviation.
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B. longum increased the efficacy of GOS to upregulate expression of epidermal barrier proteins 
in cultured human primary keratinocytes.

We examined whether B. longum and GOS modulate the expression of epidermal barrier 
proteins in HEKs. As depicted in Supplementary Fig. S2, gene expression of FLG was 
significantly increased in HEKs incubated with 0.05 CFU/cell (P < 0.001) or 0.1 CFU/cell (P < 
0.05) of B. longum compared to cells culutred in media alone (Supplementary Fig. S2A). 
Additionally, gene expression of FLG was significantly increased in HEKs incubated with 
0.01% GOS compared to cells cultured in media alone (P < 0.01) (Fig. 1A). Furthermore, FLG 
expression was significantly increased in HEKs treated with a synbiotic mixture (0.05 CFU/
cell of B. longum and 0.01% GOS) compared to cells treated with 0.05 CFU/cell of B. longum or 
0.01% GOS alone (all P < 0.001) (Fig. 1A). These findings were confirmed at the protein level 
using Western blotting (Fig. 1B and C). Similarly, various concentrations of B. longum (0.01, 
0.05, or 0.1 CFU/cell) significantly increased gene expression of LOR in HEKs (P < 0.001, 
< 0.001, and < 0.01, respectively) (Supplementary Fig. S2B). Gene expression of LOR was 
also significantly upregulated in HEKs treated with a synbiotic mixture (0.05 CFU/cell of B. 
longum and 0.01% GOS) compared to cells treated with 0.05 CFU/cell of B. longum or 0.01% 
GOS alone (P < 0.01 and < 0.001) (Fig. 1D). Gene expression of FLG and LOR was significantly 
reduced by Th2 cytokines (all P < 0.01) and increased by IFN-γ (all P < 0.001) (Supplementary 
Fig. S2A and B).

BLEVs upregulated gene expression of epidermal barrier proteins in cultured human primary 
keratinocyte.
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Fig. 1. The effects of B. longum, GOS, or synbiotic mixtures of B. longum and GOS on expression of epidermal barrier proteins in human primary keratinocytes. 
Gene (A) and protein (B and C) expression of FLG and gene expression of LOR (D) in cultured HEKs were evaluated by RT-PCR and Western blotting. Data are 
representative of 3 independent experimental replicates. The data are shown as the mean ± SEM. 
FLG, filaggrin; B. longum, Bifidobacterium longum; GOS, galactooligosaccharide; LOR, loricrin. 
†P < 0.01, ‡P < 0.001 by a one-way ANOVA with Tukey-Kramer’s post hoc test.
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As shown in Supplementary Fig. S3A, gene expressions of FLG was significantly increased 
in HEKs treated with 50 ng/mL BLEVs compared to cells cultured in media alone (P < 0.01). 
Similarly, gene expression of LOR was significantly increased in HEKs treated with 50 ng/mL 
of BLEVs compared to cells cultured in media alone (P < 0.001) (Supplementary Fig. S3B). 
Furthermore, gene expressions of FLG and LOR were significantly decreased in HEKs treated 
with Th2 cytokines (P < 0.001 and < 0.05, respectively) (Supplementary Fig. S3A and B), but 
increased significantly in HEKs treated with IFN-γ (all P < 0.001) (Supplementary Fig. S3A 
and B) compared to cells cultured in media alone.

A combination of B. longum and GOS had greater effects on improving DNCB-induced AD-
like skin and skin barrier dysfunction than B. longum in a murine model.

On days 14, 21, and 28, dermatitis scores were significantly decreased in mice treated with 
DNCB plus B. longum compared to those treated with DNCB alone (P < 0.05, < 0.001, and 
< 0.001, respectively) (Fig. 2A and B). Moreover, dermatitis scores on days 14, 21, and 28 
were further reduced in DNCB-treated mice fed with the combination of B. longum and GOS 
compared to those treated with DNCB alone (all P < 0.001) or DNCB plus B. longum (P < 0.05, 
< 0.001, and < 0.01, respectively) (Fig. 2A and B).

In addition, on days 21 and 28, TEWL was significantly decreased in mouse skin treated with 
DNCB plus B. longum compared to that treated with DNCB alone on days 21 and 28 (P < 0.01 
and < 0.001) (Fig. 2C). TEWL was significantly decreased on days 14, 21, and 28 in DNCB-
treated mice fed with the combination of B. longum and GOS compared to those treated with 
DNCB alone (P < 0.01, < 0.001, and < 0.001, respectively) or DNCB plus B. longum (P < 0.05, < 
0.01, and < 0.001, respectively) (Fig. 2C). Epidermal thickness was significantly increased in 
mice treated with DNCB compared to the control mice (non-treatment) (P < 0.001) (Fig. 2D, 
Supplementary Fig. S4A). However, epidermal thickness was significantly decreased in mice 
treated with DNCB plus B. longum compared to those treated with DNCB alone (P < 0.001) 
(Supplementary Fig. S4A). Moreover, epidermal thickness was significantly decreased in 
DNCB-treated mice fed with the combination of B. longum and GOS compared to those treated 
with DNCB plus B. longum (P < 0.001) (Supplementary Fig. S4A) or DNCB only (P < 0.001) 
(Supplementary Fig. S4A).

B. longum was not detected in fecal samples from mice not administered B. longum. The 
proportion of fecal B. longum among total fecal bacteria was significantly increased in mice 
treated with the combination of B. longum and GOS compared to those treated with B. longum 
alone (P < 0.001) (Supplementary Fig. S4B).

B. longum had beneficial effects with GOS to attenuate DNCB-induced expression of IgE and 
Th2 cytokines in a murine model.

In the present study, serum total IgE concentration was significantly increased in mice treated 
with DNCB compared to the control mice (non-treatment) (P < 0.001), but significantly 
decreased in those treated with B. longum (P < 0.01) (Fig. 3A). Moreover, serum IgE 
concentrations were significantly reduced in mice treated with the combination of B. longum and 
GOS compared to those treated with B. longum (P < 0.01) or DNCB alone (P < 0.001) (Fig. 3A). 
These findings indicate that B. longum attenuates DNCB-induced skin barrier dysfunction 
and a synbiotic mixture of B. longum and GOS further improves skin barrier dysfunction.
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Gene expressions of IL-4 (Fig. 3B), IL-13 (Fig. 3C) and IL-5 (Supplementary Fig. S5A) were 
significantly increased in mouse skin treated with DNCB (P < 0.001, < 0.001, and < 0.01, 
respectively), but significantly decreased in that treated with the combination of B. longum 
and GOS compared to that treated with DNCB alone (all P < 0.01). Also, gene expression 
of IL-4 was significantly decreased in mouse skin treated with the combination of B. longum 
and GOS compared to skin treated with B. longum alone (P < 0.05) (Fig. 3B). Moreover, gene 
expression of IL-5 was significantly decreased in mouse skin treated with B. longum compared 
to that treated with DNCB only (P < 0.05) (Supplementary Fig. S5A). No difference was 
observed in gene expression of IL-33 among the experimental groups (Supplementary Fig. S5B). 
Gene expressions of IL-10 was not significantly decreased in mouse skin treated with DNCB 
(Supplementary Fig. S5C), but TGF-β gene expression was significantly decreased in that treated 
with DNCB (P < 0.05) (Supplementary Fig. S5D). Gene expressions of IL-10 was significantly 
increased in mouse skin treated with the combination of B. longum and GOS compared to 
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*P < 0.05, †P < 0.01, ‡P < 0.001 by one-way ANOVA with the Tukey-Kramer test.
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that treated with B. longum (P < 0.05) or DNCB alone (P < 0.05) (Supplementary Fig. S5C). 
Similarly, gene expression of TGF-β was significantly increased in mouse skin treated with 
the combination of B. longum and GOS compared to that treated with DNCB alone (P < 0.05) 
(Supplementary Fig. S5D). However, IL-12 gene expression was not significantly affected by 
DNCB, B. longum, or the combination of B. longum and GOS (Supplementary Fig. S5E).

B. longum and GOS recover DNCB-induced inhibition of epidermal barrier proteins in 
murine skin.

Gene expression of FLG was significantly decreased in mouse skin treated with DNCB alone 
compared to untreated mouse skin (P < 0.05) (Fig. 4A). However, gene expression of FLG 
was significantly increased in mouse skin treated with B. longum compared to that treated 
with DNCB alone (P < 0.05) (Fig. 4A). Moreover, FLG gene expression was further increased 
in mouse skin treated with the combination of B. longum and GOS compared to that treated 
with DNCB (P < 0.01) or B. longum (P < 0.05) (Fig. 4A). These findings were confirmed at 
protein levels using immunofluorescent staining (Fig. 4B and C). Similarly, gene expressions 
of LOR (P < 0.001, Fig. 4D), KRT-10 (P < 0.001, Supplementary Fig. S6A), and DSG-1(P < 0.05, 
Supplementary Fig. S6B) were significantly decreased in mouse skin treated with DNCB 
compared to that untreated. However, gene expressions of LOR (P < 0.05, Fig. 4D), KRT-10 
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Fig. 3. The effects of B. longum and GOS on expression of IgE and T helper type 2 cytokines in a murine model. Serum IgE levels were measured by ELISA (A). 
Total RNAs were isolated from mouse skin, and gene expressions of IL-4 (B), and IL-13 (C) were examined by reverse transcriptase-polymerase chain reaction. 
The data are shown as the mean ± SEM of 2 independent experiments. Each point indicates individual mice, n = 5 mice per group. 
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*P < 0.05, †P < 0.01, ‡P < 0.001 by one-way ANOVA with the Tukey-Kramer test.
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(P < 0.05, Supplementary Fig. S6A), and DSG-1 (P < 0.05, Supplementary Fig. S6B) were 
significantly increased in mouse skin treated with B. longum compared to that treated with 
DNCB alone. Gene expressions of DSG-1 (P < 0.05, Supplementary Fig. S6B) and KRT-1 (P < 
0.01, Supplementary Fig. S6C) were increased in mouse skin treated with the combination 
of B. longum and GOS compared to that treated with DNCB alone. Moreover, gene expressions 
of LOR (P < 0.05 and < 0.001, Fig. 4D) and KRT-10 (P < 0.01 and < 0.001, Supplementary Fig. 
S6A) were further increased in mouse skin treated with the combination of B. longum and 
GOS compared to that treated with B. longum or DNCB alone. In contrast, gene expression of 
TGM-3 was significantly increased in mouse skin treated with DNCB compared to untreated 
mouse skin (P < 0.001), but significantly decreased in that treated with B. longum and synbiotics 
compared to that treated with DNCB alone (P < 0.05 and < 0.01) (Supplementary Fig. S6D).
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Fig. 4. The effects of B. longum or synbiotic mixtures of B. longum and GOS on epidermal barrier proteins in DNCB-induced atopic dermatitis-like skin. 
Gene (A) and protein (B and C) expressions of FLG and gene expression of LOR (D) were evaluated by reverse transcriptase-polymerase chain reaction and 
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DISCUSSION

In the present study, we initially presented a negative correlation between abundance of 
fecal B. longum and levels of Th2 cytokines, such as IL-4 and IL-13, from PBMC in infants. 
This finding suggests that increased abundance of B. longum is associated with decreased 
expression of Th2 cytokines, which cause skin barrier dysfunction and AD.2,20 Therefore, 
this observation led us to perform the current study because it is supposed that B. longum 
improves AD skin by the inhibition of Th2 cytokines.

Our in vitro data showed that both B. longum and BLEVs upregulated epidermal barrier 
proteins and that B. longum produced beneficial effects for GOS to upregulate epidermal 
barrier proteins. Moreover, B. longum and GOS recovered DNCB-induced skin barrier 
dysfunction and AD-like skin in vivo. These effects could be explained by the role of GOS 
on the growth of gut microbiota. It has been known that prebiotic fermentation products, 
including SCFAs and peptidoglycans, are utilized as substrates for microorganisms.7 It 
has also been reported that oral administration of prebiotics increases the proportions of 
Bacteroidetes, beneficial gut microflora.16 In the present study, the proportion of fecal B. longum 
was 2.5-fold greater in mice administered the combination of B. longum and GOS than in 
those administered B. longum alone. This finding supports that oral administration of GOS 
enhances the abundance of B. longum and plays important roles in the beneficial clinical 
effects of the synbiotic mixture.

In the present study, dermal application of DNCB increased serum IgE concentration and 
induced gene expression of IL-4, IL-5, and IL-13 in mouse skin. Dermal application of DNCB 
also downregulated expression of FLG, LOR, KRT-10, and DSG-1 in mouse skin, and increased 
TGM-3 expression, the latter of which has been reported to promote skin inflammation in 
AD as an autoallergen.24 These findings are compatible with those of previous reports that 
show DNCB induces overexpression of Th2 cytokines and downregulation of epidermal 
barrier proteins.25,26 Importantly, our in vivo data indicate that oral administration of B. longum 
mitigates DNCB-induced expression of Th2 cytokines and deficiency of epidermal barrier 
proteins. In a recent animal study, the expressions of procollagen type 1 and collagen type 
1 were significantly increased in the mice fed with the combination of B. longum and GOS.27 
These findings suggest that oral administration of B. longum could be an effective strategy for 
the treatment of AD because Th2 cytokines and lack of epidermal barrier proteins cause skin 
barrier dysfunction and induce AD.1,2,27,28 Indeed, our data showed that oral administration 
of B. longum attenuated skin barrier dysfunction and AD-like skin. Furthermore, the 
combination of B. longum and GOS had greater effects in improving DNCB-induced skin 
barrier dysfunction and AD-like skin compared to the treatment of B. longum alone.

Of note, it is inferred that the direct and indirect effects of probiotics and synbiotics had 
similar effects on skin barrier proteins in the present study, because in vitro and animal 
models represented the administration of those probiotic materials through skin and gut, 
respectively. It is noteworthy that in vitro models using HEKs and mice treated with probiotics 
or synbiotics had a similar outcome on gene expression of skin barrier proteins in the current 
study. In accordance with previous studies using HEKs, our in vitro study may indicate that 
molecular mechanisms mediated by probiotics or synbiotics to attenuate skin inflammation 
and enhance skin barrier function are similar in the skin and the gut.29,30 It is postulated 
that synbiotics can enhance epidermal barrier through a direct pathway as well as a pathway 
through Th2 cytokines because B. longum and GOS increased epidermal barrier proteins in 
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in vitro experiments. However, little is known about how probiotics directly act on epidermal 
barrier in the inflamed skin, and thus further research is needed before reaching conclusions 
on these mechanisms.

It has been suggested that oral administration of synbiotics not only increases the expression 
of immunoregulatory cytokines, such as IL-10 and TGF-β,31-33 but also inhibits IFN-γ and IL-12 
expression.34-36 Our present data showed that B. longum and GOS increased the expression 
of IL-10 and TGF-β, while they did not modulate IL-12 expression. Although the pathway of 
T-cell trafficking within tissues is not well known, animal experiments showed that CD4+ 
T cells preferentially migrate within the inflamed dermis in the direction of local collagen 
fibers.37 Previous reports showed that oral administration of probiotics increased Treg cells, 
which induces expression of IL-10 and TGF-β.5,38 Therefore, oral synbiotics therapy may 
improve DNCB-induced skin barrier dysfunction and AD-like skin by facilitating migration 
of Treg cells and inhibit expression of not only Th2 but also Th1 cytokines, which have shown 
beneficial effects on epidermal barrier proteins.39 These findings support a previous report 
that the ingestion of synbiotics is effective in the treatment of pediatric AD.17 However, 
anti-inflammatory effects of these probiotics and synbiotics on AD symptoms need to be 
examined in mice at different ages.

Our in vivo data suggest the existence of gut-to-skin crosstalk because oral administration 
of B. longum and synbiotics improved skin barrier dysfunction and AD-like skin. A recent 
study reported that oral administration of probiotics-derived EVs reduced skin inflammation 
and expression of IL-4 in a mouse model,40 potentially indicating a bacterial EVs-mediated 
interaction between microbiota and skin.40,41 Bacterial EVs have been shown to be involved in 
intercellular communication throughout the entire body as they are able to pass through tight 
junctions.42 Another explanation for our findings is that microbial fermentation metabolites 
as well as microbiome-derived Toll-like receptors (TLRs) can enter the bloodstream through 
enterocytes and affect distant organs.14,43,44 In the current study, we demonstrated that BLEVs 
upregulated gene expression levels of FLG and LOR in cultured HEKs. Moreover, it has been 
reported that EVs activate dendritic cells (DCs) and CD4+ T cells through the modulation of 
TLRs.45 It is evident that activated DCs promote differentiation of Th0 cells into Treg cells, 
which produce IL-10 and TGF-β.46 Therefore, we suggest that bacterial EVs from intestinal 
bacteria modulate skin inflammation by activating DCs and T cells as well as by direct 
invasion into skin through the blood stream. However, little is known about the kinetics and 
mechanisms of EVs in vivo.

In conclusion, our present study demonstrates that oral administration of B. longum can 
attenuate DNCB-induced skin barrier dysfunction and AD-like skin. Additionally, the 
combination of B. longum and GOS has greater effects in improving DNCB-induced skin 
barrier dysfunction and AD-like skin than the administration of B. longum alone. Oral 
supplementation of synbiotics may be more effective than a single therapy with probiotics or 
GOS alone for the treatment of AD.
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SUPPLEMENTARY MATERIALS

Supplementary Fig. S1
Correlation between the proportion of fecal B. longum among total bacteria and gene 
expression of T helper type 2 cytokines from peripheral blood mononuclear cell in infants. 
The proportion of fecal B. longum was negatively correlated with gene expression of IL-13 
(A), and the relationship between fecal B. longum and gene expression of IL-4 approached 
statistical significance (B). Correlation was calculated by means of Spearman correlation.

Click here to view

Supplementary Fig. S2
Effects of B. longum on expression of epidermal barrier proteins in human primary keratinocytes. 
Gene expression of FLG (A) and LOR (B) in cultured human primary epidermal keratinocytes 
were evaluated by reverse transcriptase-polymerase chain reaction. Data are representative of 3 
independent experimental replicates. The data are shown as the mean ± SEM.

Click here to view

Supplementary Fig. S3
Effects of BLEVs of B. longum and galactooligosaccharide on expression of epidermal barrier 
proteins in human primary keratinocytes. Gene expression of FLG (A) and LOR (B) in cultured 
HEKs were evaluated by RT-PCR. Data are representative of 3 independent experimental 
replicates. The data are shown as the mean ± SEM.

Click here to view

Supplementary Fig. S4
Effects of B. longum and GOS in a murine model. Epidermal thickness (A) and fecal 
abundance of B. longum (B) were evaluated. The data are shown as the mean ± SEM of two 
independent experiments, n = 5 mice per group.

Click here to view

Supplementary Fig. S5
Effects of B. longum and GOS on cytokine expression in a murine model. Gene expressions of 
IL-5 (A), IL-33 (B), IL-10 (C), TGF-β (D), and IL-12 (E) were examined by reverse transcriptase-
polymerase chain reaction. The data are shown as the mean ± SEM of two independent 
experiments. Each point indicates individual mice, n = 5 mice per group.

Click here to view

Supplementary Fig. S6
Effects of B. longum and GOS on expression of epidermal barrier proteins in a murine model. 
Gene expression of KRT-10 (A) DSG-1 (B), KRT-1 (C), and TGM-3 (D) were evaluated by reverse 
transcriptase-polymerase chain reaction. The data are shown as the mean ± SEM of 2 
independent experiments. Each point indicates individual mice, n = 5 mice per group.

Click here to view
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