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Gut microbiota restoration through fecal
microbiota transplantation: a new atopic dermatitis
therapy
Jong-Hwa Kim 1, Kiyoung Kim 1 and Wonyong Kim 1

Abstract
The pathogenesis of atopic dermatitis (AD) involves complex factors, including gut microbiota and immune
modulation, which remain poorly understood. The aim of this study was to restore gut microbiota via fecal microbiota
transplantation (FMT) to ameliorate AD in mice. FMT was performed using stool from donor mice. The gut microbiota
was characterized via 16S rRNA sequencing and analyzed using Quantitative Insights into Microbial Ecology 2 with the
DADA2 plugin. Gut metabolite levels were determined by measuring fecal short-chain fatty acid (SCFA) contents. AD-
induced allergic responses were evaluated by analyzing blood parameters (IgE levels and eosinophil percentage,
eosinophil count, basophil percentage, and monocyte percentage), the levels of Th1 and Th2 cytokines, dermatitis
score, and the number of mast cells in the ileum and skin tissues. Calprotectin level was measured to assess gut
inflammation after FMT. FMT resulted in the restoration of gut microbiota to the donor state and increases in the levels
of SCFAs as gut metabolites. In addition, FMT restored the Th1/Th2 balance, modulated Tregs through gut microbiota,
and reduced IgE levels and the numbers of mast cells, eosinophils, and basophils. FMT is associated with restoration of
gut microbiota and immunologic balance (Th1/Th2) along with suppression of AD-induced allergic responses and is
thus a potential new therapy for AD.

Introduction
Atopic dermatitis (AD) is a chronic inflammatory skin

disease known to affect ~15–30% of children and 10% of
adults1. The pathogenesis of AD is a complex combina-
tion of the immune response, impaired barrier function,
and microbial factors, but it remains poorly understood2.
Many studies have attributed changes in skin microbiota
to immune modulation due to disturbances in epidermal
barrier function3. However, there has been a recent focus
on gut microbiota in association with immune modula-
tion as a factor of interest in AD4.
The gut microbiota is composed of 100 trillion resident

bacteria and plays an important role in gut homeostasis
and immunity5. Restoration of gut homeostasis is con-
sidered a potential target for therapeutic strategies, since
dysbiosis of gut microbiota is thought to be influenced by

various diseases6,7. Many studies have discussed the
relationships between gut microbiota and diseases such as
AD, obesity, diabetes, immunological diseases, and neu-
rological diseases8–10. Previous studies on AD have
reported the effects of probiotic treatment on patients
with AD through gut microbiota diversity manipulation
or reduction, which were not always beneficial3,11–13.
Moreover, the effective dosage and therapeutic potential
of probiotics are unknown, as probiotics might be inhib-
ited by the gastrointestinal tract, including the stomach14.
Fecal microbiota transplantation (FMT), a novel

method for re-establishing gut microbiota3, allows long-
lasting alteration of the recipient’s microbiome, whereas
treatment with probiotics results in temporary coloniza-
tion15,16. FMT has been successfully applied for some
disorders, such as Clostridium difficile infection, inflam-
matory bowel disease, and diabetes, but it has not been
applied for AD17–19. FMT may be more effective than
probiotics for the treatment of AD. Therefore, the
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potential therapeutic effect of FMT was investigated by
gut microbiota manipulation, immune system modula-
tion, and fecal metabolite analysis using an AD
mouse model.

Material and methods
Ethics and animals
Five-week-old female BALB/c mice (n= 60; antibiotic

selection: n= 30; FMT experiment: n= 30) were pur-
chased from the Central Lab Animal Incorporation
(Seoul, South Korea) and adapted for 1 week. All mice
were housed in a cage with free access to food and water.
They were maintained under a 12-h light/dark cycle at
24 ± 2 °C and 55 ± 10% humidity. The animal experiment
was approved by the Chung-Ang University Institutional
Animal Care and Use Committee of the Laboratory
Animal Research Center (IACUC No. 2017-00044) and
conducted in accordance with the Korean Food and Drug
Administration guidelines.
The mice were randomly divided into three groups (n=

10/group): (1) the donor group (non-ovalbumin [OVA]-
sensitized+ phosphate-buffered saline [PBS]), (2) befor-
e_FMT group (OVA-sensitized+ PBS; AD induction), and
(3) FMT_8w group (OVA-sensitized+ fecal samples from
donor mice). AD was induced according to the method
described by Kim et al.20. To induce AD in mice by skin
sensitization, the dorsal hair was shaved using electric
clippers, and OVA grade V (Sigma-Aldrich, St. Louis, MO,
USA) and alum (Sigma-Aldrich) in PBS were applied twice
a week to the dorsal skin and administered by intraper-
itoneal injection on days 7, 21, 35, and 49 (Fig. S1).
The FMT group was subjected to FMT 1 week post-AD

induction. All groups were sacrificed 8 weeks post-AD
induction, and the dorsal skin, ileum, blood, and spleen were
collected for further analysis. Fecal samples were collected 1
and 6 weeks after FMT for gut microbiome analysis.

Antibiotic selection
Mice were administered one of five different antibiotics

(n= 3/group), i.e., streptomycin, vancomycin, ampicillin,
gentamycin, and the combination of streptomycin and
vancomycin (Sigma-Aldrich), before FMT, which deple-
ted the mouse gut microbiota. The antibiotics were sus-
pended in sterile water at concentrations of 20 and
100mg/ml, and 200 μl was administered by oral gavage.
After oral antibiotic treatment, the mice were housed in a
new cage with sterilized bedding. Fecal pellets were col-
lected 24 and 48 h later, vortexed at maximum speed for
1 min, and centrifuged at 1000 × g for 5 min. The super-
natants were then serially diluted and plated on brain
heart infusion agar (BD Difco, Sparks, MD, USA), and the
total number of colony-forming units (CFUs) was deter-
mined after incubation at 37 °C overnight.

Preparation for FMT
FMT was performed as described previously21,22. Prior

to FMT, fecal pellets were collected from four donor
BALB/c mice (the donor group), pooled, and placed in
1ml transfer buffer containing sterile filtered 0.05%
cysteine HCl (Sigma-Aldrich) in Dulbecco’s PBS (Sigma-
Aldrich) on ice. Fecal pellets were homogenized and
centrifuged at 3000 × g for 3 min at 4 °C. The supernatant
was collected and diluted with transfer buffer at a ratio of
1:3. The gut microbiota of mice with AD was depleted
following antibiotic treatment prior to FMT. The mice
were housed again in a cage with sterile bedding after
antibiotic treatment. Recipient mice (n= 10 per group)
were orally inoculated with diluted fecal suspension
(200 μl) for 2 weeks (a total of six times). The donor and
before_FMT mouse groups were only administered 200 μl
transfer buffer.

Gut microbiome analysis
Fecal samples were collected from each mouse, imme-

diately transported on ice, and stored at −80 °C. DNA was
extracted from the fecal samples using the FastDNA SPIN
kit for bacterial DNA (MP Biomedicals, Santa Ana, CA,
USA) according to the manufacturer’s instructions. The
V3–V4 region of the 16S rRNA gene was amplified via
polymerase chain reaction and sequenced using MiSeq-
based high-throughput sequencing (Illumina, San Diego,
CA, USA). After sequencing, raw FASTQ files were pro-
cessed using Quantitative Insights into Microbial Ecology
2 (QIIME2; version 2020.08) software23. The sequences
were filtered and trimmed to remove low-quality, short,
and chimeric reads using the DADA2 plugin in QIIME224.
The quality reads were Q-25, and the read length was
300 bp. The data table was imported into R software
(version 4.0.0; National Institutes of Health, Bethesda,
MD, USA), and normalized operational taxonomic unit
(OTU) levels were used to analyze the alpha diversity
(observed species, Chao1, and Shannon indices) and
bacterial taxa and to generate a heatmap. The analysis was
performed using the vegan25 and phyloseq26 R packages
and visualized using the ggplot2 package in RStudio
(version 1.3.959; RStudio, Boston, MA, USA). Beta
diversity was analyzed using unweighted UniFrac metrics
and was visualized using principal coordinate analysis
(PCoA) plots in QIIME2. Taxonomy classification was
performed using the classifier module (gg-13-8-99-515-
806-nb-classifier.qza) of the Greengenes database using
the “qiime feature-classifier classify-sklearn” command.
The sequences generated in this study were deposited in
the National Center for Biotechnology Information-
Sequence Read Archive (http://www.ncbi.nlm.nih.gov/
sra) under the accession numbers SRR12825157–SRR1
2825118.
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Analysis of short-chain fatty acid (SCFA) contents in fecal
samples
Gut metabolite (SCFA) contents in mouse fecal samples

were examined using high-performance liquid chroma-
tography (HPLC; Ultimate 3000; Thermo Dionex, Sun-
nyvale, CA, USA). SCFA samples were prepared by
homogenization of fecal samples and centrifugation at
12,000 × g for 20 min at 4 °C. SCFAs (acetic acid, butyric
acid, isobutyric acid, and propionic acid) were separated
using an Aminex 87H column (300 × 10mm; Bio-Rad,
Hercules, CA, USA) with an isocratic mobile phase
(0.01 N sulfuric acid; Fluka, La Jolla, CA, USA) set at a
flow rate of 0.5 ml/min and then identified at a wavelength
of 210 nm using an RI detector (ERC; RefractoMAX520,
Tokyo, Japan).

Blood and serum cytokine analysis
Whole blood samples were collected via retro-orbital

sinus puncture from the medical canthus of the eye in
spray-dried ethylenediaminetetraacetic acid tubes (Green
Cross Laboratories, Yongin, South Korea) for analysis of
the eosinophil percentage, eosinophil count, basophil
percentage, and monocyte percentage. Blood serum was
obtained by coagulation for 1 h at 4 °C and centrifugation
for 1 h at 5000 × g for analysis of IgE, cytokine (IL-4, IL-5,
IL-10, IL-12, IL-13, IL-1β, TNF-α, and IFN-γ), and cal-
protectin levels. Cytokines and calprotectin levels were
analyzed using enzyme-linked immunosorbent assay kits
(R&D Systems, Minneapolis, MN, USA, and Cusabio
Biotech, Wuhan, China) according to the manufacturers’
instructions. The absorbance at 450 nm was measured
using a NanoQuant PlateTM (Tecan, Männedorf,
Switzerland).

Flow cytometry analysis
Spleens were harvested from sacrificed mice and

homogenized using a cell strainer (SPL, Pocheon, South
Korea). The cells were counted using trypan blue with a
TC10 automated cell counter (Bio-Rad, Hercules, CA,
USA), diluted to a density of 2.0 × 106 cells/tube, and
stained with a phycoerythrin-labeled mouse anti-CD 86 or
anti-CD 274 antibody (BD Pharmingen, San Jose, CA,
USA), on ice for 20min. The cells were analyzed by
acquiring data for at least 10,000 events with a flow cyt-
ometer (FACSCalibur; Becton Dickinson, Franklin Lakes,
NJ, USA), and mean fluorescence intensity data were
collected using FACSCalibur Cell Quest software (v. 6.0).

Evaluation of dermatitis scores and histological analysis
The severity of dermatitis was evaluated via skin severity

scores after 1 week (start of sensitization), after 8 weeks
(completion of sensitization), and 8 weeks post-AD
induction. Severity scores were calculated as the sum of
individual scores assigned as follows according to the

occurrence of dryness, erythema, and scratching beha-
viors within 15min of skin sensitization: 0 (none), 1
(mild), 2 (moderate), and 3 (severe). The mice were
sacrificed for histologic examination. The dorsal skin and
ileum were harvested, fixed in 10% formalin in PBS, and
embedded in paraffin. Tissues were stained with toluidine
blue (TB) for evaluation of mast cells. The number of
mast cells in the dorsal skin and ileum sections was
determined after observation of five random fields and all
fields, respectively, using a DM 4000B microscope (Leica
Microsystem, Wetzlar, Germany) at ×400 magnification.

Statistical analyses
Significant differences in the microbiome among groups

were evaluated using the R package. Multiple compar-
isons of the microbiomes of different groups were made
using the Kruskal–Wallis test and Dunn’s post hoc test in
GraphPad Prism software (v. 8.0). Permutational multi-
variate analysis of variance (PERMANOVA) (pairwise)
was performed and PCoA plots were generated using
QIIME2. The data are presented as the means ± standard
errors of the mean. Significant differences among groups
in SCFA contents, blood parameters, cytokine levels, flow
cytometry results, and histologic analyses (except micro-
biome analysis) were evaluated via an unpaired two-tailed
t-test for two groups and one-way analysis of variance for
multiple groups. Results with a p value < 0.05 were con-
sidered statistically significant.

Results
Selection of antibiotics for FMT
The mice were administered one of five antibiotics to

deplete the existing gut microbiota in preparation for
FMT. The concentration of each antibiotic and duration
of pretreatment were determined by the number of
CFUs in plated fecal samples. The effect of pretreatment
with antibiotics at two concentrations, 20 and 100 mg/
ml, was assessed (Fig. 1a). A significant decrease in
richness was observed after 24 h of treatment with three
antibiotics (gentamicin, streptomycin, and an antibiotic
cocktail of streptomycin and vancomycin) at a con-
centration of 100 mg/ml compared with after 24 h of
treatment with these antibiotics at a concentration of
20 mg/ml (p < 0.0001). After the optimal antibiotic
concentration was determined, the number of CFUs was
evaluated 24 and 48 h postantibiotic treatment (Fig. 1b).
There were fewer CFUs after 24 h than after 48 h of
treatment with all antibiotics tested (p < 0.001). Strep-
tomycin (100 mg/ml) treatment resulted in the fewest
CFUs (<2 log) after 24 h (p < 0.0001). Overall, the
number of CFUs decreased after antibiotic treatment
(p < 0.0001). These results demonstrate that oral
administration of 100 mg/ml streptomycin for 24 h most
effectively depletes gut microbiota before FMT.
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Change in the gut microbiota profile after FMT
Bacterial DNA was sequenced to investigate the effect of

gut microbiota restoration following FMT. After filtration,
the feature table had a total of 645 features and an 824,305
feature count at the specified sampling depth of 28,000
reads. There were an average of 34,346 sequences (ran-
ging from 28,589 to 46,156) and 430 OTUs per sample.
The observed species, Chao1, and Shannon (alpha-

diversity measure) indices revealed that there was greater
microbial richness among groups in the FMT group than
in the before_FMT group (Fig. 2a). All three indices
increased significantly after FMT treatment (p < 0.0001),
as in the donor group, and no difference in the indices was
observed between the 1-week and 6-week post-FMT time
points. Moreover, comparison of gut microbiota compo-
sition was performed using PCoA of beta diversity based
on unweighted UniFrac distances. Gut microbial com-
munities were clearly divided between the before_FMT
and FMT (1 week and 8 weeks) groups. Variations
observed among the gut microbial communities on the
PCoA plot were supported by a significant difference
between pairs of groups, i.e., the donor and before_FMT
groups (PERMANOVA, p= 0.019, F= 1.49), the donor
and FMT_1w groups (p= 0.077, F= 1.32), the donor and
FMT_8w groups (p= 0.001, F= 2.52), the before_FMT
and FMT_1w groups (p= 0.160, F= 1.23), the befor-
e_FMT and FMT_8w groups (p= 0.014, F= 1.48), and
the FMT_1w and FMT_8w groups (p= 0.014, F= 1.72)
(Fig. 2b).
Abundance changes in the gut microbiota at the taxo-

nomic level were also evaluated. The dominant bacterial
phyla were Actinobacteria, Bacteroidetes, Firmicutes, and
Proteobacteria (Fig. 2c and Fig. S2a). Compared with the
before_FMT group, the FMT_1w and FMT_8w groups
showed a significantly higher abundance of Actino-
bacteria (p= 0.013 and 0.025, respectively), Bacteroidetes
(p= 0.048 and 0.018), and Firmicutes (p= 0.007 and
0.019). The abundance of the phylum Proteobacteria was

reduced in the donor group (p= 0.037), but it did not
differ significantly between groups. FMT treatment
resulted in an increased abundance of the families Bar-
nesiellaceae, Desulfovibrionaceae, Erysipelotrichaceae,
Lactobacillaceae, and Odoribacteraceae (Fig. 2c and Fig.
S2b). In further detail, at the genus level, the abundance of
Alistipes, Bacteroides, Barnesiella, Lactobacillus, and
Odoribacter was increased in the FMT-treated groups
compared with the before_FMT group (Fig. 2c and Fig.
S2c). In addition, the families Bacteroidaceae, Lactoba-
cillaceae, Odoribacteraceae, and Rikenellaceae were more
abundant in the donor, FMT_1w, and FMT_8w groups
than the before_FMT group (Fig. S3).

Increase in SCFA levels after FMT
To evaluate the effect of FMT on gut metabolites, SCFA

(acetic, butyric, isobutyric, and propionic acid) levels were
examined via HPLC. There were differences in the con-
centrations of these SCFAs in fecal samples among the
groups. The levels of acetic, butyric, isobutyric, and pro-
pionic acids were higher in the donor (463.07 ± 29.52, p=
0.0088; 53.75 ± 2.72, p < 0.0001; 2732.51 ± 160.97, p=
0.0011; and 64.31 ± 1.35 mg/ml, p= 0.0055, respectively)
and FMT_8w (426.05 ± 49.37, p= 0.0196; 32.71 ± 0.97,
p= 0.0013; 1641.24 ± 79.94, p= 0.0255; and 53.77 ±
1.86 mg/ml, p= 0.0329, respectively) groups than in the
before_FMT group (Fig. 3a–d).

Modulation of the Th1/Th2 balance after FMT
Cytokine concentrations were examined in blood

serum. The concentrations of Th2 cytokines (IL-4, IL-5,
and IL-13), which are known to contribute to the devel-
opment of AD, were significantly decreased in the
FMT_8w group compared with the before_FMT group,
whereas the concentrations of Th1 cytokines, such as IL-
12, IFN-γ, and TNF-α, were significantly increased (Fig. 4).
The levels of cytokines secreted by Tregs (i.e., IL-10 and
IL-1β) were significantly lower in the FMT_8w group than

Fig. 1 Selection of the optimal antibiotic for FMT. Optimal antibiotic treatment was determined by a the dosage and b the time of administration.
Antibiotic efficiency is shown in the bar graph (***p < 0.0005; ****p < 0.0001). FMT fecal microbiota transplantation.
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in the before_FMT group. These results demonstrate that
FMT influences the recovery of the Th1/Th2 balance via
Treg signals.

Improvement of immune modulation after FMT
CD 86 and CD 274 expression was evaluated via flow

cytometric analysis. CD 86 and CD 274 levels in the FMT
and control groups were similar, i.e., CD 86 expression
was significantly decreased in the FMT_8w group (22.4 ±
0.37, p= 0.0054) compared with the before_FMT group
(donor group: 21.1 ± 0.35, p= 0.0005; Fig. 5a). However,
the level of CD 274 was significantly higher in the
FMT_8w group (33.1 ± 0.71, p= 0.0003) than in the
before_FMT group (donor group: 31.3 ± 1.88, p= 0.004)
(Fig. 5b).

Effects of FMT on blood and serum IgE levels
To confirm the effect of FMT, whole blood and serum

IgE analyses were performed. Serum levels of IgE, which
is associated with allergic diseases, were significantly
decreased in the FMT_8w group (1120.34 ± 66.16 ng/ml,
p= 0.0025) but increased in the before_FMT group
(1737.89 ± 103.84 ng/ml; Fig. 6a). The percentage of

eosinophils, eosinophil count, basophil percentage, and
monocyte percentage in whole blood were reduced in
the FMT_8w group (2.70 ± 0.42%, p= 0.0020; 205.00 ±
47.72/μl, p= 0.0215; 0.28 ± 0.05%, p= 0.0095; and
1.37 ± 0.28%, p= 0.0057, respectively) compared with
the before_FMT group (6.10 ± 0.17%, 523.33 ± 92.66/μl,
0.60 ± 0.08%, and 2.66 ± 0.13%, respectively; Fig. 6b–e).
Moreover, the concentration of calprotectin, a bio-
marker of inflammation in the gut, was decreased in the
FMT_8w group (p < 0.0001, 13.19 ± 0.69 pg/ml) com-
pared with the before_FMT group (20.90 ± 0.46 pg/ml;
Fig. 6f).

Reduced inflammation in the skin and gut after FMT
Dermatitis scores were determined and histologic ana-

lysis was performed to determine the therapeutic effects
of FMT. Significantly lower dermatitis scores were
recorded for the FMT_8w group than for the before_FMT
group (p < 0.0001; Fig. 7a). In addition, lower dermatitis
scores were recorded 8 weeks post-FMT than at the time
of completion of sensitization (p < 0.0001). Infiltrated
mast cells in the dorsal skin and ileum lesions were
quantified by TB staining, and the results showed that the

Fig. 2 Effect of FMT on the gut microbiota. Gut biodiversity is displayed based on a alpha-diversity indices and b PCoA plots. c Bacterial
abundance at the phylum, family, and genus levels is shown. FMT fecal microbiota transplantation, OTU operational taxonomic unit, PCoA principal
component analysis.

Kim et al. Experimental & Molecular Medicine (2021) 53:907–916 911

Official journal of the Korean Society for Biochemistry and Molecular Biology



number of mast cells decreased in the FMT_8w group
(p < 0.0001 and 0.0018, respectively; Fig. 7b, c). These
results indicate that FMT reduced inflammation of skin
and gut lesions in mice.

Discussion
Recent interest in gut microbiota studies has grown,

particularly regarding the health benefits of gut micro-
biota27. Many reports have linked gut probiotic bacteria

Fig. 3 Influence of FMT on SCFA levels. The levels of SCFAs, including a acetic acid, b butyric acid, c isobutyric acid, and d propionic acid, as
determined via HPLC, are shown (*p < 0.05; **p < 0.001; ****p < 0.0001). FMT fecal microbiota transplantation, HPLC high-performance liquid
chromatography, SCFA short-chain fatty acids.

Fig. 4 Heatmap showing the effect of FMT treatment on cytokine concentrations. This heatmap presents the individual concentrations of
different cytokines, including IL-10, IL-1β, IL-4, IL-5, IL-13, TNF-α, IFN-γ, and IL-12, in the serum, as determined using ELISA kits. The values are depicted
using a green to red scale, with green representing lower values and red indicating higher values. ELISA enzyme-linked immunosorbent assay, FMT
fecal microbiota transplantation.
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with potential improvements in AD28. However, some
studies have indicated that probiotics show limited or no
significant effects on AD29,30, necessitating further studies.
FMT is a new and useful approach for altering gut
microbiota to effectively treat some disorders, but its effects
on allergic diseases, such as AD, remain unknown14,31.

In this study, the effects of FMT on gut microbiota
restoration were investigated in mice with AD. The
FMT_8w group showed an increase in alpha-diversity
indices similar to those observed in the donor group. In
addition, cluster analysis (unweighted PCoA and a heat-
map) showed a similar gut microbiota pattern in the

Fig. 5 Effect of FMT treatment on T-cell activation, as determined by FACS. T-cell activation was confirmed via flow cytometric analysis. The
solid histogram shows isotype antibodies. The filled histogram shows that a the MFI of CD 86 was decreased and b the MFI of CD 274 was increased
in splenocytes in the FMT group compared to the before_FMT group. The unfilled histogram indicates the isotype antibody control. FMT fecal
microbiota transplantation, FACS fluorescence-activated cell sorting, MFI mean florescence intensity.

Fig. 6 Beneficial effect of FMT on allergy and gut inflammatory factors, as determined by blood tests. a The IgE level was examined, and
b the eosinophil percentage, c eosinophil count, d basophil percentage, e monocyte percentage, and f calprotectin level were evaluated via ELISA
(*p < 0.05; **p < 0.001; ****p < 0.0001). FMT fecal microbiota transplantation, ELISA enzyme-linked immunosorbent assay.
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FMT_1w, FMT_8w, and donor groups. FMT led to
increased microbial diversity and gut microbiota restora-
tion32. A higher abundance of bacterial taxa was identified
in the FMT_8w group than in the before_FMT group.
Further analysis revealed a high abundance of the families
Porphyromonadaceae, Lactobacillaceae, and Rikenella-
ceae in the donor and FMT_8w groups. An increase in the
abundance of these bacterial families may lead to gut
microbiota restoration and a shift to a healthy state33.
These results suggest that gut microbiota restoration via
FMT is associated with the amelioration of AD.
To investigate SCFA contents in the gut, fecal pellets

from mice were analyzed. SCFAs are associated with the
modulation of inflammatory responses34. SCFA levels in
the FMT_8w group were found to be significantly
increased compared with those in the before_FMT group.
Acetic acid, butyric acid, and propionic acid are the
principal products of carbohydrate fermentation by gut
microbiota35, and butyric acid, a major metabolite, has
been reported to have beneficial effects in AD36. These

findings are supported by the high abundance of Lach-
nospiraceae and Ruminococcaceae37. In addition, Lach-
nospiraceae, Lactobacillaceae, and Rikenellaceae can
promote propionate and acetate production38. The anti-
allergic effect of propionic acid in suppressing Th2-
mediated allergic airway inflammation was recently
reported39. Therefore, these results indicate that a high
abundance of gut bacteria is associated with an increase in
the contents of beneficial metabolites and suggest that
FMT has therapeutic effects in AD via gut microbiota
restoration and gut health maintenance.
To determine the mechanism underlying the ther-

apeutic effect of FMT on AD, the correlations between
gut microbiota abundance, SCFA levels, immune mod-
ulation, and the immune response were investigated. The
expression of Th2 cytokines (IL-4, IL-5, and IL-13) and
Treg cytokines (IL-10 and IL-1β) was downregulated,
whereas the expression of Th1 cytokines (IL-12, IFN-γ,
and TNF-α) was upregulated, in the FMT_8w compared
with the AD group. An increase in butyrate levels was

Fig. 7 Effect of FMT on inflammation reduction in the skin and gut. a AD skin lesions were evaluated, and dermatitis scores were calculating by
summing the scores for symptoms (before_FMT group vs FMT_8w group). The number of mast cells in the b dorsal skin and c ileum was confirmed
by toluidine blue staining and quantified microscopically. The red arrows indicate mast cells (**p < 0.001; ###p < 0.0005; ****, ####, and ++++p <
0.0001). FMT fecal microbiota transplantation, AD atopic dermatitis.
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associated with upregulation of Th1 cytokine (IL-12 and
IFN-γ) expression and downregulation of Th2 cytokine
and IL-10 expression. Propionate and acetate levels are
regulated by IFN-γ release40. These results connect
SCFAs with high-abundance bacterial taxa, such as Lac-
tobacillus (the Lactobacillaceae family), Lachnospiraceae,
and Ruminococcaceae41. The FMT_8w group showed a
decrease in calprotectin levels in serum. Although fecal
calprotectin was recently shown to be an inflammatory
marker in the gut, few AD studies have reported increased
calprotectin levels in the skin or serum42,43.
IgE is a major indicator of allergic diseases. Mast cells

are sensitized by high IgE concentrations and activated to
induce an allergic response44. In this study, the number of
mast cells and the IgE concentration were lower in the
FMT_8w group than in the AD group. Low IgE levels
contribute to low IL-10 and Th2 cytokine levels and
eosinophil, basophil, and monocyte numbers2,45,46. The
levels of these cytokines were also associated with CD 86
and CD 274 expression. CD 86 expression was sig-
nificantly downregulated in the FMT_8w group and is
regulated in response to IL-1047. Conversely, CD 274
expression was upregulated in the FMT_8w group and is
linked to IFN-γ48,49. Therefore, these results show that
FMT is can treat AD by restoring immunologic balance
via gut microbiota.
In summary, the results of this study indicate that gut

microbiota and other parameters, such as cytokine levels,

blood parameters, flow cytometry results, histological
parameters, and SCFA levels, were significantly restored
after FMT treatment (Fig. 8). These findings provide
valuable information on the effects of FMT through
immune modulation (the Th1/Th2 balance) by gut
microbiota, suggesting that FMT may a new therapeutic
approach for AD.
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