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ABSTRACT
Gut microbial disturbance affects allergic diseases including asthma, atopic dermatitis (AD) via the 
aberrant immune response. Some Bifidobacterial species and strains have been reported to 
improve AD via modulating immune-microbe interactions in patients. However, the effective metabo-
lites and mechanism of alleviating AD in bifidobacteria remain to be elucidated. This study aimed to 
explore the microbial metabolite and mechanism of Bifidobacterium longum to improve AD. Based on 
shotgun metagenomic sequencing and UHPLC Q-Exactive-MS targeted metabolic experiments in vitro 
and in vivo, we focused on tryptophan metabolism and indole derivatives, which are endogenous 
ligands for aryl hydrocarbon receptor (AHR). Indole-3-carbaldehyde (I3C), a tryptophan metabolite of 
B. longum CCFM1029 activated AHR-mediated immune signaling pathway to improve AD symptoms in 
animal and clinical experiments. B. longum CCFM1029 upregulated tryptophan metabolism and 
increased I3C to suppress aberrant T helper 2 type immune responses, but these benefits were 
eliminated by AHR antagonist CH223191. Furthermore, B. longum CCFM1029 reshaped gut microbial 
composition in AD patients, increased fecal and serum I3C, and maintained the abundance of 
Lachnospiraceae related to tryptophan metabolism of gut microbiota. The results suggested that 
based on the interactions of the gut-skin axis, B. longum CCFM1029 upregulated tryptophan metabolism 
and produced I3C to activate AHR-mediated immune response, alleviating AD symptoms. Indole 
derivates, microbial metabolites of tryptophan, may be the potential metabolites of bifidobacteria to 
alleviate AD via the AHR signaling pathway.
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Introduction

Previous studies have demonstrated the differences in 
the bacterial diversity and composition of gut micro-
biota in patients with atopic dermatitis (AD) versus 
that in healthy controls.1,2 Intestinal beneficial bacteria 
such as Lactobacillus and Bifidobacterium decrease but 
Staphylococcus aureus, Clostridium difficile increase in 
patients with AD.3–5 Thus, gut microbiota is 
a potential target to alleviate AD because of the inter-
actions of the gut-skin axis. Some probiotics have been 
demonstrated to alleviate AD via interacting with gut 
microbiota and immune responses in animal and 
clinical studies.6–8 Although the effects of some speci-
fic probiotics have been revealed by numerous studies, 
the effective metabolites and mediating signaling path-
way of probiotics to alleviate AD are far less 
elucidated.

Tryptophan is one of the essential amino acids 
and participates in gut immune regulation.9 

Metabolites from the direct metabolism of trypto-
phan by gut microbiota include indole and its deri-
vatives, such as indole-3-acrylic acid (IA), indole 
acetic acid (IAA), indole-3-lactic acid (ILA), 
indole-3-propionic acid (IPA), and indole-3-carbal-
dehyde (I3C), and they are ligands for aryl hydro-
carbon receptor (AHR).10 AHR signaling plays an 
important role in immune modulation at barrier 
sites, such as skin and gut, through the interaction 
with various immune cells including dendritic cells 
and innate lymphoid cells.11 Recent studies have 
demonstrated that catabolites from microbial tryp-
tophan metabolism alleviate colitis and protect from 
Candida albicans infection via activating AHR to 
produce an anti-inflammatory cytokine IL-22 in 
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the intestine.12–14 Serum I3C and IPA are negatively 
related to atherosclerosis and postoperative cardiac 
complication, and they have been considered as 
potential biomarkers for atherosclerotic disease.15 

Gut microbiota protect against radiation-induced 
damage through the increased Lachnospiraceae, 
Enterococcaceae, and their metabolites including 
propionate, I3C, and kynurenine (KYN) in mice.16 

These results suggest that indole derivatives are 
important for immune homeostasis and human 
health. In AD patients, tryptophan metabolism was 
reduced, and oral administration of I3C activated 
AHR binding to AHRE2 and AHRE4 in the promo-
ter region of the thymic stromal lymphopoietin 
(TSLP) gene to suppress aberrant Th2-type immune 
responses.17,18 This implies that microbial-derived 
tryptophan metabolites have the potential to allevi-
ate the clinical symptoms of AD and trigger the 
interactions of the gut-skin axis.

The alleviating effects of B. longum strains on AD 
symptoms were demonstrated in our previous 
study.19 They exerted the different effects on immu-
noregulation and gut microbial alterations in AD- 
like mice. However, the mechanism of action to 
attenuate AD remains to be elucidated. In this 
study, combined metagenomic sequencing analysis 
and targeted tryptophan metabolic analysis, the 
interactions between B. longum CCFM1029 and 
gut microbiota were revealed in animal and clinical 
dietary intervention experiments, and the mechan-
ism of B. longum CCFM1029 to alleviate AD was 
elucidated. B. longum CCFM1029 reshaped gut 
microbial composition and upregulated tryptophan 
metabolism of gut microbiota to increase I3C, 
which medicated AHR signaling pathway to 
improve clinical symptoms in AD.

Results

B. longum CCFM1029 treatment upregulated 
tryptophan metabolism of gut microbiota in AD-like 
mice

An AD-like mouse model was induced using 
2,4-dinitrofluorobenzene (DNFB) and the detailed 
methodology and progress referred to the part of 
animal model construction (materials and meth-
ods). To further explore the mechanism of 
B. longum strains to alleviate AD, an optimized 

strain of bifidobacteria suppressing aberrant Th2 
type responses was selected. Dead B. longum 
CCFM1029 did not alleviate AD-like symptoms 
in mice and suppress Th2-type immune responses 
(Figure S1). Dead B. longum CCFM1029 did not 
significantly reduce pathological score and ear 
thickness in AD-like mice. Furthermore, it could 
not significantly affect IgE, regulatory T cell 
(Treg) proportion, and IL-4 although it signifi-
cantly increased the expression of IL-10 and IFN- 
γ. It implied that the alleviating effects of 
B. longum CCFM1029 were associated with its 
metabolism and/or communication with gut 
microbiota. Therefore, we analyzed changes in 
gut microbiota in mice from the control, DNFB, 
and live CCFM1029 groups using shotgun meta-
genomic sequencing (n = 4–5). PCoA revealed 
the similarity or dissimilarity of gut microbial 
composition between groups (Figure 1a). Three 
groups were divided into different clusters by 
PC1 (23.93%) and PC2 (15.79%) influence factors 
and this showed the differences in gut microbiota 
in mice. Actinobacteria, Bacteroidetes, and 
Firmicutes were dominant bacteria in the three 
groups (Figure 1b). Actinobacteria (9.13%) was 
increased but Firmicutes (49.60%) was decreased 
in the DNFB group versus the control group 
(Actinobacteria and Firmicutes were 5.79% and 
51.57%, respectively). Compared with the DNFB 
group, B. longum CCFM1029 treatment increased 
Actinobacteria (11.84%) and Firmicutes (50.13%) 
but reduced Bacteroidetes (32.13%). 
Proteobacteria had no significant alteration in 
the three groups, but 
Candidatus_Saccharibacteria was significantly 
reduced in the DNFB group. At the genus level 
(relative abundance >0.5%), Prevotella, 
unclassified_p_Firmicutes, unclassified_c_Bacilli 
Enterohabdus, Alistipes, Streptococcus, Eggerthella, 
Enterococcus, and Adlercreutzia were increased 
but unclassified_f_Lachnospiraceae, Lactobacillus, 
Staphylococcus, Clostridium, and 
unclassified_p_Candidatus_Saccharibacteria were 
decreased in the DNFB group versus the control 
group (Figure 1c). Compared with the DNFB 
group, B. longum CCFM1029 treatment increased 
Lactobacillus, unclassified_f_Lachnospiraceae, 
unclassified_p_Candidatus_Saccharibacteria, 
Enterorhabdus, Clostridium, and Staphylococcus 
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and reduced unclassified_p_Firmicutes, 
Bacteroides, Prevotella, Streptococcus, and 
Enterococcus.

To analyze the differences in gene functions of 
gut microbiota between the DNFB and CCFM1029 
+ DNFB (CCFM1029, hereinafter same) groups, 
linear discriminant analysis (LDA) effect size 
(LEfSe) was performed (LDA score (log10)>2, 
Figure 1d). Pathways including biosynthesis of 
amino acids, valine, leucine and isoleucine bio-
synthesis, C5-branched dibasic acid metabolism, 
biosynthesis of ansamycins, acarbose and valida-
mycin biosynthesis, and biosynthesis of vancomy-
cin group antibiotics were higher in the DNFB 
group than those in the CCFM1029 group. By 
contrast, aminoacyl-tRNA biosynthesis, homolo-
gous recombination, legionellosis, and tryptophan 
metabolism (p < .05, Figure 1d, right) were higher 
in the CCFM1029 group. Furthermore, fecal tryp-
tophan metabolites were determined using UHPLC 
Q-Exactive Plus MS analysis. Compared with the 

control group, KYN was increased but indole deri-
vatives were reduced in the DNFB group 
(Figure 1e). B. longum CCFM1029 treatment sig-
nificantly increased fecal I3C but not other indole 
derivatives versus the DNFB group. Collectively, 
the results showed that B. longum CCFM1029 
reshaped gut microbial composition and signifi-
cantly upregulated I3C via tryptophan metabolism.

Increased I3C from tryptophan metabolism was 
closely associated with B. longum CCFM1029 
metabolism

To analyze the source of increased fecal I3C in mice 
in the CCFM1029 group, the contribution analysis 
of gut microbiota for tryptophan metabolism was 
performed. Akkermansia muciniphila, Alistipes sha-
hii, Bacteroides thetaiotaomicron, Burkholderia cen-
ocepacia, Enterorhabdus caecimuris, Ralstonia 
solanacearum all contributed to tryptophan meta-
bolism of gut microbiota in the three groups, but 

Figure 1. Effects of B. longum CCFM1029 on gut microbial composition and tryptophan metabolism in mice. (a) Principal coordinates 
analysis for gut microbiota. (b) Gut microbial composition at the phylum level. (c) Changes in gut microbiota at the genus level. (d) 
Gene functional alterations of gut microbiota based on KEGG pathways. (e) Alterations of tryptophan metabolites in fecal samples. 
KEGG, Kyoto Encyclopedia of Genes and Genomes; DNFB, 2,4-dinitrofluorobenzene; CCFM1029, B. longum CCFM1029; KYN: 
Kynurenine; IA: indole-3-acrylic acid; IAA: indole acetic acid; ILA: indole-3-lactic acid; IPA: indole-3-propionic acid; I3C: indole- 
3-carbaldehyde.
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B. longum was only detected in the CCFM1029 
group (Figure 2a). Furthermore, the relative abun-
dances of Enterorhabdus caecimuris and B. longum 
were increased but other bacteria were reduced in 
the CCFM1029 group (Figure 2b). Based on the 
correlation analysis, fecal I3C was positively related 
to B. longum (p < .05) (Figure 2c). However, the 
correlation was weak between I3C and 
Enterorhabdus caecimuris. Bacteria that contribu-
ted to tryptophan metabolism had complex inter-
actions, for example, Akkermansia muciniphila was 
positively related to Bacteroides thetaiotaomicron 
(p < .05) but it was negatively related to 
B. longum. To evaluate the ability of B. longum 
CCFM1029 to metabolize tryptophan, we deter-
mined indole derivatives using a resting cell culture 
system for B. longum CCFM1029 in vitro. 
B. longum CCFM1029 (8.5 × 108 CFU/mL) meta-
bolized tryptophan to produce ILA 
(16967.43 ± 1257.53 ng/mL), IAA (3.89 ± 1.78 ng/ 
mL), and I3C (11.20 ± 0.64 ng/mL), but IPA and 
IAA were not detected (Figure 2d, Figure S2). 
Additionally, we randomly selected some ineffec-
tive B. longum strains to analyze their abilities to 
produce I3C in vitro according to our previous 

study results. Compared with B. longum 
CCFM1029, these strains produced lower I3C 
(Figure 2e). These results showed that B. longum 
CCFM1029 produced I3C via metabolizing trypto-
phan and had a potential to catabolize dietary tryp-
tophan in the intestine.

B. longum CCFM1029-induced I3C activated AHR to 
suppress Th2-type immune responses

AHR signaling contributes to the inhibition of the 
TSLP gene expression and suppresses aberrant 
Th2-type immune response in AD. Thus, we 
assumed that B. longum CCFM1029 
alleviated AD symptoms via the AHR-mediated 
signaling pathway. CH223191, an antagonist for 
AHR, was used to block AHR. Hematoxylin-eosin 
staining showed inflammatory infiltration was 
increased on dorsal skin in the DNFB group 
versus the control group (Figure 3a). Compared 
with the DNFB group, B. longum CCFM1029, like 
the positive drug control I3C, significantly 
reduced dorsal swelling, but the alleviating effects 
of B. longum CCFM1029 were eliminated by 
CH223191 treatment. B. longum CCFM1029 and 

Figure 2. I3C was derived from B. longum CCFM1029 catabolizing tryptophan. (a-b) The analysis for the contribution of gut microbes 
for tryptophan metabolism. (c) The correlation analysis between gut microbial alteration and changes in I3C. (d) Evaluation of 
B. longum CCFM1029 metabolizing tryptophan in vitro. (e) Comparison for I3C production of B. longum strains metabolizing tryptophan 
in vitro. ***p < .001, ****p < .0001 vs CCFM1029 group (one-way ANOVA test).
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I3C treatments significantly reduced ear thickness 
and serum IgE compared with DNFB treatment 
(Figure 3b,c). To investigate the effects of AHR 
activation on B. longum CCFM1029-induced clin-
ical manifestations, we assessed the expression of 
AHR. B. longum CCFM1029 and I3C treatments 
significantly increased AHR expression, but 
CH223191 treatment significantly blocked AHR 
activation (Figure 3d). Furthermore, the expres-
sion of TLSP and Th2-related cytokines were 
evaluated at the downstream pathway. B. longum 
CCFM1029 significantly decreased TSLP and thus 
suppressed the expressions of IL-4 and IL-5 
through AHR activation compared with those in 
the DNFB group (Figure 3e–g). To explore 
whether AHR activation was related to I3C, we 
measured serum I3C, ILA, and IAA levels. I3C 
were significantly increased in the CCFM1029 
group versus the DNFB group (Figure 3h), but 
serum ILA and IAA had no significant differences 
between the two groups (Figure S3). The results 
showed that B. longum CCFM1029 alleviated AD 
clinical symptoms by producing I3C to activate 
the AHR signaling pathway.

B. longum CCFM1029 treatment increased I3C to 
alleviate AD symptoms in patients

The patients were collected and eligible subjects 
were randomized to the placebo (n = 43) and 
CCFM1029 groups (n = 44) (Figure 4a). There 
were no significant differences in baseline clinical 
characteristics between the placebo and 
CCFM1029 groups (Table 1). After 8 weeks of 
treatment, B. longum CCFM1029 significantly 
reduced scoring atopic dermatitis index 
(SCORAD) and the dermatology life quality 
index (DLQI) indicators versus before interven-
tion, but placebo had no significant effects 
(Figure 4b). Furthermore, B. longum CCFM1029 
treatment significantly reduced IgE versus before 
the intervention and after the placebo treatment, 
but it could not significantly reduce Th2-type 
cytokines (Figure 4c, Figure S4). Although 
B. longum CCFM1029 did not decrease IL-4 versus 
before the intervention, it reduced serum IL-4 
compared with after placebo treatment 
(p = .078). To analyze the effects of B. longum 
CCFM1029 on indole derivatives, changes in 
them were determined in fecal and serum samples. 

Figure 3. B. longum CCFM1029 inhibited AD symptoms via AHR-mediated immune responses. (a) Effects of B. longum CCFM1029 on 
skin inflammation. (b) Alteration of ear thickness in mice. (c) Changes in serum IgE (***p < .001, ****p < .0001, Two-way ANOVA 
followed Tukey’s multiple comparisons test). (d) Fold-change for AHR expression. (e-g) TSLP, IL-4, and IL-5 in skin lesions. (h) Effects of 
B. longum CCFM1029 on serum I3C. *p < .05, **p < .01, ***p < .001, ****p < .0001 vs DNFB group (one-way ANOVA test). AHR, aryl 
hydrocarbon receptors; TSLP, thymic stromal lymphopoietin.
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In the non-response subgroup (NR, no reduction 
in the SCORAD after CCFM1029 treatment, 
n = 12), it had no significant effects on six indole 
derivatives both in fecal and serum samples versus 
before B. longum CCFM1029 intervention (NR-B, 
Figure 4d). In the response subgroup (R, 
a decrease in the SCORAD after CCFM1029 

treatment, n = 31), B. longum CCFM1029 signifi-
cantly increased serum ILA, serum I3C, and fecal 
I3C compared with before the intervention (R-B). 
Furthermore, I3C was negatively related to 
SCORAD and DLQI (p < .05, Figure 4e) based 
on the correlation analysis, but ILA showed no 
significant negative correlation to them. Changes 
in I3C in patients were consistent with the results 
in the above animal experimental results. These 
results showed that B. longum CCFM1029 
attenuated AD symptoms in patients via increas-
ing I3C.

B. longum CCFM1029 treatment reshaped gut 
microbial composition and upregulated functional 
gene related to tryptophan metabolism of gut 
microbiota

Placebo and B. longum CCFM1029 did not affect 
the Shannon index of gut microbiota (Figure S5). 
The NMDS analysis revealed that B. longum 

Figure 4. Effects of B. longum CCFM1029 on patients with AD. (a) Flowchart of the status of patients in the placebo and CCFM1029 
groups. (b) Effect of B. longum CCFM1029 on SCORAD and DLQI indicators. (c) Effects of B. longum on serum markers. (d) Effects of 
B. longum CCFM1029 on indole derivatives in fecal and serum samples. *p < .05 (Kruskal–Wallis test followed Dunn’s multiple 
comparisons test). SCORAD, scoring atopic dermatitis index; DLQI, dermatology life quality index; NR-B, non-response subgroup 
(before CCFM1029 treatment); NR, non-response subgroup (after CCFM1029 treatment); R-B, response subgroup (before CCFM1029 
treatment); R, response subgroup (after CCFM1029 treatment).

Table 1. Baseline clinical characteristics of patients.

Characteristic
Placebo group 

(n = 43)
CCFM1029 group 

(n = 44) p-value

Female sex, no. (%) 27 (62.79) 31 (70.45)
Age, mean (SD), years 50.38 (10.80) 47.81 (13.73) 0.586
Height, mean (SD), cm 164.0 (5.88) 163.5 (4.10) 0.964
Weight, mean (SD), kg 59.5 (9.10) 60.09 (8.07) 0.552
SCORAD, mean (SD) 27.75 (19.32) 24.27 (14.85) 0.534
DLQI, mean (SD) 9.05 (5.19) 9.59 (5.63) 0.758
Use of corticosteroid drug, 

no. (%)
6 (13.95) 2 (4.55)

Use of antibiotics, no. (%) 5 (11.63) 3 (6.82)
History of hypersensitivity 

disease, no. (%)
8 (18.60) 6 (13.64)

SCORAD, scoring atopic dermatitis index; DLQI, dermatology life quality 
index.
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CCFM1029, but not placebo, significantly altered 
beta diversity in patients (p < .004, Figure 5a, Figure 
S5). At the phylum level, placebo reduced the pro-
portion of Actinobacteria and Proteobacteria and 
increased Firmicutes (Figure 5b). Compared with 
before B. longum CCFM1029 intervention 
(CCFM1029-B), the proportion of Bacteroidetes 
increased but Proteobacteria and Actinobacteria 
decreased in the NR subgroup (Figure 5c). 
However, the abundance of Proteobacteria was 
decreased, but Actinobacteria, Bacteroidetes, and 
Firmicutes were increased in the R subgroup. At 
the genus level (abundance >0.5%), LEfSe analysis 
showed a higher abundance of 
Phascolarctobacterium and Acidaminococcaceae 
after placebo treatment (Figure 5d). Placebo treat-
ment for 8 weeks reduced the proportions of 
Actinobacteria, Firmicutes, and Proteobacteria 
including Acinetobacter, Bifidobacterium, 
Klebsiella, Haemophilus, Enterobacter, Weissella, 
and Collinsella in patients. However, compared 
with CCFM1029-B and NR, Lachnospiraceae and 
Sutterella were the differential taxa in the 
R subgroup (Figure 5e). The relative abundance of 
Sutterella was significantly increased in the NR 

subgroup but there was no significant effect on it 
in the R subgroup versus before B. longum 
CCFM1029 treatment. Furthermore, the propor-
tion of Lachnospiraceae was significantly reduced 
in the NR subgroup but it was maintained in the 
R subgroup compared with the CCFM1029-B 
group (Figure 5f). Based on the PICRUSt gene 
functional analysis, B. longum CCFM1029 treat-
ment significantly upregulated the abundance of 
functional genes related to tryptophan metabolism 
of gut microbiota (Figure 5g), and this was consis-
tent with the increase in I3C in fecal and serum 
samples in patients with AD. The results showed 
that B. longum CCFM1029 treatment modulated 
gut microbiota and contributed to the increase in 
tryptophan metabolism of gut microbiota in 
patients with AD.

Adverse events

There were no adverse events in patients during the 
intervention trial. Furthermore, B. longum 
CCFM1029 showed no significant effects on 
serum biochemical indices and urine indices in 
patients (Figure S6 and Table S3).

Figure 5. Effects of B. longum CCFM1029 on gut microbiota in patients. (a) NMDS analysis for β diversity of gut microbiota. (b-c) Gut 
microbial changes at the phylum level in patients. (d) LEfSe analysis for differential taxa between before and after placebo intervention 
(p < .05, LDA score (log10)>2.0). (e) Cladogram for differentially abundant taxa in the CCFM1029-B group, NR subgroup, and 
R subgroup. (f) Changes in the proportions of Sutterella and Lachnospiraceae. (g) The abundance of functional genes related to 
tryptophan metabolism. *p < .05 vs CCFM1029-B, ****p < .0001 (one-way ANOVA test). NMDS, non-metric multidimensional scaling. 
LEfSe, linear discriminant analysis Effect Size.
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Discussion

This work explored the mechanism and effective 
metabolites of B. longum CCFM1029 to improve 
the clinical symptoms via experiments in vitro and 
in vivo and revealed the effects of B. longum 
CCFM1029 on immunoregulation via the gut-skin 
axis. In a clinical trial, the killed Lacticaseibacillus 
rhamnosus IDCC 3201 treatment for 12 weeks sig-
nificantly decreased SCORAD in patients with 
moderate AD and showed great therapeutic poten-
tial for AD.20 The results implied that dead probio-
tics might improve the clinical symptoms of 
diseases through the component from the cell 
wall. The dead B. longum CCFM1029, but not live 
B. longum CCFM1029, could not reduce the patho-
logical score and inflammatory infiltration in the 
skin versus the DNFB group (Figure S1). The com-
ponent of B. longum CCFM1029 itself could not 
suppress Th2-type response and ameliorate AD- 
like symptoms in mice. Therefore, these results 
suggested that the alleviation effect of B. longum 
CCFM1029 was associated with the metabolite 
from itself or the interactions with gut microbiota.

B. longum CCFM1029 upregulated the trypto-
phan metabolism in animal and clinical experi-
ments (Figure 1d, Figure 5g). Tryptophan 
metabolism is a therapeutic target in diseases such 
as cancer and neurodegeneration through the 
kynurenine pathway, 5-hydroxytryptophan path-
way, and microbial metabolism pathway.21,22 

Indole and indole derivatives are catabolites from 
microbial metabolism of tryptophan.11 B. longum 
was only detected in the CCFM1029 group and 
positively associated with I3C production 
(Figure 2a–c). Although many bacteria contributed 
to the metabolism of tryptophan in the intestine, 
some species were unknown in fecal samples based 
on sequencing data. Additionally, based on 
HUMAnN2 analysis, nucleotide levels or protein 
levels of some annotated species were not mapped 
to pathways about tryptophan metabolism. 
Therefore, there were other and unclassified species 
contributing to tryptophan metabolism in 
Figure 2a, and their functions are to be elucidated 
in future studies. Additionally, compared with non- 
effective B. longum strains M611, Y6M1, X1M6, and 
23 M3, B. longum CCFM1029 converted tryptophan 
into more I3C in vitro (Figure 2d,e). Consistent with 

the results of the animal experiment and in vitro, 
B. longum CCFM1029 significantly improved AD 
symptoms via elevating fecal and serum I3C in 
patients (Figure 4d). Although the ILA was signifi-
cantly elevated in the R subgroup compared with 
that in the R-B subgroup, I3C was much more 
sensitive to AHR than ILA.13 Based on the correla-
tion analysis, I3C, but not ILA, had a significant 
negative correlation to SCORAD and DLQI 
(Figure 4e), and thus I3C might be the effective 
metabolite to ameliorate AD. These results sug-
gested that B. longum CCFM1029-produced I3C 
contributed to the improvement of AD symptoms.

Most indole derivatives such as ILA, IAA, and 
I3C, are the endogenous ligands for AHR, and AHR 
signaling-medicating immune responses contribute 
to treatment for AD.23,24 The application of coal tar 
to improve AD depended on AHR activation to 
disturb Th2 signaling via dephosphorylation of 
STAT6.23 AHR antagonist CH223191 eliminated 
the alleviation effects from B. longum CCFM1029 
(Figure 3), which suggested B. longum CCFM1029- 
induced reduction of skin inflammation required 
AHR activation. This was consistent with the pre-
vious finding that AHR activation suppressed the 
expression of TSLP and thus reduced aberrant Th2 
responses in mice with AD.18 However, B. longum 
CCFM1029 significantly reduced serum IgE but 
had no significant effects on TSLP and Th2 
responses in patients (Figure 3c). Oral administra-
tion of probiotics for 12 weeks showed no signifi-
cant effects on blood markers such as IL-4, IL-5, 
and IL-13 in patients with AD,7 which was consis-
tent with our findings. Oral administration of heat- 
killed L. plantarum 0132-fermented juice for 
8 weeks alleviated symptoms in patients with 
moderate AD and significantly reduced blood mar-
kers including IgE, specific IgE, and eosinophil 
cationic protein.25 These controversial results sug-
gested that the effects of probiotic strains on 
immune responses were specific.

Distant effects of gut microbiota have been ver-
ified in diseases such as asthma and depression. 
Alterations of gut microbial composition and func-
tion link to immune responses of skin diseases and 
this provides some insight into the development 
of AD. B. longum CCFM1029 altered gut microbial 
beta-diversity and modulated gut microbial com-
position (Figure 5a). In patients with AD, change in 
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beta-diversity but not alpha diversity was signifi-
cant in a clinical trial,26 which was consistent with 
our findings. B. longum CCFM1029 reduced the 
proportions of Escherichia-Shigella and Klebsiella 
that belonging to Proteobacteria. The high propor-
tion of Proteobacteria might be associated with the 
development of AD. Higher Escherichia-Shigella 
and Staphylococcus aureus were harbored in allergic 
children in Estonia and Sweden.27 Supplementation 
with bifidobacterial to pregnant women signifi-
cantly reduced the risk of atopic dermatitis/eczema 
and had a lower proportion of Proteobacteria com-
pared with the control group.28 In the animal 
experiment, B. longum CCFM1029 significantly 
elevated the abundances of Lactobacillus, 
Clostridium, and unclassified_f_Lachnospiraceae 
(Figure 1c). β-glucan and L. plantarum LM1004 
treatment decreased the expressions of Th2 and 
Th17 cell transcription factors through increasing 
Lachnospiraceae, Bacteroides, and Roseburia in 
mice with AD.29 Increased Lactobacillus might con-
tribute to the production of γ-aminobutyric acid 
(GABA), inhibiting skin itch.30 In a cohort study on 
the natural course of AD in early childhood, a high 
proportion of Streptococcus and low Clostridium 
and Akkermansia were detected in children with 
persistent AD.31

Phascolarctobacterium was the differential bac-
teria in the placebo group (Figure 5d) and it was 
related to the development of Parkinson’s disease 
and metabolic syndrome.32,33 In the NR subgroup, 
Sutterella was increased but Lachnospiraceae was 
reduced versus the CCFM1029-B group. However, 
the abundances of both two bacteria showed no 
significant alteration in the R subgroup compared 
with the CCFM1029-B group. Sutterella is closely 
associated with the onset and development of gas-
trointestinal diseases and psychiatric disorders, 
such as inflammatory bowel disease, ulcerative coli-
tis, and autism.34–37 Lachnospiraceae, an SCFA- 
producing bacteria,38 the delayed accumulation of 
SCFA was closely associated with the risk of devel-
opment in allergen-sensitized AD infants in 
a longitudinal study.39 Furthermore, 
Lachnospiraceae, with downstream metabolites 
such as propionate and I3C, protect against radia-
tion in mice.16 B. longum CCFM1029 treatment 
maintained the proportion of Lachnospiraceae in 
the R subgroup versus the CCFM1029-B group. 

This suggested that gut microbiota might be 
involved in I3C production, but it was not enough 
to exert the alleviating effects on AD without 
B. longum CCFM1029 treatment. Therefore, 
B. longum CCFM1029 treatment reshaped gut 
microbial composition and contributed to the 
increase in tryptophan metabolism in patients 
with AD (Figure 5g). We did not exclude the con-
tribution of gut microbiota in situ on tryptophan 
metabolism in the present study, which was 
a limitation. The effects of indol derivates will be 
explored via a germ-free mouse model to assess the 
effects of gut microbiota on tryptophan metabolism 
in future studies.

In conclusion, the results showed that AD symp-
toms could be alleviated by affecting AHR agonist 
I3C produced by B. longum CCFM1029 triggering 
the communication between gut and skin. 
Additionally, indole derivates, gut microbial meta-
bolites of tryptophan, have the potential to affect 
immunoregulation in the host with a role of signal 
molecules and maybe a effective target to improve 
allergic diseases.

Materials and methods

Materials

IA, IAA, ILA, IPA, I3C, DNFB, AHR antagonist 
CH223191, methanol (gradient grade, Supelco), 
and acetonitrile (gradient grade, Supelco) were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). 
Acetone and olive were purchased from Sinopharm 
Chemical Reagent Co., Ltd. (Shanghai, China).

Bacterial preparation

B. longum strains (CCFM1029, M203F02M611 
(M611), FSCDJY6M1 (Y6M1), FSHMX1M6 
(X1M6), FXJWS23M3 (23 M3)) were stored at the 
Culture Collection of Food Microorganisms (Wuxi, 
Jiangsu, China). After consecutively activating for 
two generations, strains were cultured in MRS 
broth with 0.05% (w/v) L-cysteine-HCl 
(Sinopharm, Shanghai, China) under an anaerobic 
workstation (Electrotek AW400SG, Keighley, West 
Yorkshire, UK) at 37°C for 24–36 h. The detailed 
information that preparing bacterial cultures 
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referred to our previous article.19 The number of 
viable bacteria was determined using the plate 
counting method.

Animal model construction

Female C57BL/6 mice (SPF grade) aged 6 weeks 
were purchased from Charles River Laboratories 
(Beijing, China). Mice were fed under a facility 
with a controlled light cycle (12 h light/12 h dark), 
temperature (20–26°C), and humidity level (40– 
50%). Standard chow and water were available ad 
libitum during the experiment. After 1 week of 
adaption, AD-like symptoms were induced refer-
ring to our previous article.19 Briefly, oral adminis-
tration of B. longum CCFM1029 or sterile saline for 
1 week, 2,4-dinitrofluorobenzene (DNFB, Sigma- 
Aldrich, St. Louis, MO, USA) was mixed with 
a substrate solution (acetone:olive oil = 4:1, v/v, 
Sinopharm, Shanghai, China) to make the sensitiz-
ing solution (0.5% and 0.2%). On day 15, 0.5% 
DNFB solution was painted on the shaved dorsal 
skin and left ear in mice. Then, 0.2% DNFB solu-
tion was painted in the same places to induce AD- 
like symptoms on days 19, 22, 25, and 28. The 
experimental flow chart was shown in Figure 6.

Experiment supplementing I3C in mice with AD

Female mice were randomly divided into the con-
trol group, DNFB group, I3C group, CCFM1029 
group, and AHR antagonist CH223191 (Sigma- 
Aldrich) group (n = 8). One week before model 
establishment, the mice were gavaged B. longum 
CCFM1029 suspension (diluting to 109 CFU/ 
0.2 mL with sterile saline) once a day in the 
CH223191 and CCFM1029 groups until the end 
of the experiment, and 10 μM CH223191 (20 μL) 
was painted on the ear and skin for 30 min before 
B. longum CCFM1029 treatment.18 The mice were 
gavaged 0.2 mL sterile saline in the control and 
DNFB groups, and oral administration of 0.2 mL 
I3C solution (10 μg/mL, Sigma-Aldrich) in the I3C 
group.

Shotgun metagenomic sequencing for fecal samples 
of mice

Shotgun metagenomic sequencing of fecal samples 
(n = 4–5) was performed by Majorbio Biopharm 
Technology Co., Ltd. (Shanghai, China). The 
detailed information was referred to in a previous 
article.40 Briefly, a library with an average insert size 

Figure 6. Experimental flow chart. HE: hematoxylin-eosin; KYN: Kynurenine.
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of 400 bp was constructed for every sample and was 
sequenced using the Illumine NovaSeq platform 
(Illumine, San Diego, CA, USA). High-quality 
sequences were obtained after filtering raw data 
and quality control. The clean reads were assembled 
to generate contig using MEGAHIT (Table S1). 
Non-redundant gene sequences were aligned to the 
NCBI NR database and KEGG database using 
BLASTP (version 2.2.28+) to obtain detailed infor-
mation for taxa and gene functions. Principal coor-
dinates analysis (PCoA) was performed based on 
Jaccard distance. LEfSe was used to determine the 
differences in gene functions between the DNFB 
and CCFM1029 groups. The data were carried out 
on the Majorbio Cloud Platform (http://www.major 
bio.com). The contribution of gut microbiota for 
tryptophan metabolism was performed using 
HuMAnN2 (version 0.11.2).41

Recruitment of AD patients and sample collection

The clinical evaluation was a randomized pla-
cebo-controlled trial. AD patients were recruited 
at the Tinghu People’s hospital (Yancheng, 
Jiangsu, China) and AD clinical symptoms were 
diagnosed by dermatologists according to 
Hanifin & Rajka criteria. All patients provided 
written informed consents. Participants were 
ineligible if they had taken systemic corticoster-
oids and cyclosporine, or antibiotic and probiotic 
products in the previous 2 weeks, or signs of 
bacterial infection. All subjects (n = 102) were 
randomly divided into the placebo and 
CCFM1029 groups and the clinical baseline char-
acteristics of patients were collected. Patients 
received daily a bag containing B. longum 
CCFM1029 lyophilized powder (109 CFU/2 g) 
or maltodextrin powder (2 g) for 8 weeks. 
Serum and fecal samples were collected and fro-
zen at −80°C until for use.

16S rRNA amplicon sequencing

In the clinical evaluation experiment, the total DNA 
of fecal samples was obtained using the FastDNA 
spin kit for feces (MP Biomedicals, Santa Ana, CA, 
USA). The V3-V4 region was amplified (341 F and 
806 R) and sequenced using the Illumina sequencing 
platform (Miseq, Illumina Co., Santiago Canyon, 

CA, USA). The 16S rRNA data were analyzed 
using the QIIME2 pipeline (open-source, http:// 
qiime2.org). Non-metric multidimensional 
(NMDS) analysis was performed to reveal the differ-
ences between groups based on Bray-Curtis distance. 
The functional genes of microbiota were evaluated 
using the phylogenetic investigation of communities 
by reconstruction of unobserved states (PICRUSt).42

Determination of indole derivatives in serum and 
fecal samples

Serum and fecal samples pretreatment, and the stan-
dard solution preparation were referred to supple-
mentary material. The determination of indole 
derivatives was performed on a Vanquish UHPLC 
Q-Exactive Plus MS (Thermo Fisher, CA, USA) 
equipped with an ACQUITY UPLC BEH C18 col-
umn (Waters, Milford, Massachusetts; 1.7 μm, 
2.1 × 100 mm). A binary solvent system composed 
of mobile phase A (acetonitrile, ACN, Supelco, 
Sigma-Aldrich) and mobile phase B (0.1% formic 
acid, Supelco, Sigma-Aldrich). The binary gradients 
were as follows: 5% A for 3 min, 5% A to 30% A for 
6 min, 30% A to 100% A for 6 min, 100% A for 
1.5 min, and re-equilibrated column with 5% A for 
3.5 min. The total time was 20 min at a flow rate of 
300 μl/min, and the column temperature was 35°C. 
The injection volume was 2 μL. Mass spectrometry 
was carried on a Q-Exactive Plus MS operating in 
positive ion mode. The conditions of heated electro-
spray ionization were as follows: ion spray voltage, 3.5 
kV; capillary temperature, 320°C, heater temperature, 
320°C, auxiliary gas volume flow, 15 arb, and sheath 
gas flow rate, 35 arb. The scan mode was a full-scan 
acquisition from 80 to 1200 m/z with a resolution of 
70,000 and AGC target 3e6.

Indole derivatives determination from tryptophan 
metabolism of B. longum in vitro

At the initial stationary phase of B. longum strain 
growth, the bacterial solution was centrifuged at 
3400 × g at 4°C for 20 min. Removing the super-
natant and bacteria were washed using phosphate- 
buffered saline (pH = 7.4). After re-centrifuge with 
the same condition, 1 mL M9 culture media (Table 
S2) was added to the tube and the bacteria were 
cultured for 48 h under anaerobic conditions.43 
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Then bacteria were centrifuged at 7000 × g under 
4°C for 10 min to obtain supernatant. A 100 μL 
supernatant was mixed with 800 μL precooled 
methanol and the mixture was put on ice for 
30 min to remove protein. The mixture was centri-
fuged at 15000 × g under 4°C for 10 min to obtain 
supernatant. After vacuum concentration and cen-
trifuge treatment, the final sample was obtained for 
UHPLC Q-Exactive-MS analysis.

Statistical analysis

The SPSS software (version 20.0, Chicago, Illinois, 
USA) and Origin Pro 9 software (Origin Lab 
Corporation, Wellesley Hills, Massachusetts, USA) 
were used to perform statistical analysis. A p-value 
<0.05 was indicated statistically significant.
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