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Abstract

Gliadin, abundant in flour-based foods and processed foods, has been widely researched for allergies. However, the impact
of gliadin on the intestinal barrier of healthy individuals and the intervention effect of Bifidobacterium longum (B. longum)
are rarely explored. Three strains (JCM1217, CCFM1216, CCEM1218) of B. longum with strong gliadin hydrolysis were
screened from 18 strains. This study explored the effects of B. longum on mice with a 10-week high-fat diet and 6% gliadin
(HFD + 6%G), assessing duodenal health, lipid metabolism, metabolomics, and gut microbiota in the duodenum and colon
changes. Three B. longum strains were screened for gliadin hydrolysis to produce minimal RS immunopeptide production.
All three B. longum strains improved duodenal morphology, reduced intestinal permeability, reduced inflammation (IL-
15), and activated tryptophan metabolism. Additionally, alterations in the microbiota of the duodenum and colon were also
observed. Linear discriminant analysis (LDA) showed that the HFD + 6% G group significantly increased the abundance of
lleibacterium, Alistipes, Bacteroides, Candidatus, Saccharimonas, Streptococcus, Sediminibacterium, and Odoribacterium
in the duodenum. The abundance of Blautia, Butyricimonas, Ruminococcaceae UCG-010, Parabacterioids, and Eubacterium
nodatum in the colon was also increased. The B. longum CCFM1216 and B. longum CCFM1218 reversed the abundance
of these strains. Specifically, B. longum CCFM1216 enhanced the duodenal barrier with indoleacrylic acid, beneficial for
blood lipids and glucose. These strains may be used as probiotics for gliadin-related diseases.
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Introduction

Complex peptic ulcer disease [1] threatened the defen-
sive balance of the stomach and duodenum, with global
incidence and annual prevalence rates of 0.1-0.19% and
0.12-1.5%, respectively. Duodenal intestinal barrier dam-
age was induced by gastrointestinal diseases, unhealthy
diets, and gluten. The causes of duodenal intestinal bar-
rier damage encompassed duodenal ulcer [1], functional
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dyspepsia [2], Crohn’s disease [3], Helicobacter pylori
infection [4], nonsteroidal anti-inflammatory drugs [5], and
others. Clinical manifestations include increased duodenal
mucosal permeability, inflammation, alterations in duode-
nal gut microbiota, and tissue ulcers. Alcohol [6], coffee,
strong tea, genetic variations, and psychological stress can
also weaken the duodenal barrier due to excessive stimula-
tion of gastric acid. Gluten primarily causes celiac disease
(CD) to the duodenum, with a global prevalence of gluten-
related diseases reaching 5%. CD involved the hydroly-
sis of gliadin [7] into immune peptides in the duodenum,
which were presented to pro-inflammatory dendritic cells
through immune peptide receptors encoded by HLA-DQ?2/
HLA-DQS8 genes. The resulting pro-inflammatory factors
attack duodenum epithelial cells, leading to villous atrophy
and impaired nutrient absorption. Gliadin, a gluten compo-
nent, is implicated in CD and potentially other conditions
like type 1 diabetes, multiple sclerosis, and psoriasis [8],
especially among populations consuming large amounts of
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refined wheat products and HFD. In China, the prevalence
of overweight and obesity among adults was 51% in 2018
[9], and it is projected to reach 65.3% by 2030. Meanwhile,
the prevalence of overweight and obesity among school-aged
children [10] was 20% in 2018, with a projected increase to
31.8% by 2030. Obesity will become a severe public health
issue facing China. HFD promotes the effect of gluten on
gluten-tolerant people, while the effect of gluten on healthy
people has rarely been explored. Gluten (the main form of
gliadin) was found to alter gut microbiota [11], cause obesity
[12], and atherosclerosis [13], and exacerbate non-alcoholic
fatty liver disease [14]. Compared to a week of normal diet,
a gluten-free diet [15] has increased the populations of short-
chain fatty acid producers and gut mucosa stabilizers such as
Parabacteroides, Barnesiella, and Odoribacter. Based on a
study of 242 [16] overweight individuals, refined wheat was
less beneficial for weight and body fat reduction compared
to high-fiber rye products. Although there was no direct
evidence linking obesity to gliadin consumption, both are
unfavorable factors for intestinal health.

For duodenal intestinal barrier injury, common thera-
peutic drugs include drugs that inhibit gastric acid (such
as proton pump inhibitors), mucosal protective agents (alu-
minum phosphate gel), antibiotics (for Helicobacter pylori
infection), and drugs that promote gastrointestinal digestion.
The most effective treatment for CD [17] is to avoid a con-
taining gluten diet. Currently, there have been no approved
drugs for this disease. IMGX-003 [17], AT-1001, and PRV-
015 are currently in clinical trials, and their mechanism is
gluten endopeptidase, tight junction protein regulator, and
monoclonal antibody that binds and inhibits IL-15. How-
ever, there may be issues such as over-prescription, adverse
reactions, and antibiotic resistance in the drug treatment of
duodenal disease injuries. Drug therapy for CD carries the
risk of incomplete digestion of gluten leading to the produc-
tion of immune peptides, which can block anti-tumor risks
in refractory CD. Probiotic has the advantages of reducing
the pain of patients who mistakenly consume gluten, enhanc-
ing intestinal immunity, and improving nutrient absorption.

The mechanisms by which probiotics alleviated CD have
been summarized in reviews [18], mainly through toxic
peptides’ hydrolysis, intestinal barrier protein expression
enhancement, and so on. When B. longum CECT 7347 [19]
intervened in the model of IFN-y and gliadin sensitiza-
tion, the strain reduced CD4 +, CD4 + /Foxp3 + cells, and
IL-10, and increased CD8 + T cells, indicating that the strain
stimulated the CD4 + T cell-mediated immune response.
Indole derivatives such as indole-3-acetic acid (IAA) and
indole-3-propionic acid (IPA) [20] can enhance the intes-
tinal barrier. The production of indole derivatives [21] by
lactic acid bacteria aligned with their predicted metabolic
gene rates by over 87%. After screening 960 bacterial spe-
cies [22] for genes encoding ILA-producing aromatic lactic
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acid dehydrogenase (ALDH) and tryptophan-synthesizing
trpB (F1dH homolog), only 95 strains of the Bifidobacterium
genus, including 12 B. longum strains, possessed both genes.
This literature indicated that the Bifidobacterium genus has
great potential for producing indole derivatives. B. longum
[23] has alleviated atopic dermatitis symptoms through
indole-3-aldehyde or reduced inflammation with IPA [24].

In this study, we hypothesized that B. longum can allevi-
ate duodenal harm caused by gliadin in high-fat diet mice,
potentially treating gliadin-linked diseases. We evaluated
its therapeutic impact on duodenal histology, intestinal per-
meability, and inflammatory factors. We measured serum
metabolites to discover the efficacy foundation for the effec-
tiveness of the strain, and the tryptophan metabolite set was
quantified through targeted metabolomics. Mechanistically,
B. longum repairs duodenal damage via gut microbiota mod-
ulation and IA enrichment, as suggested by altered AHR
receptor expression.

Materials and Methods
Reagents

The fecal genomic DNA extraction kit was purchased from
MP Biomedical Co., Ltd. (CA, USA). The gel recovery kit
was purchased from Hangzhou Beiwo Medical Technology
Co., Ltd. (Hangzhou, Jiangsu Province, China). The 16S
rRNA V3-V4 amplification primers 341F and 806R were
purchased from Shanghai Sheng Gong Bioengineering Co.,
Ltd. (Shanghai, China). The 2 X Taq master mix premix
was purchased from Jiangsu Kang Wei Century (Taizhou,
Jiangsu Province, China). The mouse TNF-a, IL-15, IL-6,
and Zonulin enzyme-linked immunosorbent assay kits were
purchased from Shanghai Enzyme Linked Assay Co., Ltd.
(Shanghai, China).

Screening of Hydrolytic Gliadin Strains

The trypsin and pepsin-predigested gliadin (PT-gliadin)
were prepared according to the Giorgi et al.’s method [25].
To assess bacterial hydrolysis of PT-gliadin, we selected 18
strains including B. longum (7 strains), Pediococcusacidi-
lactici (2 strains), Clostridium (4 strains), Lactobacillus (4
strains), and Pseudomonas aeruginosa (1 strain) in Table S1.
All strains were sourced from the Strain Collection Center
of the State Key Laboratory of Food Science and Technol-
ogy at Jiangnan University. After second-generation activa-
tion and 12 h of culturing, the bacteria were centrifuged at
4600 g for 10 min and resuspended in sterile PBS to achieve
a final concentration of 2 x 10° CFU/mL. Each [26] strain
suspension was inoculated into GBM containing 7.5 mg/mL
of PT-gliadin at a 3% inoculum rate. The mixer incubated
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aerobically at 37 °C and 100 rpm for 48 h. Post-incubation,
the mixture was centrifuged at 4600 g for 10 min to obtain
fermentation supernatant. For RS immune peptide detection,
the fermentation supernatant was measured as per instruc-
tions, and an R5 [27] antibody test was conducted to detect
potential peptide toxicity epitope QQPFP.

Design of Animal Experiments

The animal experiment was approved by Jiangnan Univer-
sity’s Animal Ethics Committee (JN. NO20230915¢1441125
[400]), adhering to Chinese and international animal welfare
standards. This modeling method was based on literature
[28]. The intervention of a high-fat diet containing 6% glia-
din established a model of duodenal injury in mice. Wheat
flour contains 9-14% protein, and gluten accounts for 80% of
it. Gliadin accounts for about 45% of gluten protein, and gli-
adin is the main allergen causing wheat allergy. For healthy
individuals, long-term intake of wheat flour foods does not
seem to cause significant health issues. Gliadin, a gluten
component, is implicated in potentially other conditions like
type 1 diabetes, multiple sclerosis, and psoriasis [8]. We
employed a high-fat diet to amplify the effect of gliadin on
the host. The key to the success of this model was the signifi-
cant increase in body weight of the model mice, along with
morphological changes and inflammation in the duodenum.

Nine-week-old male C57BL/6 J mice (SPF grade),
weighing 21-25 g, were purchased from Zhejiang Weitong
lehua Experimental Animal Technology Co., Ltd. (Beijing,
China). These mice were housed in an environment with a
temperature of 23 +2 °C, humidity of 55+ 10%, and illu-
mination of 15~20 LX, accompanied by a 12-h light cycle
of day and night. Following a week of acclimatization with
ad libitum access to food and water, mice were weighed and
balanced into seven groups: NC (normal control), NC+ 6%
gliadin, HFD (high-fat diet), HFD + 6% gliadin (model), and
three models + B. longum groups (B. longum CCFM1216,
B. longum CCFM1218, B. longum JCM1217), each group
with 11 mice (Fig. 2a). The three strains of B. longum used
in this animal experiment are preserved in the Culture Col-
lection Center of the Food Biotechnology Center at Jiangnan
University. The B. longum CCFM1218 was isolated from
the feces of a 74-year-old male volunteer from Chengmai,
Hainan Province. The B. longum CCFM1216 was isolated
from the feces of a 40-year-old Tibetan female volunteer
from the Gairuo Grassl, Sichuan Province. The B. longum
JCM 1217 standard strain was purchased from the American
Tissue Culture Collection. The NC group received stand-
ard feed, while NC + 6% gliadin substituted 6% casein with
gliadin. Both HFD and HFD + 6% gliadin contained 60%
fat, with the latter also substituting 6% casein for gliadin.
Detailed feed compositions were in Table S2. The NC and
HFD groups were administered PBS solution containing

0.5% cysteine and 1% DMSO orally, while B. longum groups
received 1x 10° CFU/mL orally.

The Measurement of Duodenal Morphology
and Inflammation Factors

Paraffin-embedded duodenal sections [7] were stained
with H&E. Tissue scanning and analysis were performed
using digital scanners (Pannoramic MIDI II, 3DHISTECH,
Budapest, Hungary) and image Pro Plus (Silver Spring, MD,
USA), respectively. The length of the duodenal villi and the
depth of the vaginal cavity were analyzed using Image Pro
Plus image analysis software.

Biochemical Indicators Determination

The Beckman AUS5800 automated biochemical analyzer
(Brea, CA, USA) was used to measure serum alanine ami-
notransferase (ALT), aspartate aminotransferase (AST),
triglycerides (TG), total cholesterol (TC), high-density
lipoprotein cholesterol (HDL-C), low-density lipoprotein
cholesterol (LDL-C) concentrations, C-reactive protein
(CRP), and blood glucose (GLU). The levels of tumor
necrosis factor — a(TNF-a), interleukin IL-15, IL-6, and
Zonulin in the duodenum were detected using an ELISA kit
(Shanghai mIBio, Shanghai, China). The content of aromatic
hydrocarbon receptors in the duodenum was detected using
an ELISA kit (Sbjbio, Nanjing, Jiangsu Province, China).

Characteristics of Gut Microbiota in the Duodenum
and Colon [29]

Take an appropriate amount of mouse duodenum stored at
—80 °C. Subsequently, employ the Fast DNA Stool Kit (MP
Biomedicines, CA, USA) to isolate total DNA from the duo-
denal tissue. Then amplify the 16 s rDNA V3-V4 region.
The V3-V4 regions of the 16 s rTDNA were amplified using
the forward primer 341F (CCTAYGGGRBGCASCAG) and
the reverse primer 806R (GGACTACNNGGGTATCTAAT),
with an amplified fragment length of 465 bp. The amplified
RNA was recovered and purified using gel recovery rea-
gents, and the recovered amplicons were sequenced using
the [llumina Miseq platform (Illumina, Santiago, CA, USA).
The steps for measuring fecal DNA samples are the same as
those for duodenal operation.

Analysis of Serum Non-targeted Metabolome

The non-targeted metabolomics method for analyzing
mouse serum has undergone minor enhancements based
on Liao’s literature [30]. Simply, the 100 puL of serum was
mixed with 3 volumes of pre-cooled methanol, and vor-
texed for 30 s, meanwhile, the mixture was at — 20 °C for
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1 h to precipitate proteins. The mixture was centrifuged
at 12,000 rpm for 15 min at 4 °C and was collected 300
uL of the supernatant. Then, the concentrated sample was
resuspended in 100 pL of 20% methanol, vortexed again
for 30 s, and centrifuged briefly at 12,000 rpm. Finally,
the supernatant was collected for analysis. Take an equal
volume of samples to make QC for evaluating instrument
stability. For the instrument parameter, mobile phase, and
data processing related to LC—MS, please refer to our pre-
viously published article [31].

Analysis of Tryptophan Metabolites in Feces
and Serum

The method for determining the content of tryptophan
metabolites in mouse feces and serum is based on litera-
ture [24]. In brief, the 50 mg of mouse feces were mixed
with 900 pL of 50% methanol, which was homogenized
at 65 Hz for 30 s with 10 s intervals, for a total of three
cycles. The homogenate was precipitated overnight at
4 °C before being centrifuged at 15,000 g for 10 min. The
resulting supernatant was vacuum-concentrated and resus-
pended in 200 uL of 10% methanol. The resuspended solu-
tion underwent centrifugation under the same conditions,
and the supernatant was utilized for detection. Mouse
serum was blended with methanol in a 1:9 ratio, and the
ensuing processing steps were executed by the procedure
utilized for mouse feces. The standard substances of tryp-
tophan metabolites were diluted with 10% methanol at
50-0.5 ppm. The mobile phase and detection method uti-
lized were in line with those employed for non-targeted
detection in mouse serum.

Statistics Analysis

The experimental data are expressed as mean =+ standard
deviation (Mean + SD). Statistical significance was calcu-
lated using the R “stats” package. The significance compari-
son between groups was calculated using a non-paired Wil-
coxon test. For all statistical results, # P <0.05; ## P<0.01;
## # P<0.001; Compared with HFD +6% G, * P <0.05;
** P<0.01. The non-targeted metabolomics data was inte-
grated into the CD software for comprehensive processing,
encompassing deconvolution, normalization, peak extrac-
tion, and precise peak alignment. The determination of VIP
(variable importance) values for metabolites was performed
by the software SIMCA 14.1. The correlation coefficient was
calculated employing the “Pearson” method. Furthermore,
the predictive pathway analysis of gut microbiota pathways
was conducted through the R package “Tax4Fun2” version
1.1.5 [32].
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Fig. 1 Immune peptides produced by hydrolysis of PT-gliadin by 18
different types of bacteria. Note: The P-value represents a compari-
son with the control group
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Results

Screening of Strains Capable of Hydrolyzing PT
Gliadin

Our goal was to identify strains that can hydrolyze PT-glia-
din to minimize RS immune peptides (RS IPs). The RS [27]
antibody, particularly the 32-mer or 33-mer variant, detects
the toxic epitope QQPFP and similar epitopes like QLPYP
and PQPFP, which may trigger innate immune responses in
CD. Figure 1 shows that among 19 strains from four genera,
8 strains of B. longum produced the least RS IPs. In sum-
mary, B. longum excels in producing fewer immunogenic
peptides from gliadin hydrolysis in vitro. Therefore, we
selected 3 strains of B. longum, CCFM1216, JCM1217, and
CCFM1218 from this species, which exhibited a gradual
increase in RS IP production. And, their capacity will be val-
idated whether to alleviate duodenal barrier damage caused
by HFD + 6% G in vivo. While Pseudomonas aeruginosa
(P. aeruginosa) generates little R5 IPs, increased strains are
harmful to the duodenal barrier in CD models, as shown by
Ren et al. [7].

The Impact of B. longum on the Body Weight
and Organ Weight of Mice Fed an HFD + 6%gliadin

To amplify the impact of gliadin on the intestinal barrier in
mice, a high-fat diet combined with 6% gliadin (HFD + 6%
G) was used for modeling. Unless otherwise specified, the
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Fig.2 The effects of B. longum on body weight and organ mass in
HFD+6% G mice. a Animal experiment design. b Weight gain.
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model group refers to a high-fat diet combined with 6%
gliadin. The alleviating effect of three strains of B. longum
on this model was investigated. As shown in Fig. 2b,
after 10 weeks of dietary intervention, the weight of the
HFD + 6% G group significantly increased compared with
the NC group, indicating successful modeling. Meanwhile,
gliadin significantly increased the obesity effect of an HFD.
In contrast, B. longum JCM1217 and CCFM1216 signifi-
cantly reduced weight gain compared with the model group.
The energy intake of HFD was slightly higher than that of
the NC group, and there was no difference in energy intake
between the model group and the B. longum group (Fig. 2c).
In Fig. 2d, in comparison to the model group, the two above-
mentioned bacterial strains significantly elevated the brown
fat index and conspicuously diminished inguinal fat content
(Fig. 2e). This enhancement in brown fat promoted heat gen-
eration, subsequently contributing to a reduction in body
weight. Notably, only B. longum CCFM1216 significantly
lowered the epididymal fat index, as illustrated in Fig. 2f. In
summary, both B. longum JCM1217 and CCFM1216 dis-
played promising effects in facilitating weight loss.

The Impact of B. longum on Duodenal Morphology
and Inflammation of Mice Fed an HFD + 6%gliadin

Clinically, the pivotal diagnostic criterion for CD?! is the
detection of duodenal morphology. This paper showcased
H&E-stained slides of mouse duodenum. As depicted in
Fig. 3a, exposure to HFD + 6% G mice resulted in shortened
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fat index. Compared to the NC group, #P<0.05; ##P<0.01;
###P <0.001; compared with HFD + 6% G, *P <0.05; **P <0.01

villi, flattened or ruptured villi tips, and enlarged crypts
within the duodenum. Consistent with Fig. 3a, b demon-
strates a significant reduction (P <0.01) in the villus-to-crypt
depth ratio in the model group. Importantly, three strains
of B. longum exhibited a notable alleviating effect on duo-
denal pathology, with B. longum CCFM1216 emerging
as the most effective strain. Zonulin??, a pivotal signaling
molecule, reversibly modulates intestinal permeability. Our
findings indicated that the model group exhibited increased
zonulin release (Fig. 3c), suggesting that gliadin exacer-
bated intestinal permeability in HFD mice. Conversely, B.
longum CCFM1216 (P < 0.05) significantly mitigated zonu-
lin release.

Gluten-degraded peptides in the body [23], particularly
a-gliadin p31-43, can elicit innate immune responses by
inducing TNF-a and IL-15 production in CD biopsies
and fibroblasts, disrupting intracellular vesicle transport
involving TLR7. We hypothesized that gliadin’s detrimen-
tal effects on the intestinal barrier in healthy individuals
are linked to these anti-inflammatory factors. Figure 3d—f
illustrates that gliadin elevated IL-15 levels in the duode-
num of mice under both dietary conditions, whereas B.
longum CCFM1216 significantly reduces IL-15 produc-
tion (P <0.05) in mouse duodenum. Although no signifi-
cant differences were observed in IL-6 and TNF-a levels
between the model and B. longum groups, a decreasing
trend was evident in the intervention group. Given the
duodenal morphological damage and the brief 10-week
intervention with HFD + 6% G, the moderate alterations
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in inflammatory markers likely stem from them. Addi-
tionally, in healthy individuals, we speculated that the
duodenal damage induced by gliadin is likely to be mild
and progressive.
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###P <0.001; compared with HFD + 6% G, *P <0.05; **P <0.01

The Impact of B. longum on Blood Biochemical
Indicators of Mice Fed an HFD + 6%gliadin

An HFD is often correlated with disruptions in blood lipid,
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glucose metabolism, and weight. Figure 4a and b demon-
strates elevated blood lipid markers in the model group
compared to NC, while B. longum CCFM1216 showed
superior lipid-lowering effects. CRP [24], an acute-phase
protein indicative of inflammation or tissue damage, was
significantly elevated in the model group (Fig. 4d), mirroring
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60— HFD + 6%G

ALT (UIL)

Alanine aminotransferase (AST). g Aspartate transaminase (ALT). h
Alkaline phosphatase (ALP); compared to the NC group, #P <0.05;
##P <0.01; compared with HFD + 6% G, *P <0.05; **P <0.01

duodenal tissue damage. Additionally, the model group
experienced heightened blood glucose, which was effec-
tively mitigated by B. longum CCFM1216 and B. longum
CCFM1218, underscoring B. longum’s capacity to regulate
glucose metabolism in an HFD.

@ Springer



Probiotics and Antimicrobial Proteins

We aimed to explore the impacts of gliadin on liver func-
tion. Figure 4e highlights a notable reduction in liver index
in the HFD + 6%G model group versus the NC group, sug-
gesting gliadin’s role in lessening liver fat accumulation.
However, Fig. 4f-h reveals no signs of liver dysfunction
despite this decrease, and both the model and intervention
groups exhibited similar liver function to the NC group.

The Impact of B. longum on the Serum Untargeted
Metabolome of Mice Fed an HFD + 6%gliadin

Figure 5a and b showcases distinct metabolite profiles
among groups (PERMANOVA P <0.01). In positive ion
mode, R2x, R2y, and Q2 were 1 and 0.9, respectively. For
negative ion mode, respective scores were 0.922, 1, and
0.946, confirming high model reliability (Fig. S1). R2
gauges fit, while Q2 assesses predictive capacity post-val-
idation. Model validation through 200 permutations yields
R2 and Q2 values of 0.992 and — 0.0904 in positive mode
and 0.98 and —0.572 in negative mode (Fig. S2). In both
modes, the Q2 regression line’s y-axis intersection is nega-
tive, suggesting no overfitting. After BH correction, sig-
nificant metabolites (P <0.05, fold change <0.8 or > 1.25)
were filtered between B. longum CCFM1216 and HFD + 6%
G groups, yielding 31 differential metabolites. Of these,
21 were upregulated and 10 downregulated in B. longum
CCFM1216, compared to HFD + 6% G.

Using the MetaboAnalyst platform to analyze the differ-
ences in metabolites between the B. longum CCFM1216
group and model group, enrichment analysis revealed that
phosphatidylcholine biosynthesis, histidine metabolism, and
methionine metabolite sets were more enriched (Fig. 5c).
The pathway of metabolites products focused on pathways
such as alanine metabolism, histidine metabolism, aspar-
tate metabolism, and methionine metabolism (Fig. 5d).
Enrichment and pathway analysis share the same changes
in metabolite sets, such as arginine and proline metabolism,
histidine metabolism, tryptophan metabolism, and methio-
nine metabolism. Gliadin is a protein complex, and its deg-
radation process inevitably involves amino acid metabolism.
Tryptophan metabolism [33] and methionine metabolism
[34] may be key pathways for the B. longum CCFM1216
group to alleviate intestinal barrier damage in HFD + 6% G
group mice.

Thirty biomarkers were screened through enrichment
analysis and pathway analysis. Figure Se compares their
levels in a model group and three B. longum strains. Com-
pared to HFD + 6%G, tryptophan, 1A, and Indole aldehyde
(TAld) were enriched in B. longum, aligning with prior path-
way analyses. The serum untargeted metabolomics analysis
illustrated that (Fig. 5), The B. longum groups also showed
higher content of methionine, and proline, suggesting
enhanced gluten degradation.
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The Effect of B. longum on Tryptophan Metabolism
in Feces and Serum of Mice Fed an HFD + 6%gliadin

Untargeted metabolomics indicated that tryptophan-derived
indole derivatives may be key substances for B. longum
CCFM1216 to alleviate model damage. Tryptophan metab-
olism, including kynurenine, 5-HTP, and indole pathways,
occurs in the liver and gut microbiota. Gut microbiota pro-
duces indole derivatives, beneficial for gut immunity and
inflammation. To elucidate whether the tryptophan metabo-
lites’ variations between the above groups stem from the gut
microbiota, we conducted a quantification of these metabo-
lite levels in both mouse feces and serum samples. In Fig. 6,
compared with HFD + 6% G, the three strains of B. longum
can increase the content of IA, indole-3-acetic acid (IAA),
and indole-3-lactic acid (ILA) in feces, while IA showed sig-
nificant differences in the intervention group (Fig. 6¢). Com-
pared to the model group, B. longum CCFM1216 exhibited
the greatest increase in the expression of duodenal aromatic
hydrocarbon receptors (AHR, P=0.057, Fig. 6f).

In mice serum (Fig. S3 3a-3b), three strains of B. longum
significantly increased the IA content, yet there was no sig-
nificant difference in tryptophan content among the groups.
The indole-3-carboxaldehyde (IAld, Fig. S3 3c-3d) was
detected with no significant differences among groups.
However, we only detected these three tryptophan-related
metabolites in the serum, and the reason probably is that
these substances are mainly degraded by gut microbiota and
enriched in the intestine. Notably, B. longum CCFM1216
increased the content of IA in mice serum and feces, enhanc-
ing the gut barrier (Figs. 6¢ and S3 3b). Compared to the
model group, B. longum CCFM1216 significantly increased
the content of IA and Ahr.

The Effect of B. longum on Duodenal Microbiota
of Mice Fed an HFD + 6%gliadin

Gliadin digestion [35] and absorption primarily occur in the
duodenum, emphasizing the crucial role of gut microbiota.
Research indicated probiotics alleviate gliadin-induced
intestinal damage by modulating microbiota composition
[25, 36]. This study employed 16 s IRNA amplicon sequenc-
ing to assess B. longum strains’ impact on duodenal micro-
biota structure in mice fed with an HFD + 6% gliadin. Alpha
diversity represents intra-group species richness and even-
ness (e.g., Shannon index, observed species). Beta diversity,
via PCoA based on Bray—Curtis distances, captures inter-
group variations. Figure 7a and b reveals that HFD + 6%
gliadin reduced species diversity but not evenness, while
B. longum strains restored species number without altering
evenness. Figure 7c demonstrates B. longum CCFM1216
effectively reversed HFD + 6% gliadin-induced microbiota
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Fig.5 Enrichment and pathway analysis of differential metabolites in
the serum of mice from the B. longum CCFM1216 and HFD +6%G
groups. a Metabolites in C18 positive ion mode. b Metabolites in C18
negative ion mode. ¢ Enrichment analysis of differential metabolites.
d Pathway analysis differential metabolites. e Comparison of dif-
ferential metabolites in mouse serum. The color of each cell in the

alterations, with similar trends observed for the other two
B. longum strains.

heatmap represents the average relative metabolite content in the
serum of each group’s mice, with deeper orange indicating higher
values and deeper blue indicating lower values. Compared to the NC
group, #P <0.05; ##P <0.01; compared with HFD+6% G, *P <0.05;
*#*P <0.01; non paired Wilcoxon test is used to calculate P-values

LDA was utilized to dissect the genus-level differ-
ences across groups. This study selected the NC group, the
HFD + 6% G group, and three intervention B. longum strains,
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Fig.6 Analysis of tryptophan metabolites in mouse feces. Note: a
Tryptophan (Trp); b Kynurenine (Kyn); ¢ Indoleacrylic acid (IA); d
indole-3-acetic acid (IAA); e Indole lactic acid (ILA); f Aryl hydro-

aiming to elucidate the therapeutic potential of intervention
groups against the HFD + 6% G challenge. By applying
thresholds of LDA scores <2 and alpha values < 0.05, com-
prehensive identification of 21 distinct genera was achieved,
as depicted in Fig. 7D. In contrast to the NC group (Fig. 7e),
the HFD + 6% G group exhibited a significant enrichment of
genera such as Ileibacterium, Alistipes, Bacteroides, Can-
didatus, Saccharimonas, Streptococcus, Sediminibacterium,
and Odoribacterium. Notably, the B. longum CCFM1216
and CCFM 1218 effectively mitigated the abundance of these
taxa. Meanwhile, the above two B. longums fostered the pro-
liferation of Faecalibaculum, Acinetobacter, Peredibacter,
Clostridium, Pseudochromobutrum, and Adlercreutzia.
Alterations in gut microbiota composition can modu-
late its metabolic activity. We employed 16S rRNA gene
sequencing and the Tax4Fun2 [32] R package, by the KEGG
pathway, to explore the functional shifts in gut microbiota
post-intervention with B. longum. In Fig. 7f and g, compared
to the NC group, the model group displayed reduced biosyn-
thesis of phenylalanine, tyrosine, tryptophan, biosynthesis of
secondary metabolites, pantothenate, and Pantothenate and
CoA biosynthesis. Meanwhile, the model group enhanced
glutathione metabolism, biofilm formation — Vibrio

@ Springer

carbon receptor (Ahr) (compared with HFD+6% gliadin group,
*P<0.05, * *P<0.01)

cholerae, cyanoamino acid metabolism, steroid biosynthesis,
and primary bile acid biosynthesis. Notably, the B. longum
JCM 1217 and B. longum CCFM1216 partially restored
these metabolic pathways, aligning closer to the NC group.

The Effect of B. longum on Colonic Microbiota
of Mice Fed an HFD + 6%gliadin

The median time [37] that food is spent in the large intestine
of healthy individuals was 21 h. After passing the stomach
and small intestine, undigested gliadin fragments escape to
the colon, where colonic microorganisms metabolize them.
We utilized 16 s rRNA amplicon sequencing to assess how
3 strains of B. longum affect the colon microbiome of mice.
Figure 8a reveals that 6% gliadin increases microbial spe-
cies regardless of diet type, enhancing diversity without
affecting evenness. Figure 8b shows that HFD + 6%G did
not alter the colon Shannon index. The B. longum group did
not significantly impact the Shannon index or species count,
suggesting a limited influence on intra-group diversity. Fig-
ure &c indicates sectional genus differences between NC and
HFD + 6%G groups, but the B. longum partially restored the
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Fig.7 The effect of B. longum on the gut microbiota in the duode-
num of mice. a Shannon index. b Observed species. ¢ Principal co-
ordinates analysis (PCoA). d Cladogram depicting the differentially
abundant taxa (LDA score>2 and P <0.05) among groups. e Distri-
bution of remarkably changed genes among groups. The color of each
cell in the heatmap represents the mean relative abundance of each
genus in the duodenum of each group’s mice, with deeper yellow
indicating higher values and deeper cyan indicating lower values. f
Differential metabolic pathways between NC and HFD + 6% G group.

model’s microbiota, showing minimal overall structural dif-
ferences between intervention and model groups.

LEfSe was employed to compare bacterial genus dif-
ferences in the colon. This study selected the NC group,
HFD +6%G, and 3 strains of B. longum groups to evalu-
ate B. longum’s therapeutic effects. Applying LDA >2 and
alpha <0.05 thresholds, 23 distinct species were identified
(Fig. 8d). Compared to NC (Fig. 8e), the group HFD + 6%G
boosted Blautia, Butyricimonas, Ruminococcaceae UCG-
010, Parabacterioids, and Eubacteria nodatum, while

©%9+ON
121 Wor

©%9+Q4H
9LZLNIOD
8LZLWIOD

g Distribution of remarkably changed functional metabolic pathway
among groups. The color of each cell in another heatmap represents
the mean relative abundance of predicted functional pathways of duo-
denal microorganisms in each group’s mice, with deeper orange indi-
cating higher values and deeper blue indicating lower values; Com-
pared with the NC group, #P <0.05, ##P <0.01; compared with the
HFD + 6% gliadin group, *P <0.05, **P <0.01. Non paired Wilcoxon
test is used to calculate P-values

reducing Escherichia Shigella and Bifidobacterium. Notably,
B. longum CCFM1216 and CCFM 1218 reversed these shifts.

Alterations in gut microbiota can impact its metabolic
functions, thereby affecting the host’s metabolism. We used
16S rRNA gene sequencing and Tax4Fun2 R package to
study gut microbiota function changes post-B. longum inter-
vention. Figures 8f and S4 depict distinct metabolic path-
ways altered in HFD + 6%G and all groups, respectively.
Compared with the normal diet, only the microbial path-
ways significantly changed in the HFD + 6% G group, and
we suspected that these species were more closely related
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Fig.8 The effect of B. longum on the gut microbiota in the colon of
mice. a Shannon index. b Observed species. ¢ Principal co-ordinates
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remarkably changed genus among groups. The color of each cell in
the heatmap represents the mean relative abundance of each genus
in the colon of each group’s mice, with deeper red indicating higher
values and deeper green indicating lower values. f Differential meta-

to HFD (Fig. 8f). The model group showed reduced D-Ala-
nine metabolism, peptidoglycan biosynthesis, Mannose
type O-glycan biosynthesis, and Linoleic acid metabolism.
Meanwhile, the model group increased biofilm formation-
Pseudomonas aeruginosa, apoptosis, secondary bile acid
biosynthesis, and Flavone and flavanol biosynthesis, and
B. longum CCFM1218 and B. longum CCFM1216 partially
restored these pathways to NC levels. Adding gliadin to HFD
significantly reduced linoleic acid metabolism, indicating
a shift towards gliadin metabolism. In Fig. S5, the model
group significantly increased the two-component system and
carbon metabolism of colonic microorganisms, while signifi-
cantly decreasing ABC transporters, Quorum sensing, and
other predicted functional pathways. Further metagenomic

@ Springer

ON

vl

ON

990N
Q4H
9'9adH
21zewor| 4« 2
IZLNA0D
3LZLNE0D

D-Alanine metabolism | B
Peptidoglycan biosynthesis

Biosynthesis of 12-, 14- and 16-membered macrolides

Other types of O-glycan biosynthesis

Mannose type O-glycan biosynthesis

Linoleic acid metabolism 0
Polyketide sugar unit biosynthesis

Secondary bile acid biosynthesis 1
Galactose metabolism

Ferroptosis '
Other glycan degradation 2
Glycosaminoglycan degradation

Phenylpropanoid biosynthesis

Cyanoamino acid metabolism

Apoptosis

Biofilm formation - Pseudomonas aeruginosa

Cell cycle - Caulobacter

Flavone and flavonol biosynthesis

Flavonoid biosynthesis

Stilbenoid

333
3+

3+

and gingerol

9%9+ON
Q3H
©%9+04H FEfFEE 3¢ 3 36 3 e e 3t e FE S A e 3t
2L wor .
9LZIN0D| #| uf #| »| »| #| #| »
8LZLN0D

bolic pathways between NC and HFD+6% G group. g Distribution
of remarkably changed functional metabolic pathway among groups.
The color of each cell in the heatmap represents the mean relative
abundance of each genus in the colon of each group’s mice, with
deeper orange indicating higher values and deeper purple indicating
lower values; Compared with the NC group, #P <0.05, ##P<0.01;
compared with the HFD+6% gliadin group, *P<0.05, **P <0.01.
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sequencing is needed to understand gliadin-related microbial
functional changes.

Correlation Analysis Between Gut Microbiota
and Multiple Indicators

A correlation analysis was performed on the changed micro-
biota in the duodenum and colon, along with the ratio of
villus length/crypt depth in the duodenum, the fecal targeted
metabolites, and inflammatory factors. In Fig. S6, Lacto-
bacillus in the duodenum (P <0.05) was positively corre-
lated with fecal 1A, while Eubacterium coprostanoligenes
in the duodenum (P <0.01) was negatively correlated with
this substance. The Christensenellaceae in the duodenum
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was positively correlated with villus length/crypt depth
(P<0.01). Ruminococcaceae (P<0.01) showed a remark-
able negative correlation with the inflammatory factor IL-15
in the duodenum.

Based on the correlation analysis among the villus-to-
crypt depth ratio, inflammatory factors, changes in gut
microbiota, and serum and fecal metabolites. There is a cor-
relation between more than one small intestine and colon
microbiota and a single metabolite and biochemical indica-
tor, indicating that B. longum alleviates duodenal inflam-
mation by regulating gut microbiota, and then modulating
metabolite changes. Specifically, Lactobacillus and IA are
positively correlated (Fig. S6). In short, we conjectured that
B. longum CCFM1216 improved Lactobacillus in the gut,
raising IA levels and reducing duodenal damage.

Discussion

The human gut [38] contains around 10”14 microorganisms,
playing a crucial role in food digestion and maintaining gut
immunity. Some research [39] showed that probiotics like
Bifidobacteria can reduce intestinal harm in CD patients
caused by gliadin. For healthy people, published literature
showed that gliadin has a certain relationship with human
intestinal microorganisms [40], diabetes [41], and so on.
Among 18 bacterial strains, B. longum produced the least
amount of immunopeptides for the hydrolysis of PT-gliadin.
Hence, we investigated the therapeutic potential of three B.
longum strains on the duodenum of HFD + 6% gliadin mice.
Our findings suggested that B. longum CCFM1216 effec-
tively mitigated duodenal barrier damage induced by gliadin.

We first examined the effects of B. longum on biochemical
indicators and duodenal inflammation in the model group.
Rune et al. [42] investigated the impact of adding 1% gliadin
to a high-fat diet of Apoe -/- mice over 16 weeks. Variations
in microbial composition were observed, yet glucose toler-
ance, insulin levels, and blood lipids remained unchanged.
This is consistent with our results, where the addition of gli-
adin increased the levels of blood lipids and blood glucose,
but not significantly. However, the amount of gliadin added
and the method of blood glucose measurement were differ-
ent in the two studies. In this study, an HFD exacerbated
gliadin’s disruption of duodenal morphology and increased
intestinal permeability, consistent with literature reports
[7]. Remarkably, B. longum CCFM1216 effectively lowered
LDL-C, TG, and blood glucose levels (see Fig. 4). Beyond
disrupting duodenal morphology, gliadin may also perturb
intestinal mucosal immunity. In CD [7] pathogenesis, gluten
peptides traversed the duodenum, stimulating dendritic cells
to present antigens to T cells, triggering IL-15 secretion and
subsequent attacks on intestinal epithelial cells. Przemioslo
et al. [43] reported heightened IL-6 and TNF-a production in

the lamina propria and epithelium of untreated CD patients’
small intestines, compared to healthy individuals. Notably,
TNF-a contributed to duodenal mucosa damage in CD and
acted as a systemic inflammatory mediator [43]. Children
who developed CD by age 6 (N=56) exhibited heightened
IL-6 production during at initial 4 months before gluten
introduction, compared to the healthy children (N =27) [44].
Our experimental model showed increased inflammatory
factor release in the duodenum of the model group, sug-
gesting a persistent yet subtle impact of gliadin on healthy
duodenal tissue. We hypothesize that in healthy individuals,
gliadin may induce mild duodenal damage.

Targeted and untargeted metabolomics provided valuable
insights into the beneficial effects of the B. longum. The
serum untargeted metabolomics indicated that (Fig. 5) the
B. longum groups also showed higher content of methionine,
and proline, suggesting enhanced gluten degradation. The
B. longum has gluten-degrading potential [45, 46]. The tar-
geted analysis indicated that tryptophan, IA, TAld, and IAA
were enriched in the feces of mice treated with B. longum
(Fig. 6). Literature [47] noted Indole acrylic acid’s role in
treating inflammatory bowel disease. Gliadin increased
small intestine permeability, while tryptophan metabolites
from microorganisms, such as ILA, indole-propionic acid
[20], and indole-3-acetate, could repair intestinal structure
[48] and strengthen the barrier via AHR. Thus, we specu-
lated that B. longum CCFM1216 enhanced the duodenal
barrier by degrading gluten and producing high levels of
indole compounds.

Gliadin digestion and absorption primarily occur in the
duodenum, which is also the immune focus for CD. We rea-
sonably speculated that gliadin will cause different microbial
characteristics of the duodenum compared to the NC group.
We have summarized some literature on bacterial genera
with significant changes in the duodenum. Literature [49,
50] reported that Bacteroides, Streptococcus, Odoribacter,
Clostridium, Bifidobacterium, and Lactobacillus are respon-
sible for gliadin degradation. Interestingly, Adlercreutzia
[51], though associated with high-fat soybean oil diets, does
not participate in gliadin metabolism. The proliferation of
Alistipes in the model group was found to contribute to intes-
tinal tryptophan degradation, whereas B. longum JCM 1217
and B. longum CCFM1216, by modulating the gut micro-
biota, mitigated this effect, enhancing tryptophan metabo-
lism and thereby safeguarding the intestinal barrier. From
this study and pertinent literature [52], the potential of the
harmless group Clostridium as a microbial biomarker that
inhibited CD. In the future, this genus will act as a probiotic
candidate for the therapeutic of CD.

In healthy individuals, food has a median residence time
of 21 h as it passes through the upper gastrointestinal tract
to the large intestine [37]. Undigested gliadin fragments
that escape the stomach and small intestine reach the colon,
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where colonic microorganisms metabolize these short pep-
tides. Rune et al. [42] found that adding 1% gliadin did
not significantly alter the PCoA clustering of fecal micro-
biota from an HFD. This paper presented partial overlap
between the NC group and the model group (Fig. 8c) indi-
cating that gliadin has little effect on colonic microbiota.
Reference [53] indicated that Butyricimonas were more
abundant in media containing digested gluten, and the sub-
species Butyricimonas spp. could improve indicators such
as weight, blood glucose levels, and insulin resistance in
HFD. This genus of bacteria is enriched in both B. longum
JCM 1217 and CCFM1216. Blautia and Ruminococcaceae
increased in the dietary pattern with the addition of 6% gli-
adin, while decreasing in the intervention groups with B.
longum. Consistent with the literature [54], the abundance
of Blautia and Ruminococcaceae decreased after treatment
with Bacillus subtilis LZU-GM, a probiotic that can degrade
gluten in vitro. This genus of strain, Ruminococcus caceae
UCG-013 [55], was positively correlated with HDL-C lev-
els in obese mouse serum and negatively correlated with
serum TC, TG, and LDL-C levels and has been identified
as a microbial indicator of obesity prevention. Previous lit-
erature [56] has shown that Bifidobacterium decreased in
high-fat diets, which was consistent with the results of the
model group in this study. The low content of B. longum in
the intervention group may be due to the low colonization
efficiency of the intervention strain. The reason is that [57]
gluten (84.5%) strongly inhibited the single biofilm of Lac-
tobacillus rhamnosus, which meant that probiotics were not
easily adhered in the gastrointestinal tract where gluten was
present. Interestingly, adding gliadin to a normal diet did not
significantly increase the abundance of Escherichia Shigella,
while adding gliadin to an HFD significantly reduced the
abundance of the genus (Fig. 8e). Xie et al. [58] demon-
strated that adding gluten to BALB/c mice (intramuscular
injection of 0.5 mg gluten for 21 days, gavage of 10 mg for
14 days) also enriched Escherichia Shigella, which was a
marker of obesity in the small intestinal microbiota in HFD
[58, 59]. The microbiota in the model group, capable of
breaking down gliadin, seems to mitigate the harmful effects
of HFD. In short, the three strains of B. longum lead to dis-
tinct microbial patterns distinct from the model.

Among gut microbes, Ileibacterium, Odolibacterium,
and Negativibacillus coexist in feces and small intestine.
lleibacterium remained stable across sites and groups. In the
duodenum, Odoribacter increased in the model group but
reduced in B. longum CCFM1216. Conversely, in feces, it
is stable in the model but raised in B. longum CCFM1216.
The Odoribacter [60] positively correlated with gluten-free
diet adherence in celiac patients. This strain was responsible
for producing butyric acid in the colon, and its significant
increase in feces may represent the intestinal mucosa’s integ-
rity. Negativibacillus surged in the model group (duodenum
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and feces) vs. NC, staying high in B. longum CCFM1216.
The strain significantly increased in ulcerative colitis, indi-
cating that the model group may have intestinal inflam-
mation, while the intervention group reduced this adverse
effect.

In Fig. S6, based on the correlation analysis among the
villus-to-crypt depth ratio, inflammatory factors, changes in
gut microbiota, and serum and fecal metabolites. There is a
correlation between more than one small intestine and colon
microbiota and a single metabolite and biochemical indica-
tor, indicating that B. longum alleviates duodenal inflam-
mation by regulating gut microbiota, and then modulating
metabolite changes. Among them, serum metabolomics
and microbial functional analysis jointly target indole com-
pounds involved in tryptophan metabolism, especially IA.

However, this study still has limitations. Firstly, metagen-
omic techniques should be employed to identify changes
in species related to the duodenum and colon that are both
involved in gliadin hydrolysis. Secondly, the molecular
mechanism by which B. longum CCFM1216 alleviates duo-
denal inflammation remains unclear and may be investigated
in future studies. Lastly, a purer model should be consid-
ered to simulate the effects of gliadin on healthy individuals,
rather than under high-fat diet conditions.

Conclusions

This study investigated the effects of three strains of B.
longum on the morphology of the duodenum, serum untar-
geted metabolome, fecal targeted tryptophan, and changes
in duodenum and colon microbiota in HFD + 6% gliadin
mice. The results showed that B. longum CCFM1218 and
B. longum CCFM1216 enhanced the intestinal barrier, alle-
viated duodenal injury, and reduced intestinal permeability
by regulating the microbial community of the duodenum and
colon. In summary, these two strains of B. longum enhance
gliadin hydrolysis and modulate intestinal microbiota to
enrich the content of 1A, IAA, and ILA, thereby mitigat-
ing gliadin’s impact on intestinal barrier function. Among
them, B. longum CCFM1216 modulates the gut microbiota,
particularly by regulating lactobacilli, to enhance the levels
of TA and Ahr, thereby promoting healthy blood lipid and
blood glucose metabolism. This study provides a foundation
for exploring the impact of gliadin on individuals with obe-
sity tendencies and for developing probiotic resources that
regulate gliadin’s effects on intestinal barriers.
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