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� GOS selectively enriched intestinal L.
delbrueckii, L. johnsonii and L. reuteri
in piglets and mice.

� Strain-specific properties of GOS-
enriched Lactobacilli were identified
for the promotion of gut health.

� Preventative administration of L.
delbrueckii strain alleviated intestinal
barrier damage by reducing the
inflammation in macrophages.

� Continuous administration of L.
johnsonii strain inhibited Salmonella
adhesion and invasion through
competitive exclusion.

� L. reuteri strain failed to protect
against Salmonella infection in this
study.
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Introduction: Galactooligosaccharides (GOS) are lactogenic prebiotics that exert health benefits by stim-
ulating the growth of different Lactobacillus strains in the gastrointestinal (GI) tract.
Objectives: This study aimed to investigate the mechanism of action of different GOS-enriched lactobacilli
in intestinal health.
Methods: Piglets and mice were supplemented with GOS to identify specific enrichment of Lactobacillus.
The protective effects of individual GOS-enriched lactobacilli were investigated in Salmonella-infected
mice. Macrophage depletion and transcriptome analysis were further performed to assess the involve-
ment of macrophages and the underlying mechanisms of individual lactobacilli. An in vitro cell co-
culture system was also used to evaluate the anti-adhesive and anti-invasive activities of lactobacilli
against Salmonella in epithelial cells.
Results: GOS markedly increased the relative abundance of three lactobacilli including L. delbrueckii, L.
johnsonii, and L. reuteri in both piglets and mice. Supplementation with GOS further alleviated
Salmonella infection in mice. L. delbrueckii (ATCC�BAA 365TM), but not L. johnsonii or L. reuteri, enhanced
propionate production in the intestinal tract and ameliorated Salmonella-induced intestinal inflammation
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and barrier dysfunction by suppressing the JAK2-STAT3 signaling and M1 macrophage polarization. L.
johnsonii (BNCC 186110), on the other hand, inhibited Salmonella adhesion and invasion of epithelial cells
through competitive exclusion. However, L. reuteri (BNCC 186135) failed to protect mice against
Salmonella infection.
Conclusion: GOS-enriched lactobacilli show a differential role in protecting against Salmonella-induced
intestinal barrier dysfunction and inflammation. Our results provide novel insights into the mechanism
of action of GOS and individual Lactobacillus strains in the control and prevention of intestinal inflamma-
tory disorders.
� 2024 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Galactooligosaccharides (GOS) are well-known prebiotics for
selective stimulation of the growth of Lactobacillus and Bifidobac-
terium [1–3]. We previously demonstrated that GOS promotes
intestinal Lactobacillus colonization and proliferation in piglets,
leading to an improvement in intestinal barrier functions and
immune development [4]. In addition, GOS enhances the compet-
itive exclusion of intestinal pathogens, thereby reducing the
inflammatory response [5,6]. As a result, GOS has been widely used
to improve intestinal function and health [7].

Lactobacillus is known to exert a broad spectrum of health ben-
efits to the host such as immune modulation and intestinal barrier
promotion [8,9]. However, different Lactobacillus species appear to
work through different modes of action. For example, certain Lac-
tobacillus strains inhibit the adhesion of pathogenic bacteria to
epithelial cells [10,11], while a few others are capable of repro-
gramming the polarization of immune cells such as CD4+ T cells
and macrophages [12,13]. Additionally, several lactobacilli
improve intestinal health by producing novel antimicrobial
metabolites, reinforcing intestinal epithelial barriers, and modulat-
ing host immune response [14,15].

Although GOS is known to regulate the microbiota and intesti-
nal health, the underlying mechanisms and particularly the roles of
different GOS-enriched lactobacilli in intestinal health remain lar-
gely unknown. The present study aimed to investigate the specific
effect of three GOS-enriched Lactobacillus strains on intestinal bar-
rier integrity and immune response in a mouse model of Salmonella
Typhimurium infection.
Materials and Methods

Ethics statement

All experiments involving animals were conducted according to
the ethical policies and procedures approved by the Institutional
Animal Care and Use Committee of China Agricultural University,
China (Approval No. AW07040202-1).
Mammalian and bacterial cell culture

Murine macrophage RAW264.7 cells were cultured in Dul-
becco’s Modified Eagle Medium (DMEM) supplemented with 10%
fetal bovine serum (FBS) at 37℃ and 5% CO2. L. delbrueckii (ATCC�-

BAA 365TM), L. johnsonii (BNCC 186110), L. reuteri (BNCC 186135),
and Salmonella Typhimurium SL1344 (DSM 24522) were obtained
from China Committee for Culture Collection of Microorganisms.
All lactobacilli were cultured in MRS medium (Aladdin, Shanghai,
China), while Salmonella Typhimurium was cultured in LB medium
(Aladdin, Shanghai, China) at 37℃.
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Galactooligosaccharides (GOS)

GOS was provided by Beijing Sanyuan Foods Co., Ltd (Beijing,
China) and produced through transgalactosylation of galactose,
which was originally converted from lactose by b-galactosidases.
The end product was obtained after a series of processing proce-
dures including purification, decoloration, filtration, and concen-
tration. The glycosidic linkages of the GOS product used in this
study are b(1 ? 3) and b(1 ? 4), and the degree of polymerization
ranged from 2 to 7. Detailed analysis of the GOS product in this
study was shown in Fig. S1, Supplementary Table S1 and Table S2.
Administration of GOS to piglets

A total of 12 newborn piglets with similar birth weights
(Duroc � Landrace � Yokshire, 1.53 ± 0.04 kg) were divided into
two groups, and administered orally with 2 mL saline in the pres-
ence or absence of GOS (1 g/kg BW) daily for 7 days. All piglets had
free access to sows’ milk till the end of the trial on d 21, when the
feces and colonic segments were collected for further analysis.

Administration of GOS and lactobacilli to Salmonella-infected mice
Seven-week-old, specific pathogen-free C57BL/6 mice were

purchased from SPF (Beijing) Biotechnology and provided with
ad libitum access to water and standard laboratory chow for one
week of acclimation prior to experimentation. For prevention of
intestinal infection and inflammation, mice were orally gavaged
with L. delbrueckii (ATCC�BAA 365TM), L. johnsonii (BNCC 186110),
or L. reuteri (BNCC 186135) daily for two weeks prior to Salmonella
infection. For treatment of intestinal infection, after two weeks’
pretreatement with lactobacilli, mice were orally administered
with Salmonella Typhimurium SL1344 (DSM 24522), followed by
oral gavage with L. johnsonii (BNCC 186110) or L. reuteri (BNCC
186135) daily for one week. In a separate trial, mice were supple-
mented with 5% GOS in the diet together with oral gavage with L.
reuteri (BNCC 186135) daily throughout the trial. Individual Lacto-
bacillus strains were administered to mice by oral gavage in 0.2 mL
PBS containing 109 CFU/mL bacteria. Salmonella infection was con-
ducted by oral gavage with 0.2 mL PBS containing 107 CFU/mL Sal-
monella Typhimurium. After euthanasia, blood samples, the colonic
segments, and feces were collected from each animal at the end of
each trial.
Administration of propionate to Salmonella-infected mice

Seven-week-old, specific pathogen-free C57BL/6 mice were
infected with 0.2 mL PBS containing 107 CFU/mL Salmonella Typhi-
murium, followed by administration of 1% sodium propionate
(ProNa) in drinking water. On d 3 post-infection, blood samples,
the colonic segments, and feces were collected from all mice after
euthanasia.

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Depletion of macrophages in mice

Macrophage depletion was achieved by intraperitoneal injec-
tion with clodronate liposomes (0.2 mL/mouse, Biohub Interna-
tional Trade Co., Shanghai, China) 3 days prior to and then every
third day during Salmonella Typhimurium infection as previously
described [16]. ProNa (1%, w/v) was provided in drinking water
throughout the trial. On d 3 post-infection, blood samples, the
colonic segments, and feces of all mice were collected after
euthanasia.

LPS and ProNa treatment of RAW264.7 macrophages

Mouse RAW264.7 macrophages were seeded in six-well plates
at a density of 1 � 106 cells. After overnight growth, cells were
treated with or without 1 mM ProNa for 24 h, followed by
100 ng/mL LPS stimulation for another 12 h. Whenever necessary,
RAW264.7 cells were incubated with AT9283, Stattic, or GLPG0974
(MedChem Express, Shanghai, China) for specific inhibition of JAK2,
STAT3, or GPR43, respectively, for 1 h prior to an addition of ProNa
and LPS.

Anti-adhesion and anti-invasion of Salmonella to epithelial cells by
lactobacilli

Anti-adhesion and anti-invasion assays were performed accord-
ing to a previous study [17]. For the anti-adhesion assay, human
HT-29 intestinal epithelial cell monolayers were pretreated with
109 CFU L. johnsonii (BNCC 186110) or L. reuteri (BNCC 186135)
for 1 h prior to infection with 107 CFU Salmonella Typhimurium.
After 1 h, the monolayers were washed three times with PBS and
lysed with Triton X-100. Adhered Salmonella Typhimurium were
enumerated by serial plating. The same procedures were applied
to measure the invasion of Salmonella Typhimurium, except that
HT-29 cells were treated with 100 lg/mL gentamicin for 30 min
prior to lysis with Triton X-100. Intracellular Salmonella Typhimur-
ium were enumerated by serial plating.

In vitro inhibition of Salmonella by L. reuteri

A bacterial co-culture system was performed as previously
described [18]. Briefly, 5% GOS was added to a mixture of LB and
MRS media containing 107 CFU of L. reuteri (BNCC 186135) and
106 CFU of Salmonella Typhimurium and incubated at 37 �C for
24 h. Salmonella were then enumerated by serial plating.

Fecal microbiota analysis and RT-qPCR validation of dominant
lactobacilli

Total genomic DNA was extracted from the feces using
QIAamp� Fast DNA Stool Mini Kit (Qiagen, Tübingen, Germany).
The V3-V4 region of the 16S rRNA gene was amplified using uni-
versal primers, pooled in equimolar ratios, and sequenced on the
Illumina MiSeq platform to generate paired-end reads. Raw reads
were analyzed using QIIME. Briefly, high-quality sequences were
clustered into OTUs with 97% similarity and taxonomically classi-
fied with an RDP classifier against the SILVA132 16S rRNA gene
database with a confidence threshold of 0.70. Data analysis was

performed on the Majorbio Cloud Platform (https://www.major-

bio.com) as previously described with slight modifications [19].
Principal coordinate analysis (PCoA) was based on the unweighted
unifrac distance. The microbial a-diversity analysis included rich-
ness (Sobs Index), Shannon Index, and Simpson Index. Wilcoxon
rank-sum test was applied for the analysis of microbial differences.
Spearman rank correlation analysis was used for the evaluation of
3

correlation between various parameters and the microbiota com-
position. The results were adjusted by the false discovery rate
(FDR) analysis (q < 0.05). Statistical significance was considered if
p < 0.05. Differential enrichment of dominant lactobacilli in piglets
and mice were further verified by RT-qPCR as previously described
[20] using species-specific primers (Supplementary Table S3).
Quantification of short-chain fatty acids (SCFAs) in the feces

The fecal samples of piglets and mice were homogenized in
ultrapure water and centrifuged at 5,000 � g for 10 min. Super-
natants were diluted and filtered through a 0.22 lm membrane.
The filtrates were subjected to Ion Chromatography System
(Thermo Fisher Scientific, Massachusetts, USA) for measurement
of SCFAs as previously described [21].
Haematoxylin and eosin (H&E) stain and histological score evaluation

Colonic segments of piglets and mice were collected and fixed
in 4% phosphate-buffered formalin, processed, and stained with
hematoxylin and eosin. The histological score was evaluated under
bright fields (100 � and 200 � ) on a Zeiss Axio Imager microscope
(Carl Zeiss Microscopy, New York, USA) based on a previous study
[22].
Reverse transcription-quantitative PCR (RT-qPCR)

Total RNA of the colonic segments was extracted using Trizol
(Invitrogen, California, USA), and cDNA was obtained using Prime
ScriptTM RT Kit (Takara, Shiga, Japan). RT-qPCR was performed
using SYBR Premix Ex Taq TM II (Takara, Shiga, Japan) on a Light
Cycler� System (Roche, California, USA) using gene-specific pri-
mers (Supplementary Table S4). PCR amplification was performed
in duplicate for each sample. The relative expression level of each
target gene was calculated using the 2�DDCt method and b-actin as
the reference gene as we previously described [23].
RNA-seq and RT-qPCR validation of gene expression

Total RNA was extracted from the colonic segments for subse-
quent paired-end sequencing on the Illumina HiSeq platform to
generate short reads of 150-bp. High-quality clean data were
obtained by SeqPrep and Sickle with default parameters and then
aligned to the Mus_musculus reference genome (GRCm39) in the
orientation mode using HISAT2. Mapped reads were assembled
by StringTie. Differentially expressed genes (DEGs) were identified
through pairwise comparisons using DESeq2. DEGs with |log2(Fold
Change)| > 1.5 and q � 0.05 were considered. Functional enrich-
ment analyses of KEGG were performed at q � 0.05 using Goatools
and KOBAS. The expressions of selected DEGs were further vali-
dated with RT-qPCR using gene-specific primers (Supplementary
Table S5). Data analysis was performed on the Majorbio Cloud

Platform (https://www.majorbio.com).
Enzyme-linked immune-sorbent assay (ELISA)

The plasma of mice was obtained from blood samples by cen-
trifuging at 3,000 � g at 4 �C for 10 min. The concentrations of
TNF-a, IL-1b, IL-6, and IL-10 were determined using cytokine-
specific ELISA kits (Invitrogen, California, USA) according to the
manufacturer’s instructions.

https://www.majorbio.com
https://www.majorbio.com
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Flow cytometry

The colonic segments of mice were minced and digested to indi-
vidual cells. After centrifugation, the cells were harvested and
incubated with antibodies specific to F4/80, CD11b, CD11c, or
CD206 (Thermo Fisher Scientific, Carlsbad, USA) for 30 min. Cells
were then washed three times and subjected to flow cytometry
on BD FACSAria II Cell Sorter (BD Biosciences, New Jersey, USA).
F4/80+CD11b+ cells were identified as macrophages and F4/80+-
CD11b+CD206+ cells as M2 macrophages, while F4/80+CD11b+-
CD11c+ cells were identified as M1 macrophages.

Western blot

After treatment, RAW264.7 macrophages were lysed in cold
RIPA buffer containing a cocktail of protease and phosphatase inhi-
bitors, followed by centrifugation. The protein concentration of
each supernatant was quantified by the BCA method and 20 lg
proteins were subjected to SDS-PAGE and then transferred onto a
PVDF membrane. After blocking in 5% skim milk for 1 h at 37 �C,
the membrane was incubated sequentially with a primary anti-
body (1:2,000) overnight at 4 �C and an HRP-conjugated secondary
antibody (1:5,000 dilution) for 1 h at 37 �C. Protein bands were
visualized using an enhanced chemiluminescence kit on a Flu-
orChem system (Proteinsimple, California, USA).

Statistical analysis

Data were analyzed using SPSS 20.0 (IBM, USA). Results are
reported as means ± SEM (standard errors of the mean). For para-
metric data, Student’s t-test was used for two-group analysis, and
one-way ANOVA was used for multiple groups. For nonparametric
data, Mann-Whitney U test or Kruskal-Wallis H test was used for
two and multiple groups, respectively. All statistical analyses were
considered significant at P < 0.05.
Results

GOS enriches specific lactobacilli in piglets and alleviates Salmonella-
induced intestinal disorders in mice

To examine the effect of GOS on growth, intestinal microbiome,
and barrier function, newborn piglets was orally administered with
GOS daily for a week. GOS increased the body weight of piglets on
d 7 and d 21 (Fig. 1 A) and also markedly altered the fecal microbial
community of piglets (Fig. 1 B). GOS increased the microbial diver-
sity (Fig. S2 A) and relative abundances of lactobacilli (Fig. 1 C).
Among dominant Lactobacillus species, L. delbrueckii, L. reuteri,
and L. johnsonii were significantly enriched in GOS-supplemented
piglets on both d 8 (Fig. S2 B) and d 21 (Fig. 1 D). Acetate and pro-
pionate were also increased in the feces of GOS-fed piglets on d 8
and d 21(Fig. 1 E, Fig. S2 C). Additionally, the intestinal barrier
integrity was improved after GOS intervention as evidenced by
an upregulation of claudin-1 and ZO-1 mRNAs (Fig. 1 F). The IL-6
expression level was decreased, while IL-10 and IL-22 were
increased in the colon of GOS-supplemented piglets (Fig. 1 G). Fur-
ther, Spearman correlation analysis indicated a positive correlation
of relative abundances of L. delbrueckii, L. johnsonii, and L. reuteri
with the intestinal barrier and immune-related parameters
(Fig. 1 H).

To directly evaluate the role of GOS-enriched lactobacilli in
intestinal health, a combination of L. delbrueckii, L. johnsonii, and
L. reuteri strains were supplemented to piglets for 7 days (Fig. S3
A). Similar to GOS-supplemented piglets, body weight, the fecal
propionate level, intestinal barrier, and immune response of piglets
4

were all improved (Fig. S3 B-E), suggesting that the benefical effect
of GOS is largely mediated through enrichment of lactobacilli.

A mouse model of Salmonella infection was further employed to
assess the effect of GOS on immune modulation and intestinal bar-
rier function (Fig. 2 A). Consistently, GOS reversed Salmonella-
induced weight loss (Fig. 2 B) and the Salmonella burden in infected
mice (Fig. 2 C). GOS also alleviated the intestinal pathology in Sal-
monella-infected mice as evidenced by an increased colon length
(Fig. 2 D), reduced histological score (Fig. 2 E), and upregulation
of several tight junction protein genes such as claudin-1 and occlu-
din (Fig. 2 F). Dietary GOS also dampened the gene expression of
pro-inflammatory cytokines in Salmonella-infected mice (Fig. 2
G). Consistent with GOS-fed piglets, the fecal abundance of L. del-
brueckii, L. johnsonii, and L. reuteri were all increased after 14 days
of GOS supplementation (Fig. 2 H), while other dominant bacteria
were not significantly altered (Fig. S4 A-C). Lactobacilli remained
elevated in GOS-fed mice on d 19 (Fig. S4 D, E). The fecal abun-
dance of L. delbrueckii and L. johnsonii (Fig. 2 H) as well as the fecal
acetate and propionate levels (Fig. S4 F-I) were increased in GOS-
supplemented mice. Furthermore, L. delbrueckii, L. johnsonii, and L.
reuteri were positively correlated with enhanced intestinal barrier
and immune-related parameters in mice (Fig. S4 J). Collectively,
these results suggested that GOS enriches lactobacilli, which in
turn promote intestinal health, barrier function, and homeostasis.

L. delbrueckii, but not L. johnsonii or L. reuteri, elevates the intestinal
propionate level and alleviates Salmonella infection

To reveal the impact of individual GOS-enriched lactobacilli on
intestinal homeostasis, L. delbrueckii strain (ATCC�BAA 365TM, L. del,
Fig. 3 A), L. johnsonii strain (BNCC 186110, L. john, Fig. S5 A), or L.
reuteri strain (BNCC 186135, L. reu, Fig. S5 C) were administered
individually to mice two weeks prior to Salmonella infection. L. del-
brueckii (Fig. 3 B), but not L. johnsonii or L. reuteri (Fig. S5 B, D), was
found to alleviate weight loss of Salmonella-infected mice. Fecal L.
delbrueckii was enriched before (d 14) and after infection (d 19) in
L. delbrueckii-supplemented mice (Fig. 3 C, D). Although L. del-
brueckii failed to reduce the luminal Salmonella burden in the feces
(Fig. 3 E), norank_f_Muribaculaceae and Duboslella were increased
(Fig. S5 E, F). Fecal propionate was increased in L. delbrueckii-
supplemented mice before and after Salmonella infection (Fig. 3
F, G). Additionally, L. delbrueckii attenuated Salmonella-induced
colonic atrophy, intestinal histological damage, and tight junction
dysfunction (Fig. 3 H-J). Furthermore, both colonic mRNA expres-
sions and plasma concentrations of pro-inflammatory cytokines
(TNF-a, IFN-c, IL-1b, and IL-6) were reduced by L. delbrueckii
(Fig. 3 K, L). The results indicated that L. delbrueckii prevents Sal-
monella-induced intestinal barrier dysfunction and inflammation
mainly by promoting the synthesis of propionate.

Propionate maintains intestinal homeostasis in a macrophage-
dependent manner

Because the intestinal propionate level was increased in L. del-
brueckii-supplemented mice, exogenous propionate (ProNa) was
administered to determine whether it could attenuate Salmonella
infection (Fig. 4 A). ProNa indeed alleviated Salmonella-induced
weight loss and the fecal burden of Salmonella (Fig. 4 B, C). ProNa
also markedly increased colon length, mitigated histological dam-
age, and upregulated tight junction protein (claudin-1 and ZO-1)
gene expression in Salmonella-infected mice (Fig. 4 D-F). In addi-
tion, ProNa attenuated Salmonella-induced inflammation by reduc-
ing both colonic gene expression and plasma levels of pro-
inflammatory cytokines (Fig. 4 G, H).

Upon infection, Salmonella can invade and survive inside macro-
phages [24]. Macrophage activation and polarization is known to



Fig. 1. Galactooligosaccharides (GOS) enriches specific Lactobacillus species and improves intestinal barrier function of neonatal piglets. (A) Body weight of piglets. (B)
Principal coordinates analysis plot of unweighted unifrac distances of the fecal microbiota among different groups of piglets. (C) Differential enrichment analysis of the fecal
microbial community. (D) Relative abundances of dominant fecal lactobacilli on d 21. (E) Fecal concentrations of SCFAs on d 21. The expression levels of tight junction
proteins (F) and mRNA expression levels of cytokines (G) in the colonic segments are shown. (H) Spearman correlation analysis of lactobacilli, SCFAs, and intestinal barrier
parameters. CON, piglets administered saline; GOS, piglets administered with galactooligosaccharides; OCLN, occludin; CLDN-1, claudin-1; ZO-1, zonula occludin-1, TNF-a,
tumor necrosis factor-a; IFN-c, interferon-c; IL-1b, interleukin-1b; IL-6, interleukin-6; IL-10, interleukin-10; IL-22, interleukin-22. * P<0.05, ** P<0.01.
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be involved in intestinal pathogen invasion and inflammation [25].
In this study, ProNa suppressed Salmonella-triggered polarization
of pro-inflammatory M1 macrophage cells (CD11b+CD11c+, Fig. 4
I) and the gene expression of associated biomarkers (iNOS and
CD11c, Fig. 4 J). To further examine whether macrophages are
required for propionate to attenuate Salmonella-induced intestinal
inflammation, macrophages were depleted in mice by intraperi-
toneal injection with clodronate liposomes (Fig. 5 A, Fig. S6 A).
The protective effect of ProNa on attenuating weight loss and
reducing fecal Salmonella burden was abrogated in macrophage-
depleted mice (Fig. 5 B, C). Salmonella-induced colonic shortening,
intestinal histological damage, and impaired tight junction also
failed to be reversed by ProNa treatment in the absence of macro-
phages (Fig. 5 D-F). In addition, ProNa failed to suppress colonic
and plasma pro-inflammatory cytokine expression in
macrophage-depleted mice (Fig. 5 G). These results highlighted
an essential role of macrophages in propionate-mediated allevia-
tion of Salmonella-induced intestinal disorders and inflammation.

To directly verify whether macrophages are also responsible for
L. delbrueckii-mediated alleviation of Salmonella infection, L. del-
brueckii was supplemented to mice prior to macrophage depletion
and Salmonella challenge (Fig. S6 B). The results indicated that L.
delbrueckii failed to reverse weight loss and the fecal Salmonella
5

burden in macrophage-depleted mice (Fig. S6 C, D). L. delbrueckii
also failed to attenuate Salmonella-induced tight junction impair-
ment and pro-inflammatory cytokine expression in the absence
of macrophages (Fig. S6 E, F). Additionally, L. delbrueckii lost the
ability to reverse Salmonella-triggered suppression of propionate
when macrophages were depleted (Fig. S6 G). These results indi-
cated that L. delbrueckii-induced propionate alleviates Salmonella
infection in a macrophage-dependent manner.

Propionate mitigates inflammation in macrophages via inhibiting
JAK2-STAT3 signaling

To understand anti-inflammatory signaling mechanisms of pro-
pionate, RNA-seq was performed on LPS-challenged RAW264.7
macrophages. A number of differentially expressed genes (DEGs)
were identified in response to propionate (Fig. S7 A-C). KEGG path-
way annotations revealed that major DEGs belonged to the JAK-
STAT signaling pathway (Fig. 6 A, Fig. S7 D). Furthermore, RT-
qPCR validated the RNA-seq results and showed that DEGs in
LPS-challenged macrophages were markedly reversed by ProNa
(Fig. 6 B; Fig. S7 E, F). To confirm the role of the JAK-STAT signaling
pathway in ProNa-mediated anti-inflammation, RAW264.7 macro-
phages were treated with AT9283 or Stattic, two specific inhibitors



Fig. 2. Dietary GOS enriches specific lactobacilli and alleviates Salmonella infection in mice. (A) Experimental scheme. (B) Body weight changes. (C) Fecal titers of
Salmonella on d 19. The colon length (D), histological score (E), tight junction protein expression (F), and cytokine mRNA expression (G) in the colonic segments on d 19 were
shown. (H) Relative abundances of different dominant lactobacilli on d 19. CON, mice treated with PBS; S. Tm, Salmonella-infected mice; GOS, mice fed GOS and infected with
Salmonella. OCLN, occludin; CLDN-1, claudin-1; ZO-1, zonula occludin-1; TNF-a, tumor necrosis factor-a; IFN-c, interferon-c; IL-1b, interleukin-1b; IL-6, interleukin-
6. * P<0.05, ** P<0.01, *** P<0.001.
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for JAK2 and STAT3, respectively, prior to LPS challenge. Similar to
AT9283 or Stattic, ProNa inhibited the phosphorylation of JAK2 (p-
JAK2) and STAT3 (p-STAT3) and induction of pro-inflammatory
cytokines, IL-1b, IL-6, and iNOS (Fig. 6 C-J). These results indicated
that ProNa attenuates LPS-triggered inflammation mainly by
inhibiting the JAK2-STAT3 signaling in macrophages.
6

The gene expression of GPR43, a major SCFA receptor, was fur-
ther evaluated and found to be decreased in Salmonella-infected
mice and LPS-treated macrophages, but reversed by propionate
(Fig. S8 A, B). In the presence of a GPR43 antagonist (GLPG0974),
propionate failed to suppress the JAK2-STAT3 signaling and pro-
inflammatory cytokine gene expression (Fig. S8 C-F), suggesting



Fig. 3. L. delbrueckii promotes intestinal propionate synthesis and alleviates Salmonella infection in mice. (A) Experimental scheme. (B) Body weight changes.
Abundances of L. delbrueckii in the feces on d 14 (C) and d 18 (D) were shown. (E) Fecal titers of Salmonella on d 18. (F) Fecal SCFA levels on d 14. (G) Fecal SCFA levels on d 18.
The colon length (H), histological score (I), tight junction protein expression levels (J), and cytokine mRNA expression levels (K) in the colon as well as plasma immune
cytokine levels (L) were indicated. CON, mice treated with PBS; S. Tm, Salmonella-infected mice; L. delbrueckii, mice administered with L. delbrueckii for two weeks prior to
Salmonella infection. OCLN, occludin; CLDN-1, claudin-1; ZO-1, zonula occludin-1; TNF-a, tumor necrosis factor-a; IL-1b, interleukin-1b; IL-6, interleukin-6; IL-10,
interleukin-10; iNOS, inducible nitric oxide synthase. * P<0.05, ** P<0.01, *** P<0.001.
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Fig. 4. Propionate ameliorates Salmonella infection in mice and suppresses M1 macrophage polorization. (A) Experimental scheme. (B) Body weight changes. (C) Fecal
titers of Salmonella on d 3. The colon length (D), histological score (E), tight junction protein expression levels (F), and cytokine mRNA expression levels (G) in the colon as
well as plasma immune cytokine levels (H) were indicated. (I) Percentages of M1 and M2 macrophages in colonic segments. (J) Relative mRNA expression of macrophage
polarization markers. CON, mice treated with PBS; S. Tm, Salmonella-infected mice; ProNa, mice received 1% sodium propionate (ProNa) in water after Salmonella infection.
OCLN, occludin; CLDN-1, claudin-1; ZO-1, zonula occludin-1; TNF-a, tumor necrosis factor-a; IL-1b, interleukin-1b; IL-6, interleukin-6; IL-10, interleukin-10; iNOS, inducible
nitric oxide synthase; Arg-1, arginase-1. * P<0.05, ** P<0.01, *** P<0.001.
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that GPR43 is mainly involved in regulating propionate-mediated
JAK2-STAT3 signaling in macrophages.
L. johnsonii, but not L. reuteri, alleviates Salmonella infection by
inhibiting pathogen adhesion and invasion

Although L. johnsonii and L. reuteri failed to prevent Salmonella
infection, we next examined whether both Lactobacillus species
could alleviate Salmonella infection by providing them during Sal-
monella challenge (Fig. 7 A, Fig. S9 A). Interestingly, L. johnsonii,
but not L. reuteri, was able to attenuate weight loss of Salmonella-
infected mice (Fig. 7 B, Fig. S9 B). L. johnsonii was increased in the
8

feces of L. johnsonii-treated mice (Fig. 7 C) and the fecal burden of
Salmonella was also reduced (Fig. 7 D). In addition, L. johnsonii, but
not L. reuteri, attenuated Salmonella-induced intestinal barrier dys-
function by reducing colonic pathology, upregulating tight junction
protein gene expression (Fig. 7 E-G), and decreasing the colonic
and plasma levels of pro-inflammatory cytokines in Salmonella-
infected mice (Fig. 7 H, I).

In addition to being taken up by macrophages, Salmonella also
adheres and invades epithelial cells, thereby triggering inflamma-
tion and barrier dysfunction [26]. We found that mucosa-
associated L. johnsonii was increased, while the Salmonella burden
was decreased in L. johnsonii-treated mice (Fig. 7 J, K), implying



Fig. 5. Macrophage depletion abrogates the protective effect of propionate against Salmonella infection in mice. (A) Experimental scheme. (B) Body weight changes. (C)
Fecal titers of Salmonella on d 3. The colon length (D), histological score (E), tight junction protein expression levels (F), and cytokine mRNA expression levels (G) in the colon
as well as plasma immune cytokine levels (H) were indicated. CON, mice treated with PBS; S. Tm, Salmonella-infected mice; ProNa, mice received 1% sodium propionate
(ProNa, w/v) in water after Salmonella infection. OCLN, occludin; CLDN-1, claudin-1; ZO-1, zonula occluden-1; TNF-a, tumor necrosis factor-a; IL-1b, interleukin-1b; IL-6,
interleukin-6; IL-10, interleukin-10. * P<0.05, ** P<0.01, *** P<0.001.
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that L. johnsonii and Salmonella might compete with each other to
colonize in the intestinal mucosa. Consistently, L. johnsonii-treated
epithelial cells markedly suppressed Salmonella adhesion and inva-
sion (Fig. 7 L, M). In addition, Salmonella- induced pro-
inflammatory cytokine gene expression and impairment of epithe-
lial barrier function were alleviated by L. johnsonii (Fig. 7 N). These
results suggested that L. johnsonii protects mice from Salmonella
infections through competitive exclusion by inhibiting Salmonella
adhesion and invasion of epithelial cells.
L. reuteri fails to alleviate Salmonella infection in mice

Probiotics and prebiotics have been reported to synergistically
amply their individual beneficial effect against intestinal infection
[27]. L. reuteri was enriched by GOS, but failed to either prevent or
treat Salmonella infection (Fig. S5 C, D; Fig. S9 A, B). To evaluate a
possible synergy between L. reuteri and GOS, mice was supple-
mented with both L. reuteri (BNCC 186135) and GOS, followed by
Salmonella infection (Fig. 8 A). However, body weight loss could
not be reversed by the combination (Fig. 8 B). Furthermore, cell
culture experiments also confirmed a combination of L. reuteri
(BNCC 186135) and GOS failed to suppress the adhesion and inva-
sion of Salmonella to epithelial cells (Fig. 8 C) or Salmonella growth
9

(Fig. 8 D). Taken together, these results showed that, although it is
induced by GOS, L. reuteri provides little benefits to mitigating Sal-
monella infection.
Discussion

As a prebiotic, GOS selectively stimulates the growth of resident
Lactobacillus and Bifidobacterium to elicit health benefits or shape
the microbial community through cross feeding [28,29]. Therefore,
the intestinal health-promoting properties of prebiotic GOS has
been receiving growing attention [30,31], however, the underlying
mechanism of GOS remains largely unknown. In this study, we
have found that GOS improves the intestinal health of piglets
and mice through specific enrichment of L. delbrueckii, L. johnsonii,
and L. reuteri, consistent with a multitude of benefits that Lacto-
bacillus provides to the host [32–34]. However, different species
and even different strains vary greatly in their mode of action
[17,32]. Consistently, we revealed a differential involvement of
GOS-enriched lactobacilli in Salmonella infection. L. delbrueckii
strain promotes intestinal propionate synthesis, which in turn con-
tributes to alleviate Salmonella-induced intestinal disorders by
suppressing JAK2-STAT3 signaling and M1 macrophage polariza-
tion. On the other hand, L. johnsonii strain alleviates Salmonella



Fig. 6. Propionate suppresses LPS-induced inflammation in RAW264.7 macrophages via the JAK2-STAT3 signaling pathway. (A) KEGG analysis of differentially enriched
pathways by propionate. (B) Fold change of selected genes by RNA-Seq and the correlation analysis of selected genes between the RT-qPCR and RNA-Seq results. Western blot
analysis of p-JAK2 (C) and p-STAT3 (G) as well as the relative mRNA expression of pro-inflammatory cytokines (D-F, H-J). IL-1b, interleukin-1b; iNOS, inducible nitric oxide
synthase; IL-6, interleukin-6. *** P< 0.001.
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infection through competitive exclusion by inhibiting the adhesion
and invasion of Salmonella to epithelial cells. However, L. reuteri
strain is incapable of enhancing either propionate production or
competitive exclusion, providing little protection against Sal-
monella infection.

In this study, we observed that GOS promotes the growth and
health of piglets by enriching specific lactobacilli species and asso-
ciated microbial SCFAs (acetate and propionate). In agreement
with previous studies that GOS can improve gastrointestinal
microbiota and barrier function [29–31], we observed GOS pro-
motes tight junction protein expression in piglets and Salmonella-
infected mice. Additionally, GOS-mediated downregulation of
pro-inflammatory cytokine genes and upregulation of anti-
inflammatory cytokine genes is also a good indication of improved
immunological defense and barrier function in piglets and mice.

SCFAs are the key microbial health-promoting bacterial
metabolites. Acetate, propionate, and butyrate in particular con-
tribute to regulating intestinal barrier function, immunity, and
10
metabolism [35]. To our surprise, intestinal propionate, was
increased in L. delbrueckii-supplemented mice. Thus, we hypothe-
sized that propionate is a major metabolite responsible for amelio-
ration of intestinal inflammation and dysbiosis. Indeed,
supplementation of exogenous propionate attenuates intestinal
disorders by upregulating major genes involved in tight junction
such as claudin-1 and ZO-1 and suppressing pro-inflammatory
cytokine expression.

Intestinal macrophages are a key component of the innate
immune system responsible for shaping the inflammatory
microenvironment and protection against infections [36]. Macro-
phages can be polarized into either classically activated macro-
phages (M1) or alternatively activated macrophages (M2), with
the former being mainly pro-inflammatory and the latter being
anti-inflammatory [25]. Consistent with a previous study [37],
we observed that Salmonella-triggered intestinal inflammation is
attenuated by exogenous propionate through reduced M1 macro-
phage polarization and pro-inflammatory cytokine expression.



Fig. 7. L. johnsonii alleviates Salmonella infection by inhibiting pathogenic adhesion and invasion of intestinal epithelial cells. (A) Experimental scheme. (B) Body
weight changes. (C) Fecal titers of Salmonella on d 14. (D) Fecal titers of Salmonella on d 19. The colon length (E), histological score (F), tight junction protein expression levels
(G), and cytokine mRNA expression levels (H) in the colon as well as plasma immune cytokine levels (I) were indicated. Copies of L. johnsonii (J) and Salmonella (K) on the
colonic mucosa on d 19. Adhesive (L) and invasive (M) abilities of Salmonella to the epithelial cells. (N) Relative mRNA expression of tight junction proteins and immune
cytokines in HT-29 cells. CON, mice treated with PBS; S. Tm, Salmonella-infected mice; L. john, mice received both L. johnsonii and Salmonella. OCLN, occludin; CLDN-1,
claudin-1; ZO-1, zonula occluden-1; TNF-a, tumor necrosis factor-a; IFN-c, interferon-c; IL-1b, interleukin-1b; IL-6, interleukin-6; IL-10, interleukin-10. * P<0.05, ** P<0.01,
*** P<0.001.
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Fig. 8. L. reuteri failes to alleviate Salmonella infection in mice. (A) Experimental scheme. (B) Body weight changes. (C) Adhesive and invasive abilities of Salmonella to
epithelial cells. (D) Proliferation of Salmonella co-cultured with L. reuteri. OD600 was read after 12-h incubation. CON, mice treated with PBS; S. Tm, Salmonella-infected mice;
L. reu + GOS, mice received L. reuteri and GOS with Salmonella infection. GOS, galactooligosaccharides. *** P<0.001.
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We further confirmed that macrophages mediate much of the ben-
eficial effect of propionate. NF-jB and JAK/STAT pathways are
among the major signaling pathways involved in inflammation
[38]. NF-jB signaling is also critical for the induction of STAT3
and IL-6 [39]. In the present study, we found that propionate
blocks the activation of both NF-jB and STAT3 signaling, thus
decreasing pro-inflammatory cytokine expression (IL-1b, IL-6,
and iNOS) in macrophages. Because of a central role of macro-
phages in intestinal infection and inflammation, it is tempting to
speculate the potential benefit of modulating macrophage func-
tions in intestinal disorders such as inflammatory bowel disease
[40].

Upon infection, Salmonella first adheres to the intestinal muco-
sal surface, followed by invasion into epithelial cells using the
pathogenicity island-1 type III secretion system [41]. Hence, inhibi-
tion of adhesion and invasion of epithelial cells is the first step to
prevent Salmonella infection [42]. We found that L. johnsonii strain
attenuates Salmonella infection mainly through competitive exclu-
sion by blocking the adhesion and invasion of Salmonella to intesti-
nal epithelial cells. However, although it is drastically induced by
GOS, L. reuteri strain is incapable of protecting mice from Sal-
monella infection because it has no capacity to promote propionate
synthesis or preventing epithelial adhesion or invasion of
Salmonella.

A major finding of this study is the revelation of differential
roles of lactobacilli in protection of animals against Salmonella
infection. L. delbrueckii strain, but not L. johnsonii strain or L. reuteri
strain, elevates luminal propionate through cross-feeding with
SCFA-producing bacteria. Consistently, L. delbrueckii has been
found to be enriched with the genes for nutrient metabolism
[43], resulting in the synthesis of necessary substrates to promote
the production of propionate by SCFA producers. Among three
GOS-enriched Lactobacillus species, only L. johnsonii strain is cap-
able of inhibiting Salmonella adhesion and invasion of epithelial
cells. It is plausible that the presence of unique extracellular mole-
cules on L. johnsonii such as exopolysaccharides [44], S-layer pro-
tein [45], and elongation factor thermal unstable protein (EF-Tu)
[46] might be involved in the competitive exclusion of Salmonella.

However, it is noteworthy that our conclusion was only based
on our observations with one specific Lactobacillus strain in each
species. Whether other strains of the same species act in the same
remains to be investigated. For example, L. reuteri (BNCC 186135)
fails to alleviate intestinal inflammation in our study, multiple
other strains of L. reuteri have demonstrated anti-inflammatory
and antimicrobial activities [47,48]. Therefore, it is possible both
species- and strain-specific host-modulatory effect of different lac-
tobacilli exist. It is also noted that a mouse model of Salmonella
infection was used in our study. Whether L. delbrueckii and L. john-
sonii utilize the same mechanism against Salmonella to mitigate
12
other intestinal pathogens and disorders warrants further
investigation.
Conclusion

GOS improves intestinal health in piglets and Salmonella-in-
fected mice by specific enrichment of L. delbrueckii, L. johnsonii,
and L. reuteri. Three lactobacilli strains protect animals against Sal-
monella infection through different mechanisms. L. delbrueckii
strain (ATCC�BAA 365TM), but not L. johnsonii or L. reuteri, amelio-
rates Salmonella-induced intestinal inflammation by enhancing
propionate synthesis to suppress the JAK2-STAT3 signaling and
M1 macrophage polarization. L. johnsonii strain (BNCC 186110),
on the other hand, inhibited Salmonella adhesion and invasion of
epithelial cells through competitive exclusion. However, L. reuteri
strain (BNCC 186135) failed to promote propionate synthesis or
exert competitive exclusion, thus incapable of protecting mice
against Salmonella infection. Our results provide novel insights into
the mechanism of action of GOS and individual lactobacilli species
in the control and prevention of intestinal inflammatory disorders.
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