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Abstract

Lactobacillus species have excellent abilities to reduce intestinal inflammation and enhance gut barrier function. This
study elucidated the potential mechanisms through which Lactobacillus mitigates lipopolysaccharide (LPS)-induced
intestinal injury from the perspective of macrophage-intestinal epithelial cell interactions. Lactobacillus intervention
improved the histopathological score; elevated ZO-1 and Occludin protein production; reduced CD16" cell numbers;
diminished IL-13, IL-6, and TNF-a levels; decreased inducible nitric oxide synthase (iNOS) expression; increased CD163*
cell numbers; elevated IL-10 concentration; and increased arginase-1 (Arg1) expression in LPS-challenged piglets.
Lactobacillus pretreatment also altered the colonic microbiota, thereby increasing the butyric acid concentration

and GPR43 expression in the LPS-challenged piglets. Compared with those in the LPS group, sodium butyrate (SB)
pretreatment decreased IL-1(3, IL-6 and TNF-a secretion and iNOS expression but increased IL-10 secretion and Arg 1
expression in macrophages. The SB-pretreated macrophages reduced the protein expression of TLR4, MyD88,

and phosphorylated NF-kB p65 but increased the protein expression of ZO-1 and Occludin in intestinal epithelial
cells. Moreover, GLPG0974 blocked the beneficial effects of SB on macrophages and intestinal epithelial cells. This
study demonstrated that Lactobacillus improves intestinal barrier function by regulating the macrophage phenotype
through the control of butyric acid and GPR43 levels to further control inflammation.
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Introduction

Early life is a critical period for intestinal development
when the intestinal mucosal immune system and intes-
tinal epithelial barrier function gradually develop. Poorly
developed immune function of the intestinal mucosa
can directly lead to defects in intestinal development
(Gensollen et al. 2016; Xia et al. 2022). The intestinal
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inflammatory response is a major factor in impairing
intestinal epithelial barrier function, and proinflamma-
tory cytokine overproduction disrupts the expression of
tight junction proteins, thereby impairing intestinal epi-
thelial barrier function (Chen et al. 2021). Macrophages
contribute to intestinal barrier integrity or the main-
tenance of intestinal homeostasis by secreting vari-
ous pro- or anti-inflammatory cytokines to regulate the
inflammatory response (Na et al. 2019; Viola and Boeckx-
staens 2021). The local microenvironment in vivo induces
macrophages to activate and differentiate into M1 mac-
rophages, the inflammatory phenotype, and M2 mac-
rophages, the anti-inflammatory phenotype (Quail et al.
2016). Macrophages of different phenotypes have distinct
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functions; therefore, altering the macrophage phenotype
and thus regulating their biological functions is crucial
for reducing the occurrence of intestinal inflammation
(Sica et al. 2015).

G protein-coupled receptor 43 (GPR43), which is
expressed on M2 macrophages but not on M1 mac-
rophages, is activated by short-chain fatty acids (SCFAs),
a vital metabolite produced by the intestinal microbiota.
GPR43 is involved in inflammatory response regulation
(Macia et al. 2015; Vieira et al. 2015; Kimura et al. 2020).
The plant extract alleviated intestinal inflammation by
inhibiting M1 macrophage polarization while enhancing
M2 macrophage polarization in mice. This was accompa-
nied by an increase in SCFA-producing bacteria, a sub-
stantial upregulation of intestinal mucosal GPR43, and
the expression of tight junction proteins in mice (Xia
et al. 2020). In mice, lithium carbonate protects against
ulcerative colitis by upregulating SCFA-producing bacte-
ria and altering the SCFA profile, but its protective effect
against colitis was lost in GPR43 knockout mice (Huang
et al. 2022). Thus, GPR43 is an intermediate mediator
of the phenotypic transformation of macrophages, and
SCFA-stimulated GPR43 promotes macrophage differ-
entiation toward the M2 anti-inflammatory phenotype,
regulates the development of intestinal inflammation,
and thus improves intestinal epithelial barrier function.

Probiotics can improve the intestinal microbiota struc-
ture, regulate intestinal mucosal immunity, and maintain
intestinal epithelial barrier function (Chen et al. 2017a;
Rodriguez-Sorrento et al. 2021). The SCFA-GPR43 axis
is crucial for protecting the intestinal barrier after pro-
biotic intake (Xie et al. 2022). Our recent study reported
that Lactobacillus is the dominant genus with the highest
relative abundance in the piglet intestine and that Lac-
tobacillus deficiency may contribute to diarrheal disease
development in piglets (Li et al. 2023b). Limosilactoba-
cillus johnsoni (L. j) and Limosilactobacillus mucosae (L.
m) exert beneficial effects on the development and matu-
ration of the host immune system (Ayyanna et al. 2018;
Yang et al. 2020). In another recent study, L. j and L. m
modified macrophage polarization by secreting extracel-
lular vesicles to mitigate intestinal inflammatory injury
(Li et al. 2023a). However, whether L. j and L. m protect
host intestinal health by modulating the SCFA-GPR43-
M2 macrophage—gut barrier axis remains unclear.

Pigs are similar to humans in terms of anatomy, genet-
ics, and physiology. They are therefore often used as
translational models for studying gastrointestinal inflam-
matory diseases (Meurens et al. 2012; Wang et al. 2021).
Lipopolysaccharide (LPS)-induced inflammation mod-
els are commonly used for the immunological char-
acterization of pigs (Wyns et al. 2015; Liu et al. 2021).
Therefore, we first used an LPS-challenged piglet model
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to determine the effects of L. j and L. m on the intesti-
nal microbiota, SCFA production, GPR43 expression,
macrophage phenotype, and intestinal barrier function.
Furthermore, the potential mechanisms through which
L. j and L. m exert anti-inflammatory effects and aug-
ment intestinal barrier function were further analyzed
in terms of SCFA—macrophage—intestinal epithelial cell
interactions.

Results

Lactobacillus enhances colonic barrier function

in LPS-challenged piglets

To explore the protective effect of Lactobacillus on
colonic barrier function in LPS-challenged piglets, pig-
lets were gavaged with Lactobacillus for 14 d and then
treated with LPS for 4 h (Fig. 1A). We first observed the
morphological structure of the colon in the four piglet
groups. H&E staining revealed a disruption cellular dam-
age, and glandular separation in the colonic epithelium
of the LPS-challenged piglets but not in piglets of the
CON, LPS+L. j, or LPS+L. m group piglets (Fig. 2A).
According to the histopathological examination, the LPS-
challenged piglets had a greater pathological score in
the colonic epithelium than did the CON group piglets,
whereas the LPS+L. j and LPS+L. m groups had sig-
nificantly lower pathological scores than the LPS group
(P<0.05; Fig. 2B). Moreover, ZO-1 and Occludin protein
expression was significantly lower in the colon in the LPS
group than in the CON group, whereas ZO-1 and Occlu-
din protein levels were effectively restored in the LPS+L.
jand LPS+ L. m groups (P<0.05; Fig. 2C-E).

Lactobacillus regulates colonic macrophage polarization

in LPS-challenged piglets

To reveal the role of Lactobacillus in modulating the
colonic macrophage phenotype in LPS-challenged pig-
lets, we examined macrophage polarization status using
a variety of methods. Immunohistochemical staining was
performed to observe macrophage polarization markers
in the colon of the four piglet groups. The proportions of
CD16" cells (a M1 macrophage marker) was higher and
CD163" cells (a M2 macrophage marker) was lower in
the LPS group than in the CON group (Fig. 3A). In con-
trast, the levels of these markers in the LPS+L. j and
LPS+L. m groups were restored close to those in the
CON group (P<0.05). The LPS-challenged piglets had
significantly higher levels of IL-1pB, IL-6, and TNF-« in
the colon than did the CON piglets, whereas the IL-10
levels were lower (P<0.05) (Fig. 3B—E). IL-6 level was sig-
nificantly lower, while IL-10 was higher in the LPS+L.j
group than in the LPS group (P<0.05). The IL-1p, IL-6,
and TNF-a levels were markedly lower in the LPS+L.m
group than in the LPS group, whereas the IL-10 levels
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Fig. 1 The experimental design of this study. A in vivo piglet experiments. B in vitro macrophage experiment. C Coculture experiment
of macrophages and intestinal epithelial cells in vitro. D in vivo mouse experiments. CON, control; DMEM, Dulbecco’s modified Eagle's medium; L.,
Limosilactobacillus johnsoni; L. m, Limosilactobacillus mucosae; LPS, lipopolysaccharide; PBS, phosphate buffer saline; SB, sodium butyrate

were higher (P<0.05). Compared with the CON group,
the LPS group had significantly more protein expression
of inducible nitric oxide synthase (iNOS) but dramati-
cally lower protein expression of arginase-1 (Argl) and
GPR43. In contrast, the L.j or L.m interventions restored
these indicators to normal levels (P<0.05; Fig. 3F-I).

Lactobacillus shifts the colonic digesta microbiota

in LPS-challenged piglets

To observe the effects of Lactobacillus on the intestinal
microbiota of LPS-challenged piglets, we performed
16S rRNA sequencing and bioinformatics analysis of the
colonic digesta. Supplemental Fig. 1A-C presents the
microbial a diversity of the colonic digesta samples from
the four piglet groups. The observed ACE and Shan-
non indices of the colonic digesta microbiota in the four
groups were similar (P> 0.05). Principal coordinate analy-
sis (PCoA) based on Bray—Curtis distances revealed that
the microbial community structure of the colonic digesta
in the four groups was somewhat different (P=0.053;
Supplemental Fig. 1D). Firmicutes, Bacteroidota, and
Actinobacteriota were the most dominant phyla in the
colonic digesta (Supplemental Fig. 1E). Blautia, Subdol-
igranulum and Clostridium_sensu_stricto_1 were the
most dominant genera in the CON piglets (Supplemen-
tal Fig. 1F). Clostridium_sensu_stricto_1, Terrisporobac-
ter, and Prevotella were the most dominant genera in the
LPS-treated piglets (Supplemental Fig. 1F). Terrisporo-
bacter, Clostridium_sensu_stricto_1 and Blautia were

the most dominant genera in the LPS+ L. j piglets (Sup-
plemental Fig. 1F). Blautia, Clostridium_sensu_stricto_1
and Catenibacterium were the most predominant gen-
era in the LPS+L. m piglets (Supplemental Fig. 1F).
Seven differential bacteria were identified between the
CON and LPS groups (Supplemental Fig. 2A). Com-
pared with the CON group, the LPS group had seven
enriched bacteria (Intestinibacter_spp, Senegalimassi-
lia_spp, Prevotellaceae UCG-003_spp and 4 Prevo-
tella_spp). Six differential bacteria were also identified
between the LPS and LPS+L.j groups (Supplemental
Fig. 2B). The LPS+L. j group had 1 enriched bacterium
(Clostridia_UCG-014_spp) and five depleted bacteria
([Ruminococcus]_torques_group_spp, Olsenella_spp, Sen-
egalimassilia_spp, Prevotella_spp and UCG-005_spp).
Seventeen differential bacteria were identified between
the LPS and LPS+L.m groups (Supplemental Fig. 2C).
The LPS+L.m group had nine enriched bacteria (two
Catenibacterium_spp, Olsenella_spp, Bifidobacterium_
spp, Blautia_spp, Rikenellaceae_RC9_gut_group_spp, and
three Mitsuokella_spp) and eight depleted bacteria (three
Terrisporobacter_spp, _Romboutsia_spp, Senegalimassi-
lia_spp, Prevotella_spp, Prevotellaceae_NK3B31_group_
spp and UCG-005_spp).

Lactobacillus alters the colonic SCFA profile

in LPS-challenged piglets

To observe the effect of Lactobacillus on the production
of intestinal microbial metabolites in LPS-challenged
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Fig. 2 Effect of Ljor L.m on colonic barrier function in LPS-challenged piglets. A Colonic morphological structure after H&E staining. Images

of colonic morphology (scale bar=200 or 50 um). B Colonic histopathological score. C Colonic ZO-1 and Occludin protein expression. Colonic
Z0-1 (D) and Occludin (E) protein expression analysis. The data are presented as the means +SEMs (n=8 for A and B; n=4 for C-E). Differences
between the LPS and CON groups, ***P<0.001. Differences between the LPS+L.j or LPS+L. m group and the LPS group, ##P <0.01; ##P <0.001.
CON, control; H&E, hematoxylin and eosin; L. j, Limosilactobacillus johnsoni; L. m, Limosilactobacillus mucosae; LPS, lipopolysaccharide

piglets, we examined the SCFA content in the colonic
digesta. The lactic acid, acetic acid, and propionic acid
concentrations in the four piglet groups were similar
(P>0.05; Fig. 4A—C). The butyric acid level was signifi-
cantly lower in the LPS-challenged piglets than in the
control piglets, whereas it was obviously greater in the
LPS+L. j or LPS+L. m group than in the LPS group
(P<0.05; Fig. 4D). A correlation analysis was performed
between the butyric acid content and the relative abun-
dance of differentially abundant bacteria. The butyric
acid content was positively correlated with one and
negatively correlated five differential bacteria in the
LPS and LPS+L. j groups (Fig. 4E), positively corre-
lated with nine and negatively correlated with eight dif-
ferential bacteria in the LPS and L.m groups (Fig. 4F).

SB regulates macrophage polarization and tight

junction protein expression in intestinal epithelial cells
through GPR43 activation

To determine the role of the predominant butyric
acid in piglet colonic digesta in the regulation of
macrophage polarization and its underlying mecha-
nisms, we used SB and GLPGO0974 (a specific inhibi-
tor of GPR43) to treat macrophages in vitro (Fig. 1B).
The IL-1pB, IL-6 and TNF-a levels in the 3D4/2 cell
supernatant were obviously higher and IL-10 level
was lower in the LPS group vs CON group, whereas
they showed the exact opposite trend in LPS+SB
group vs LPS group (P<0.05; Fig. 5A-D). IL-1p,
IL-6 and TNF-a levels were significantly higher
in the LPS+SB+GLPG0974 group vs LPS+SB
group, whereas the IL-10 level was lower (P<0.05;
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Fig. 3 Effect of Lj or L.m on colonic macrophage polarization in LPS-challenged piglets. A Colonic CD16 and CD163 expression after IHC staining.
Images of colonic CD16 and CD163 expression (scale bar=200 or 50 um). CD16- and CD163-positive ratio analysis. Colonic levels of IL-1( (B),

IL-6 (C), TNF-a (D), and IL-10 (E). (F) Images showing colonic iNOS, Arg1, and GPR43 protein expression. Colonic iNOS (G), Arg1 (H), and GPR43 (I)
protein expression quantification. The data are presented as the means +SEMs (n =8 for A—E; n=4 for F-I). Differences between the LPS and CON
groups, *P<0.05; **P<0.01; ***P < 0.001. Differences between the LPS+Lj or LPS+L.m group and the LPS group, #P < 0.05; ##P < 0.01; ###P<0.001.
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Fig. 5A-D). The iNOS and Argl expression lev-
els were greater and lower, respectively, in the LPS
group vs CON group and LPS+SB+GLPG0974
group vs LPS + SB group (P<0.05) (Fig. 5E and F). The
iNOS and Argl gene expression levels were lower and
greater, respectively, in the LPS+SB group than in
the LPS group (P<0.05). ZO-1 and Occludin expres-
sion was lower in the LPS group vs CON group and
in the LPS + SB+ GLPGO0974 group vs LPS+ SB group
whereas they were higher (P <0.05; Fig. 5G and H).

In intestinal epithelial cells, SB-treated macrophages
enhance tight junction protein expression by inhibiting
the TLR4 signaling pathway

To elucidate the role of SB-pretreated macrophages in reg-
ulating the intestinal epithelial cell barrier, we constructed
a coculture system of SB-pretreated macrophages and LPS-
pretreated intestinal epithelial cells in vitro (Fig. 1C). The
expression of GRP43 and Argl was detected in 3D4/2 cells
from coculture systems which showed a significant upregu-
lation (P<0.05) in the SB-pretreated 3D4/2 cells compared
with that in the CON group (Fig. 6B and C). The expression
of GPR43 and Argl protein decreased in 3D4/2 cells with
the combination pretreatment of GLPG0974 and SB com-
pared with that in the SB pretreatment (P<0.05) (Fig. 6B
and C). The TLR4 signaling pathway and tight junction
protein expression were examined in IPEC-J2 cells which
cocultured with 3D4/2 cell (Fig. 6D). As shown in Fig. 6E—
I, TLR4, MyD88, and p-NF-kB p65 decreased (P<0.05),
whereas ZO-1 and Occludin increased in the SB-pretreated
IPEC-]2 cells compared with the CON group. Compared
with the SB pretreatment group, the GLPG0974 and SB
combinaton groups exhibited increased TLR4, MyD88, and
p-NE-kB p65 protein expression but decreased (P<0.05)
Z0-1 and Occludin protein abundance in IPEC-]2 cells.

SB enhances colonic barrier function in LPS-challenged
mice

To further validate the effect of SB on intestinal barrier
function in LPS-challenged mammals, we used mice
as a model and injected LPS after pretreatment with
SB or GLPG0974 (Fig. 1D). The body weight change
was significantly lower in the LPS group than that in
the CON group, which was reversed by the SB inter-
vention (Fig. 7A). Treatment with a GPR43 inhibitor
reversed the mitigating effect of SB. No significant

(See figure on next page.)
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difference (P>0.05) in colon length was noted among
the CON, LPS, and LPS+SB groups. In contrast, the
colon length of the LPS +SB+ GLPG0974 group mice
was significantly shorter (P<0.05) than that of the
LPS+SB group mice (Fig. 7B and C). SB treatment
diminished the disruption of the colonic morpho-
logical structure in LPS-challenged mice, whereas
GLPG0974 attenuated the effect of SB (Fig. 7D). ZO-
1 and Occludin expression was significantly higher
(P<0.05) in the LPS + SB group than in the LPS group,
whereas it was significantly lower (P<0.05) in the
LPS+SB+GLPG0974 group than in the LPS+SB
group (Fig. 7E and F).

SB regulates colonic macrophage polarization

and the TLR4 signaling pathway in LPS-challenged mice

To verify the mechanism by which SB regulates mac-
rophage polarization and intestinal epithelial barrier
function, we detected the expression of macrophage
markers and the colonic TLR4 signaling pathway in
mice. The LPS + SB group had significantly lower IL-1p,
IL-6, and TNF-a levels in the colon than that in the LPS
group, whereas the IL-10 level was higher (P<0.05).
The IL-1B, IL-6, and TNF-a concentrations were mark-
edly higher in the LPS+SB+ GLPG0974 group than
that in the LPS+SB group, whereas the IL-10 level
was lower (P<0.05; Fig. 8E-]). Moreover, the LPS+SB
group had significantly lower iNOS, TLR4, MyD88 and
NF-kB mRNA expression in the colon than the LPS
group, whereas the expression of Argl and GPR43
were greater (P<0.05). The iNOS, TLR4, MyD88, and
NF-xB expression levels were markedly higher in the
LPS+SB+GLPG0974 group than in the LPS+SB
group, whereas the Argl and GPR43 expression levels
were lower (P<0.05; Fig. 8E-]).

Discussion

Impairment of intestinal epithelial barrier function
caused by the intestinal inflammatory response severely
affects the physical and mental health of patients and the
sustainable development of the livestock industry (Di
Tommaso et al. 2021; Tang et al. 2022). The mechanism
of intestinal epithelial barrier damage must be elucidated
from the perspective of regulating the intestinal inflam-
matory response. The nutritional intervention program
should be optimized to improve intestinal epithelial

Fig. 5 Effect of SB or GLPG0974 coincubation on macrophage polarization in 3D4/2 cells. The concentrations of IL-1( (A), IL-6 (B), TNF-a (C),
and IL-10 (D) in the 3D4/2 cell supernatant. The mRNA expression of iNOS (E) and Arg1 (F) in 3D4/2 cells. The mRNA expression of ZO-1 (G)

and Occludin (H) in IPEC-J2 cells. The data are presented as the means + SEMs (n=6). Differences between the LPS and CON groups, ***P<0.001.
Differences between the LPS+ SB group and the LPS group, ###P < 0.001. Differences between the LPS + SB+GLPG0974 group and the LPS+SB
group, &&P < 0.001. Arg1, arginase-1; CON, control; IL, interleukin; iNOS, inducible nitric oxide synthase; LPS, lipopolysaccharide; SB, sodium

butyrate; TNF, tumor necrosis factor
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barrier function. Because of its excellent anti-inflamma-
tory properties, Lactobacillus has been extensively used
in clinical therapeutic and animal husbandry (Ayyanna
et al. 2018; Li et al. 2019; Hu et al. 2021). In the present
study, Lactobacillus (L. j and L. m) reshaped the intesti-
nal microbiota, augmented butyric acid production and
GPR43 expression, regulated the macrophage phenotype
and increased intestinal tight junction protein expres-
sion. In vitro experiments revealed the ability of SB to
modulate macrophage polarization. Furthermore, SB-
pretreated macrophages inhibited the expression of the
TLR4 signaling pathway and elevated tight junction pro-
tein expression in intestinal epithelial cells. Notably, the
GPR43 inhibitor blocked these beneficial effects of SB.
Mouse experiments verified the protective effect exerted
by the SB-GPR43-M2 macrophage axis on the intestinal
barrier.

The LPS-induced inflammatory response in the gut is
good for studying immunomodulation (Cui et al. 2019;
Mao et al. 2020). In this study, LPS-challenged piglets
had impaired colonic morphology, increased pathologi-
cal scores, elevated proinflammatory macrophage pro-
portions, decreased anti-inflammatory macrophage
proportions, and reduced tight junction protein expres-
sion. Changes in these biological indicators were con-
sistent with those of a previous study (Wang et al. 2022)
and suggested that we successfully established an experi-
mental intestinal inflammation model in piglets. Intesti-
nal macrophages, located in the mucosal lamina propria
beneath the intestinal epithelium, can identify various
signals in the intestinal environment, thereby modify-
ing their phenotype and performing the corresponding
immune functions (Bain and Mowat 2014; Isidro and
Appleyard 2016). M1 macrophage activation can increase
LPS-induced intestinal epithelial cell death and inflam-
matory cytokine secretion, augment intestinal mucosal
permeability, and decrease the transmembrane resist-
ance of intestinal epithelial cells. M2 macrophage activa-
tion effectively inhibits IL-1p, IL-6, and TNF-a release
from intestinal epithelial cells, increases the transmem-
brane resistance of these cells, and promotes epithelial
cell repair (Han et al. 2022). In mice, Lactobacillus allevi-
ates colitis by activating anti-inflammatory macrophage
polarization (Jia et al. 2022; Fu and Wu 2023). Our data

(See figure on next page.)
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revealed that the L. j and L. m interventions resulted in
macrophage differentiation from the M1 proinflamma-
tory phenotype to the M2 anti-inflammatory pheno-
type, thus inhibiting the secretion of proinflammatory
cytokines and increasing the secretion of anti-inflamma-
tory cytokines.

A stable intestinal microbiota is a crucial player in the
clearance of pathogenic material from the host, immune
system maturation, and maintenance of intestinal epithe-
lial barrier function (Larabi et al. 2020; Meng et al. 2020).
Lactobacillus species protect their hosts from intestinal
inflammation by regulating the intestinal microbiota
(Shin et al. 2019; Kang et al. 2022). In this study, L. j and
L. m pretreatments reshaped the colonic microbiota of
LPS-challenged piglets to some extent. SCFAs are cru-
cial metabolites produced by intestinal microorganisms.
They can repair TNF-a- and LPS-induced damage to
intestinal barrier function (Chen et al. 2017b; Feng et al.
2018). In our animal experiment, the L. j and L. m inter-
ventions elevated the butyric acid concentration, but not
the concentration of other SCFAs, in the colonic lumen
of the LPS-challenged piglets. Furthermore, butyric acid
levels were directly correlated with different microor-
ganisms to varying degrees. The relative abundances of
most bacteria increased significantly after the L. j and
L. m interventions, and these bacteria were found to be
SCFA-producing bacteria (e.g., Clostridia_UCG-014_spp
(Zhang et al. 2022), Olsenella_spp (Tian et al. 2022), Bifi-
dobacterium_spp (Wang et al. 2021), Blautia_spp (He
et al. 2022), Rikenellaceae RC9_gut group_spp (Gao
et al. 2022), and Mitsuokella_spp (Mahmud et al. 2023)).
SCFAs can also serve as signaling molecules that activate
GPR43 (Koh et al. 2016). Probiotic complexes increase
the number of SCFA-producing bacteria and upregu-
late GPR43 expression. This results in M2 macrophage
polarization and inhibition of proinflammatory cytokine
expression, thereby restoring intestinal epithelial barrier
function (Wang et al. 2020). Consistently, we noted that
colonic GPR43 expression was significantly upregulated
in the L.j. and L.m. groups.

We then conducted an in vitro coincubation experiment
with SB and macrophages to verify our hypothesis. In a
recent study, SB inhibited proinflammatory macrophage
polarization both in vitro and in vivo in nonalcoholic

Fig. 6 Effect of SB or GLPG0974 coincubation with 3D4/2 cells on the TLR4 signaling pathway and tight junction protein expression

in LPS-challenged IPEC-J2 cells. A GPR43 and Arg1 protein expression of 3D4/2 cells. GPR43 (B) and Arg1 (C) protein expression analysis in 3D4/2
cells. D TLR4, MyD88, p-NF-kB p65, ZO-1, and Occludin protein expression of IPEC-J2 cells. TLR4 (E), MyD88 (F), p-NF-kB p65 (G), ZO-1 (H),

and Occludin (I) protein expression analysis in IPEC-J2 cells. The data are presented as the means+ SEMs (n=3). Differences between the SB

and CON groups, **P<0.01, ***P < 0.001. Differences between the SB + GLPG0974 group and SB group, #P < 0.05, ###P < 0.001. CON, control; LPS,

lipopolysaccharide; SB, sodium butyrate
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bar=200 um). ZO-1 (E) and Occludin (F) mRNA expression in the colon of mice. The data are presented as the means + SEMs (n=8). Differences
between the LPS and CON groups, ***P <0.001. Differences between the LPS+ SB group and the LPS group, #P <0.05, ###P < 0.001. Differences

between the LPS+SB+ GLPG0974 group and LPS+SB group, &P < 0.05, &&P < 0.01, &&&P < 0.001. CON, control; H&E, hematoxylin and eosin; LPS,
lipopolysaccharide; SB, sodium butyrate

(See figure on next page.)

Fig. 8 The effect of SB on colonic macrophage polarization and the TLR4 signaling pathway in LPS-challenged mice. Colonic IL-13 (A), IL-6

(B), TNF-a (C), IL-10 (D) Colonic iNOS (E), Arg1 (F), GPR43 (G), TLR4 (H), MyD88 (I), and NF-kB (J) mRNA expression. The data are presented

as the means + SEMs (n=38). Differences between the LPS and CON groups, *P<0.001, ***P< 0.001. Differences between the LPS + SB group

and the LPS group, ##P <0.01, ###P < 0.001. Differences between the LPS+SB+GLPG0974 group and the LPS+SB group, &&P <0.01, &&&P < 0.001.
Arg1, arginase-1; CON, control; GPR, G protein-coupled receptor; IL, interleukin; iNOS, inducible nitric oxide synthase; LPS, lipopolysaccharide; SB,

sodium butyrate; TNF, tumor necrosis factor
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steatohepatitis (NASH) model mice. Moreover, SB inter-
vention reduced the absolute number of hepatic mac-
rophages in NASH mice and increased the number of
M2 macrophages. This suggested that SB specifically
induces M1 macrophage apoptosis, thereby alleviating
NASH (Sarkar et al. 2023). In the present study, SB pre-
treatment decreased M1 macrophage marker expres-
sion but increased M2 macrophage marker expression.
It also inhibited proinflammatory cytokine secretion and
augmented anti-inflammatory cytokine secretion. Fur-
thermore, GLPG0974 (a GPR43 inhibitor)-pretreated
macrophages lost their ability to respond to SB, which
suggested that the regulation of macrophage phenotype
conversion by SB is GPR43 dependent. Our previous
study suggested that extracellular vesicles mitigate intesti-
nal inflammation by modulating macrophage polarization
via Lj and L.m. In the present study, we showed that L.j
and L.m alleviated intestinal inflammation by modulat-
ing the SCFA-GPR43-M2 macrophage gut barrier axis.
The site of action of extracellular vesicles for alleviating
inflammation was the small intestine, whereas the site of
action of butyric acid in this study was the large intestine.
Based on the physiological characteristics of the differ-
ent intestinal segments, Lactobacillus may act mainly in
the form of extracellular vesicles in the small intestine,
where the microbiota is relatively scarce, and in the large
intestine, where the microbiota is abundant, mainly in the
pathway regulating the microbiome as well as metabolites
(butyric acid). It is therefore reasonable to speculate that
these two mechanisms of regulation operate in parallel.

The molecular mechanisms through which SB-treated
macrophages regulate intestinal epithelial barrier func-
tion were explored here by establishing a coculture
model of macrophages and intestinal epithelial cells.
TLRs are specific pattern recognition receptors (PRRs)
that activate the TLR4-MyD88-NF-«kB cascade signal-
ing pathway following LPS stimulation, thereby initiat-
ing cytokine and chemokine production (Lu et al. 2008;
Lv et al. 2017). Therefore, targeted inhibition of TLR4-
mediated inflammatory signaling pathways effectively
controls the inflammatory response. In our coculture
system, SB-treated macrophages effectively blocked the
expression of the TLR4 signaling pathway but augmented
the expression of tight junction proteins in intestinal epi-
thelial cells. However, GLPG0974-treated macrophages
did not exert these biological effects on intestinal epithe-
lial cells. In this study, the conclusion that SB promotes
M2 macrophage polarization by activating GPR43 and
thus enhances intestinal barrier function was validated in
a mouse model.
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Conclusion

In conclusion, this study showed that Lactobacillus (L.
j and L. m) increased the butyric acid concentration by
improving the gut microbiota. Butyric acid modulates
the macrophage phenotype through activation of GPR43
expression, thereby alleviating the LPS-induced impair-
ment of intestinal barrier function. Notably, GPR43 is
necessary for SB to regulate the macrophage phenotype,
subsequently allowing SB-treated macrophages to modu-
late inflammatory signaling pathways and barrier func-
tion in intestinal epithelial cells. These findings provide a
better understanding of the immunomodulatory effects
of probiotics, particularly Lactobacillus, on the host gut
based on macrophage—intestinal epithelial cell interac-
tions and may contribute to the development of nutri-
tional intervention strategies.

Methods

Animals and sample collection for the piglet experiment
Thirty-two healthy weaned piglets (50% male and 50%
female; DurocxLandracex Large White; average body
weight: 8.53 kg; age: 28 d) were selected for the animal
trial. All the piglets were randomized into four groups:
the control (CON) group, LPS group, LPS+L. j group,
and LPS+L. m group. For the CON group, the piglets
were orally inoculated with PBS for 14 d before they
received an intraperitoneal injection of PBS. The LPS
group piglets were orally inoculated with PBS for 14 d
before they were intraperitoneally injected with LPS
(100 pg/kg body weight; Sigma—Aldrich). In the LPS+L.
j or LPS+L. m group, the piglets were orally inoculated
with L. j (1.2x10'° CFU/d) or L. m (2.2x 10'° CFU/d) for
14 d before they were intraperitoneally injected with LPS.
L. jand L. m strains were isolated from the fecal samples
of healthy piglets in our laboratory. The piglets were euth-
anized 4 h after the LPS challenge (Mao et al. 2020). After
the piglets were sacrificed, their colonic digesta was col-
lected and stored at—80°C. For histological examination,
colonic samples were collected and fixed in 4% paraform-
aldehyde. The colonic epithelium was separated from the
muscular layers and stored at—80°C. Figure 1A presents
the in vivo experimental design. Throughout the trial, no
antibiotics or other medications were given to the piglets.
The basal diet of the piglets was formulated according to
the NRC (2012). The animal trial was conducted at Tian-
peng Husbandry, which is located in Langfang, Hebei
Province, China. The experimental procedures were
approved by the Institute Animal Care and Use Commit-
tee of the Institute of Feed Research of the Chinese Acad-
emy of Agricultural Sciences (IFR-CAAS20220922).
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Cell culture and treatment

Porcine 3D4/2 macrophages (BeNa Culture Collection,
BNCC286806) and IPEC-J2 intestinal epithelial cells
(BeNa Culture Collection, BNCC338252) were selected
to investigate the effects of sodium butyrate (SB) and
GPR43 on LPS-induced inflammation in vitro (Fig. 1B
and C). 3D4/2 or IPEC-J2 cells (5% 10° cells/mL) were
incubated with 50 pg/mL SB for 24 h or with 10 nM
GLPGO0974 (a GPR43 inhibitor) for 3 h. Then, the cells
were incubated with 50 pg/mL SB for 24 h, followed
by 10 pg/mL LPS for 12 h. For the 3D4/2 and IPEC-
J2 cell coculture system, 50 pg/mL SB (24 h) or 10 nM
GLPGO0974 (3 h) post hoc 50 pg/mL SB (24 h)-pretreated
3D4/2 cells were added to the basolateral compartment
of a 6-well plate, and LPS-stimulated (10 pg/mL, 12 h)
IPEC-]2 cells were seeded on the apical compartment of
6-well hanging inserts. After 12 h of coculturing, 3D4/2
and IPEC-J2 cells were collected.

Animals and sample collection for the mouse experiment
Thirty-two SPF C57BL/6 mice (aged 6 weeks) were
selected and randomly allocated to four groups (n=8
per group): (i) the CON group; (ii) the LPS group; (iii)
the LPS+SB group; and (iv) the LPS+SB+ GLPG0974
group. The CON group mice were fed distilled water
for 7 d before they were intraperitoneally injected with
PBS. Mice in the LPS group were fed distilled water for
7 d before they were intraperitoneally injected with LPS
(5 mg/kg body weight; Sigma—Aldrich). Mice in the
LPS+SB group were fed distilled water plus 200 mM SB
for 7 d before they received an intraperitoneal injection of
LPS. The LPS+ SB+ GLPGO0974 group mice received the
same treatments as the LPS+ SB group mice, along with
oral inoculation of GLPG0974 (10 mg/kg) on days 0 and
4. The mice were euthanized 6 h after the LPS challenge.
After the mice were sacrificed, their colonic histological
samples and colonic epithelium samples were collected.
Figure 1D presents the in vivo experimental design.

Morphological analysis

Hematoxylin and eosin (H&E) staining was conducted
according to our previous research (Tao et al. 2019). The
colonic epithelial histopathology score was determined
using the criteria adapted from our previous study (Tao
et al. 2019).

Immunohistochemical analysis
Immunohistochemical (IHC) staining was performed
according to our previous study (Tao et al. 2019). The
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same brown color was selected as the uniform standard
for judging all photos by using Image-Pro Plus 6.0 soft-
ware (Media Cybernetics, Inc., Rockville, MD, USA).

Cytokine measurement

The contents of interleukin (IL)-1p, IL-6, IL-10, and
tumor necrosis factor (TNF)-a in the colonic tissues
in vivo and in the cellular supernatant in vitro were
determined using porcine enzyme-linked immunosorb-
ent assay kits (Shanghai Enzyme-linked Biotechnology
Co., Ltd., Shanghai, China).

Bacterial DNA extraction and 16S rRNA amplification,
sequencing, and analysis

Total genomic DNA was extracted from the colonic
digesta samples by using the QIAamp Fast DNA Stool
Mini Kit (Qiagen, Tiibingen, Germany). The DNA con-
centration and quality were determined using a Qubit
V. 2.0 fluorometer (Life Technologies, CA, USA). The
V3-V4 region of the 16S rRNA gene was amplified using
universal primers, pooled in equimolar amounts, and
sequenced on the Illumina MiSeq platform to generate
300-bp paired-end reads. Raw reads without barcodes
were subjected to quality control by filtering out low-
quality reads (Supplemental Table 1). The high-quality
reads obtained were imported into QIIME2 as an input.
In brief, high-quality sequences were denoised using the
DADA2 algorithm and then subjected to taxonomy clas-
sification by using the SILVA 132 database. The Majorbio
Cloud Platform’s free online platform was used for ana-
lyzing the data (www.majorbio.com). Correlations were
analyzed using Spearman’s coefficient.

SCFA measurement

The SCFA profile of the colonic digesta samples was
quantified through ion chromatography, according to a
previous study (Wu et al. 2021). SCFA analysis was per-
formed using an ion chromatography system (Thermo
Fisher Scientific, Waltham, MA, USA).

RNA isolation, cDNA synthesis, and real-time quantitative
PCR

Total RNA from the colonic tissues was extracted using
TRIzol reagent (Invitrogen). The extracted RNA was
quantified using a NanoDrop ND-1000 Spectropho-
tometer (Thermo, USA). Then, 2 pg of total RNA was
treated with RNase-free DNase (M6101; Promega, USA)
and reverse transcribed. Subsequently, 2 pL of diluted
c¢DNA was used for real-time PCR. B-actin was selected
as a reference gene. Supplemental Table 2 lists all primers
selected for the study.
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Western blotting

Proteins were extracted from the colonic tissue or cells,
quantified, separated through SDS-PAGE, and trans-
ferred to nitrocellulose membranes (BioTrace, Pall Co.,
USA). The membranes were soaked in blocking bufter
and incubated with the primary antibody. The next
day, the membranes were washed with Tris-buffered
saline with Tween (TBST) and incubated with second-
ary antibodies. Finally, protein expression was recorded
and analyzed using an imaging system (Bio-Rad, USA)
and Quantity One software (Bio-Rad, USA), respec-
tively. The following antibodies were used for western
blotting: HRP-conjugated secondary antibodies (Santa
Cruz Biotechnology, goat anti-rabbit (sc-2004)), ZO-1
(Abcam, ab221547), Occludin (Abcam, ab216327),
iNOS (Abcam, ab178945), Argl (Abcam, ab92274),
GPR43 (Proteintech, 19952), TLR4 (Proteintech,
19811-1-AP), MyD88 (CST, 4283), p-NF-«xB p65 (CST,
3033), and B-actin (Sigma—Aldrich, A5441).

Statistical analysis

One-way analysis of variance and a post hoc Tukey’s
test were performed (SPSS version 20.0 for Windows;
SPSS Inc., Chicago, IL, USA). All results are presented
as the means + SEMs. Differences were considered sta-
tistically significant if P<0.05. The figures included the
replicate counts used for statistical analysis.

Abbreviations

ANOVA  One-way analysis of variance
Arg1 Arginase-1

CON Control

DMEM  Dulbecco’s modified Eagle’s medium
GPR43 G protein-coupled receptor 43
H&E Hematoxylin and eosin

HRP Horseradish peroxidase

HC Immunohistochemical

IL Interleukin

iNOS Inducible nitric oxide synthase
Lj Limosilactobacillus johnsoni
L.m Limosilactobacillus mucosae
LPS Lipopolysaccharide

NASH Nonalcoholic steatohepatitis
PCoA Principal coordinate analysis

SB Sodium butyrate

SCFAs Short-chain fatty acids
TBST Tris-buffered saline with Tween
TNF Tumor necrosis factor
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