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Abstract

Background
Non-alcoholic steatohepatitis (NASH) is a leading cause of chronic liver disease worldwide that can
progress to liver �brosis (LF). Probiotics have bene�cial roles in reducing intestinal in�ammation and gut-
associated diseases, but their effects and mechanisms beyond the gut in attenuating the progression of
LF are remains unclear.

Results
We used a diet-induced NASH/LF mouse model to examine the therapeutic potential of
immunomodulatory probiotics (immunobiotics) on the attenuation of LF and the underlying mechanisms
ameliorating the progression of LF. The results showed that a methionine-choline de�cient (MCD) diet
resulted in hepatic in�ammation, steatosis, increased triglyceride and lipid accumulation, in�ammatory
immune cells, and �brosis. Immunobiotics mixtures reduced the MCD-died serum endotoxin, IL-17A,
alanine, and aspartate aminotransferase and increased the serum regulatory cytokine and liver weight.
Th17 cells, which produce in�ammatory cytokine IL-17, on the liver tissues of MCD diet-fed mice were
reduced signi�cantly by immunobiotics. The immunobiotics treatment reduced the MCD diet-induced
collagen, a-smooth muscle actin, CD68 deposition, and �brogenic TGF-β signaling activation. The MCD
diet reduced gut-barrier integrity, mucin production, and in�ammatory cytokines and altered the gut
microbiota composition that could be restored by immunobiotics. The administration of immunobiotics
increased the aryl hydrocarbon receptors (AhR) pathway activation in both colonic and liver tissues of
MCD diet-fed mice.

Conclusions
Our results demonstrate a novel insight into the mechanisms through which immunobiotic administration
improves the gut barrier integrity, modulates the gut microbial composition, increases AhR activation, and
reduces gut dysbiosis, bacterial translocation, LPS, and in�ammatory cytokines levels, which in turn in
increases the AhR pathway and inhibits HSCs activation and �brosis progression beyond the gut in the
liver tissue of NASH/LF mice.

Background
High-calorie intake and a sedentary lifestyle increase the prevalence of obesity which has led to the
occurrence of fatty liver disease, affecting 25% of the population globally [1]. Fatty liver disease ranges
from simple steatosis to non-alcoholic steatohepatitis (NASH), which further progresses to liver �brosis
(LF), cirrhosis, and hepatocellular carcinoma (HCC), leading to liver failure [2]. LF is the primary step
toward cirrhotic liver disease and is characterized by the excessive accumulation of extracellular matrix
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(ECM) proteins or collagen [3]. Kupffer cells (KCs) are the dominant hepatic macrophage, but the
activation of hepatic stellate cells (HSCs), a major producer of ECM proteins, induces the production of
proin�ammatory mediators and hepatic �brogenesis [4]. Studies have suggested that the gut–liver axis is
a major route of NASH-mediated LF. During gut dysbiosis, the gut-resident microbiota and their endotoxin
(lipopolysaccharide) translocate to the liver, where they have been reported to activate both KCs and
HSCs via Toll-like receptor 4 (TLR4) and induce in�ammation, NASH, and LF [3, 5]. The de�ciency of
TLR4 attenuates diet-induced NASH and LF in mice [6]. Transforming growth factor (TGF-β) is a key pro-
�brogenic mediator, and it’s signaling participates in the progression of LF [5]. Lipopolysaccharide (LPS)
administration tends to increase TGF-β production and reduce TGF-β pseudoreceptor BMP and the activin
membrane-bound inhibitor (BAMBI) to sensitize HSCs to TGF-β-induced pro-�brogenic signaling and
collagen production [5].

Hepatic in�ltrating of the CD4 + T cell subsets, such as regulatory T cells (Treg), T helper 1 (Th1), T helper
2 (Th2), and T helper 17 (Th17) cells, play critical roles in in�ammation and �brogenesis of fatty liver
diseases [7, 8]. Treg cells (Foxp3+) control effector T cells and maintain homeostasis and immune
tolerance, whereas Th17 cells produce potent in�ammatory cytokines (IL-17, IL-21, and IL-22), resulting in
induction of in�ammatory response [7]. Treg and Th17 cells are the two extremes of the immune
response. Therefore, a balance is needed to improve the hepatic complications. The imbalance of
Treg/Th17 cells was observed in the liver of mice with NASH [9]. The higher frequency of IL-17+ cells in
the patient’s liver and higher ratios of Th17/Treg cells in the peripheral blood indicate the progression
from fatty liver to NASH [10]. Neutralization of IL-17 improved LPS induced liver damage [11], and IL-17A
de�cient mice were resistant to NASH development [12].

The gut microbiota resides in the gastrointestinal (GI) tract of mammals and interacts with the host to
provide bene�cial functions in several ways [13]. The microbiota in�uences the differentiation of CD4+ T
cell subsets in the intestine [14] and produces numerous metabolites, including dietary tryptophan and
butyrate, which act as ligands for the aryl hydrocarbon receptors (AhR) [13, 15]. AhR is a ligand activating
transcription factor that plays a vital role in maintaining a healthy gut and intestinal homeostasis [16].
The activation of AhR regulates intestinal intraepithelial lymphocytes, CD4+ T cell subsets, innate
lymphoid cells, and AhR target genes, such as cytochrome P450 family 1A1 (CYP1A1), IL-22, and IL-17
[17, 18]. AhR knockdown increased dextran sodium sulfate (DSS) induced colitis in mice [19]. AhR is
expressed in colonic tissues and strongly in the liver. A toxic AhR ligand (2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD) treatment sensitizes mice to diet-induced LF [20], while a nontoxic AhR ligand, 1’H-indole-
3’carbonyl-thiazole-4-carboxylic acid methyl ester (ITE), prevent HSC activation and the development of
LF in mice [21].

There is no effective treatment for NASH and its associated LF. Therefore, �nding natural therapeutic
modalities for clinical application against in�ammation, NASH, and LF is crucial. The administration of
probiotic bacteria maintained colonic barrier functions [22] and attenuated fatty liver diseases, NASH, LF,
and HCC development [23, 24]. A probiotic mixture (VLS#3) treatment modulated the gut-microbiota
changes, reduced the in�ammatory Th17 cells, and promoted anti-in�ammatory Treg cells in liver tumors
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of mice [23]. The gut-dysbiosis reduced the AhR activity and its ligands [25]. A combination of three
probiotics (Lactobacillus murinus, L. reuteri, and L. taiwanensis) could metabolize tryptophan, enhance
AhR ligand production, increase IL-22, and reduce colitis and intestinal in�ammation in mice [25, 26].
Overall, the studies suggest that maintaining intestinal homeostasis and restoring the gut microbiota and
their metabolites are essential for improving NASH and LF. Probiotics administration modulates gut-
microbial composition and increases the production of AhR ligands to exert its bene�cial effects against
colonic diseases. Few studies evaluated the probiotic potential against NASH-mediated LF, but the
molecular mechanisms of probiotic action are largely unexplored. This study hypothesized that
immunomodulatory probiotics (immunobiotics) might attenuate NASH and LF by modulating the gut
microbiota composition and differentiation of CD4+ cell subsets. In addition, this study examined whether
immunobiotics improve the gut barrier integrity and AhR activity and reduce hepatic in�ammatory and
pro�brogenic cytokines in vivo. Therefore, the e�cacy of immunobiotics on the development of NASH
and LF in mice fed with a methionine-choline de�cient (MCD) diet was evaluated.

Methods
Animal and Experimental Protocol

Six-week-old male mice (C57BL6/6J) were used in this study. The mice were allowed to acclimate for one
week on a standard diet (SD) and were divided into six groups and housed in individual cages under
pathogen-free conditions on a 12/12h day/night cycle. All groups of mice (n= 9-12/group) were fed either
SD or methionine-choline-de�cient (MCD) diet ad libitum for 10 weeks. Group 1 (negative control)
received the SD. Group 2 (positive control) was fed the MCD diet to establish the animals for diet-induced
NASH and LF. Groups 3 and 4 (Preventive model) were fed the MCD and received live and heat-killed
immunobiotics (1 ´ 109 cells/Mouse/Day) orally from 0–10 weeks. Groups 5 and 6 (Treatment model)
were pre-fed a MCD diet and then given live and heat-killed immunobiotics (1 ´ 109 cells/Mouse/Day)
orally from 4–10 weeks. All animals received human care, and all study protocols were approved by the
animal ethics committee of Dongguk University. The weights of the mice were measured from 0–10
weeks. 

 Preparation of immunobiotics 

A mixture of live and heat-killed immunomodulatory probiotic strains was used. The mixture contained a
combination of three probiotic strains, such as Lactiplatibacillus plantarum DU1, Levilactobacillus brevis,
and Weissella cibaria DU1, which were selected based on their anti-in�ammatory, anti-viral, and anti-
hepatic steatosis activities in vitro [27, 28]. The selected probiotics were cultured in De Man-Rogosa-
Sharp (MRS) broth at 37°C. After 15 h incubation, the cells were centrifuged at 4000 rpm for 10 minutes,
washed with distilled phosphate-buffered saline (DPBS), and suspended in PBS at the concentration of
1 ´ 109 colonies. A set of probiotics mixtures was then heat-killed by incubating at 70°C for 1h and stored
at -80°C for further oral administration into the mice. 
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 Stool, serum, and tissue samples preparation and in vivo permeability assay

At the end of the experimental period, fecal samples were collected from each group of mice before
sacri�ce. The in vivo intestinal permeability was examined using an FD4 assay. The FD4 (Sigma) was
administered (6mg/10g body weight) to the mice, and whole blood was collected after 3 h to analyze the
�uorescence intensity of FD4 using a plate reader. Once the mice were anesthetized, the blood was
collected from the inferior vena cava. The serum was separated by centrifugation and stored at -80°C.
The weight of the liver and spleen and the intestinal length were measured immediately after excision
from the mice, snap-frozen in liquid nitrogen, and stored at -80°C. The samples were then �xed with 4%
formalin and stored at 4°C for further analysis.

Cell isolation and preparation

To isolate the lymphocytes from the mouse liver, the mice were anesthetized. The hepatic portal vein was
cannulated with a 25-gauge needle, and the liver was perfused with ice-cold PBS/ethylene glycol
tetraacetic acid (EGTA) for 5 min, followed by prewarmed collagenase D/DNaseI solution for 5 min. The
liver was then removed to a Petri dish, smashed by adding RPMI medium, and �ltered through a 70 mm
cell strainer. The total cell suspension was centrifuged at 50 × g for 1 min to remove the parenchymal
cells, and the supernatant was transferred to a fresh tube and centrifuged at 500 × g for 8 min at 4°C. The
pellet with the parenchymal cells was then resuspended in 10 ml of RPMI medium containing 37.5%
percoll and 100 U of heparin and centrifuged at 1500 × g for 20 min at 4°C. The cells were then
resuspended with FACS buffer or RPMI medium. 

 FACS analysis

Fc-blocked intrahepatic mononuclear cells (1–5 × 106) were plated in a 96 well plate and surface stained
with CD45, CD3, CD4, CCR2+, and CD25 (Table 1) and treated with a FoxP3 transcription factor
�xation/permeabilization solution (eBioscience) prior to intracellular staining of the nuclear protein with
Foxp3. The cells were stimulated with a cell stimulation cocktail (eBioscience) for 14–16 h in an
incubator at 37°C under an atmosphere containing 5% CO2. The cells were then surface stained, followed
by intracellular staining of the cytoplasmic proteins, such as IL-17A, IL-10, IL-4, and IFNG (eBioscience).
All antibodies were used according to the manufacturer’s instructions. FACS analysis was performed
using a cytoFlex �ow cytometer (Beckman Coulter Life science, IN, USA). 

Biochemical assays 

The serum endotoxin levels were analyzed using Pierce Limulus Amebocyte Lysate (LAL) chromogenic
endotoxin quanti�cation kit (Thermo Fisher Scienti�c, MA, USA) according to the manufacturer’s
instructions. The serum oxaloacetic transaminase (GOT), glutamic pyruvate transaminase (GPT), and
liver triglyceride (TG) levels were determined using an enzymatic assay kit (Asan Pharmaceutical Co.,
Seoul, South Korea).
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 Enzyme-linked immunosorbent assay 

The IL-17A and IL-10 levels in the serum were determined using mouse IL-17A and IL-10 ELISA kits,
respectively (Invitrogen, MA, USA) according to the manufacturer’s instructions.   

Histopathological analysis

The colon and liver tissues from the mice were �xed, dehydrated, and embedded in para�n. The colonic
histological sections were cut and stained with hematoxylin-eosin (H&E), alcian-blue (Alcian blue PAS
staining kit, Abcam, Cambridge, UK), and picro-sirius red stain (Abcam, Cambridge, UK). The liver tissue
sections were stained with H&E to assess steatohepatitis and with picro-sirius red stain to analyze
hepatic collagen deposition. The frozen sections of liver tissues were also stained with Oil-Red O
(Sigma–Aldrich, USA). The stained tissue sections were examined using an Olympus BX53 microscope
(Olympus, Japan).

The colonic and liver histological sections were subjected to immunohistochemical staining with
different antibodies. The colonic sections were incubated with anti-ZO-1, anti-Occludin, and anti-HuD
antibodies (Cell signaling Technology, Beverly, MA, USA), while liver sections were incubated with anti-a
smooth muscle actin (a-SMA), anti-CD60 (Cell signaling Technology, Beverly, MA, USA), and anti-AhR
antibodies (Abcam, Cambridge, UK). The brain tissue sections were incubated with anti-HuD (Cell
signaling, MA, USA), anti-GFAP, and IbA1 antibodies (Abcam, Cambridge, UK).

Quantitative Real-time Polymerase Chain Reaction

The RNA from the frozen colonic and liver tissues was extracted by adding TRIZOL reagent. The purity
and quantity of RNA were analyzed using the Nanodrop method (NanDrop Technologies, USA), and the
cDNA was synthesized using a thermal cycler (BIORAD, Hercules, CA, USA). RT-PCR was performed using
a 7300 real-time PCR system (Roche Applied Science, Indianapolis, ID, USA) with SYBR green and speci�c
primer sets. The volume of the reaction mixture was 20 μl, which contained 1 μl of cDNA and 19 μl of
master mix, including SYBR green and the forward and reverse primers (1pmol/μl). The ampli�cation was
performed at 50°C for 5 min; followed by 95°C for 5 min; then 40 cycles at 95°C for 15s, 60–63°C for 30s,
and 72°C for 30s. β-actin was used as an internal control. 

 Western blot analysis

The colonic and liver tissues were homogenized and dissolved in RIPA buffer. The concentration of
protein in the lysed sample was analyzed using a bicinchoninic acid (BCA) assay kit (Thermo Scienti�c,
Pierce, Rockford, IL). The samples were heated to 95°C for 5 min, separated using SDS-polyacrylamide
gels, and transferred to a nitrocellulose membrane (Trans-Blot TurboTM, BIO-RAD). The transferred
membrane was cut at the desired part and incubated with a blocking buffer, followed by incubation with
the appropriate primary antibodies. Goat anti-rabbit and anti-mouse IgG-HRP antibodies (Cell signaling
Technology, Baverly, MA, USA) were used as the secondary antibodies. The optical protein bands were
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detected by adding a mixture (1:1 ratio) of western blot detection solutions A and B (SUPEX, Neonex Co.,
Ltd, Postech, South Korea). The area of the densitogram peak was estimated using Image J software
(National Institute of Health, Bethesda, MD, USA).

 Gut microbiota analysis

Mice fecal samples were collected and stored immediately at -80°C. The total DNA from the fecal
samples was extracted using a QIAam fast DNA stool mini kit (QIAGEN, Hilden, Germany) according to
the manufacturer’s instructions. The microbial 16S rRNA V1–V3 region was ampli�ed using a C1000
Touch thermal cycler (Bio-rad, Hercules, CA, USA). The amplicons were puri�ed using a QIAquick PCR
puri�cation kit (QIAGEN, Germany). The concentration of amplicons was quanti�ed using a PicoGreen
dsDNA assay kit (Invitrogen, Carlsbad, CA, USA). The amplicons were ampli�ed by emulsion PCR and
sequenced using a Roche/454 GS Junior system (454 Life Sciences, Branford, CT, USA). The sequences
were sorted using a barcode in the demultiplexing step to reduce error, and low-quality reads (average
quality score < 20 or read length <300 bp) were eliminated for analysis. The sequences were then
processed and clustered into operational taxonomic units (OTUs) at 97% similarity. Subsequently, the
representative sequence of each OTU was selected using a Quantitative Insights into the Microbial
Ecology (QIIME) software package [29]. The total structural changes in the microbial community were
analyzed by UniFrac-based principal coordinate analysis (PCoA). A web-based program was used to
analyze Lefse [30]. Heatmap was created using R and R studio programs. The relative abundance of gut
microbiota was represented as a percentage.  

 Study of AhR activity

The AhR activity of the mice stool samples was analyzed using a luciferase reporter assay, according to
the method described elsewhere [15, 25]. Brie�y, HT-29 and LX-2 cells that contained xenobiotic response
elements luciferase reporter plasmid (pGL4.43[luc2P/XRE/Hygro]) were seeded (3 × 104 cells/well) in 96
well and small tissue culture (6mm) plates and stimulated with stool samples suspensions (1:10 ratio)
for 24 h. The luciferase activity was measured as relative luminescence units using a microplate reader.
The values were normalized on vehicle-treated cells, and the results are expressed as the fold changes.
The western blot was also performed to analyze the level of AhR related proteins (AhR, Cyp1a1, and
Cyp1b1) in vitro.    

 Statistical analysis

GraphPad Prism 8.0 (San Diego, CA, USA) and SPSS software package (SPSS 12.0, SPSS Inc., Chicago,
IL, USA) were used to analyze the samples and produce graphs. The groups were compared by one-way
analysis of variance (ANOVA) followed by a post hoc Tukey multiple comparisons test. The results are
presented as the mean ± SEM and P-values < 0.05 were considered signi�cant. 

Results
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Immunobiotics feeding ameliorates MCD diet-induced NASH and LF in mice and is dependent on the gut
permeability, gut microbiota, and AhR

The widely accepted methionine/choline-de�cient (MCD) diet model that induces NASH and liver
�brogenesis in mice were used to determine the therapeutic potential of immunobiotics [31]. The mixture
of three immunobiotic strains (live and heat-killed) was orally administrated from 0 day of MCD diet
feeding (PL and PK) or after four weeks of MCD diet feeding (TL and TK) (Fig. 1A). The MCD diet-fed
mice showed a signi�cant decrease in body weight, liver and spleen weights, and an increase in the liver
triglycerides (TG), serum GOT, and GPT levels. In contrast, the immunobiotic-fed mice showed signi�cant
improvement in their weights and a decrease in the liver TG and GPT (Fig. 1B). Mice fed the MCD diet
developed micro and macrovascular steatosis and in�ammation and increased NASH score and lipid
accumulation in the liver (Fig. 1C and D). The liver sections from the mice administered immunobiotics
(PL, PK, TL, and TK) had lower pathophysiological pictures of NASH than the MCD diet-fed mice. The PK
group showed better results than the other groups. Feeding the MCD diet also led to signi�cant increases
in LF, which is characterized by increased collagen deposition, a-smooth muscle actin (a-SMA), and CD68
expressing KC and macrophages. (Fig. 2A and B). Collagen deposition and a-SMA are the staple markers
for developing �brosis and the activation of HSCs in the liver [3, 5]. The coadministration (PL or PK)
immunobiotics had a signi�cant effect on the reduction of MCD induced LF and the mRNA level of pro-
�brogenic markers, such as Col1A1, a-SMA, MMP-9, TGF-b, and TIMP-1 (Fig. 2A-C). The levels of these
markers, except for MMP-9 in the TL and TK group, were signi�cantly lower than in the MCD diet-fed
group. 

Immunoblotting analysis revealed the level of a-SMA to be higher in the liver samples of the MCD fed
mice, but it was reduced by immunobiotics administration (Fig. 2D). Changes in the a-SMA protein levels
were similar to the changes in the a-SMA mRNAs (Fig. 2C) and a-SMA immunostaining (Fig. 2A).
Previous studies suggested the in�ltration of hepatic T-helper (Th) cells during NAFLD and NASH
development [8, 24]. Th17 cells with the speci�c IL-17 cytokine led to tissue in�ammation and recruited
leukocytes, which are reported to be higher in the NASH patients and NASH mice [11, 32]. Therefore, this
study examined whether immunobiotics would modulate the frequencies of liver in�ltrating Th17 cells
and Treg cells in mice. The Th17 and T cells were measured by gating the singlets for CD45+ cells,
followed by gating for CD4 cells. The frequencies of the IL-17-producing CD+T cells were higher in the
liver tissues of the MCD-fed mice but lower in the immunobiotic fed groups (PL, PK, TL, or TK) mice (Fig 2
E). The mice fed the immunobiotics (PL or PK) showed a higher percentage of Treg, Tr1, and Th2 cells
and a lower percentage of Th1 and CD3+CCR2+ cells than the MCD fed mice. This result suggests that
the reduction of NASH-mediated liver �brogenesis in the MCD diet-fed mice might be associated with the
decreased in�ltration of Th17 cells and increased in�ltration of Treg cells. 

In addition, to determine if the reduction of hepatic �brogenesis in the immunobiotic-fed mice groups
may cause by regulating the �brogenic TGF-b signaling, the proteins associated with the TGF-b/Smad
pathway in the liver tissues of mice were analyzed by western blot. Mice fed the MCD diet exhibited
higher pro�brogenic cytokine TGF-b levels than the chow-fed control group. Interestingly, immunobiotic
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administration (all groups) downregulated the TGF-b level in the liver tissues of mice to remarkably lower
levels than in the MCD-fed mice groups (Fig. 2F). The phosphorylation of Smad3 was also down
regulated in the immunobiotic-fed mice groups. A higher level of Smad7 was also observed in the liver
tissues of the mice fed immunobiotics (Fig. 2F), suggesting that the immunobiotics bene�cially
modulated the TGF-b/Smad pathway to ameliorate the development of hepatic �brogenesis in the NASH
mice.

With regard to the in�ammation-associated markers, the hepatic IL-17A, CCL5, TNF-a, IL-1b, CCL2, and
TLR4 mRNA levels were higher in the MCD diet-fed mice than in the chow diet-fed mice groups (Fig. 3).
The coadministration (PL or PK) immunobiotics signi�cantly down regulated the expression of MCD-
induced liver in�ammatory markers and produced a higher level of anti-in�ammatory cytokine IL-10 than
MCD groups. In addition, MCD fed mice had higher liver mRNA levels of �bronectin, desmin, ICAM-1,
MMP-2 and macrophage activation (YM-1), and �broductular markers (K7, K19, and Sox9) (Fig. 4A and
B). These changes were similar to the reports for mouse NASH livers [33]. Immunobiotic (PL, PK, TL, or
TK) administration reduced the mRNA levels of ICAM-1 and Col1A2, and YM-1) and K19 than the MCD
diet-fed mice (Fig. 4A and B), while there was no signi�cant reduction found in the levels of desmin and
Sox-9. 

Immunobiotics alleviate the MCD diet-induced pathological changes in the intestine of mice 

The liver tissue examination con�rmed the protective role of immunobiotics, but it was unsure how the
immunobiotics mediate their protective effects on hepatic �brosis in mice. The loss of intestinal barrier
integrity, increase in intestinal permeability, gut dysbiosis endotoxemia, and small intestinal bacterial
overgrowth are standard features of NASH [34, 35]. Therefore, it was hypothesized that administering
immunobiotics would improve the intestinal damage caused by the MCD diet in mice. At the end of MCD
diet feeding, the length of the colon was shorter than chow diet-fed control mice (Fig. 5A). The mice fed
the immunobiotics showed a signi�cant increase in colonic length than the MCD diet-fed mice. The H&E
histological examination revealed remarkable changes in the colonic structure of the MCD diet and
immunobiotic-fed mice groups (Fig 6A). The colonic tissue of the control mice showed a normal
morphological structure with intact mucosa and muscular layers. The mucosal layers were compact with
clear crypt and goblets cells, and muscular layers were conserved without the in�ltration of leukocytes
(Fig 6A). The myenteric ganglia were full of neurons (Fig. 5B). The in�ltration of leukocytes, eosinophils,
no clear crypts, and loss of goblets and HuD positive neurons were observed in the colonic tissues of
mice that fed the MCD diet. The colonic tissues of immunobiotic-fed mice showed a similar
morphological pattern to that observed in the control mice. Collagen deposition and the mRNA level of
Col1A1in the colonic tissues of the MCD-fed mice were lower than in control and immunobiotic-fed mice
groups (Fig. 5C and D). The goblet cells density in the colon are important for maintaining the production
of mucus and glycoproteins (mucins) that are dispersed widely throughout the mucosal epithelium and
play roles in nutrient transport and epithelial cell protection [36]. Alcian blue (AB) and periodic acid-schiff
(PAS) staining are widely used to stain mucins. Therefore, the acidic and neutral mucins were stained
magenta in the colonic tissues of mice. AB-PAS straining showed that the MCD diet-fed mice had a low
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density of goblet cells with the depletion of mucus production compared to the control (Fig. 6B). The
MCD diet mediated depletion was improved when the mice were fed the immunobiotic food. These
results suggest that immunobiotic feeding improves the MCD diet-induced intestinal pathology in the
mice.          

 Immunobiotics reduced the MCD diet-induced intestinal permeability and bacterial translocation in mice

Based on the colonic histology results, it was hypothesized that immunobiotics feeding would improve
the intestinal barrier integrity in the MCD diet mice. An in vivo permeability assay was performed using
FD4. The MCD diet increased the intestinal permeability, which was reduced by immunobiotic feeding
(Fig. 6C). The intestinal barrier integrity is controlled by tight-junction proteins, mainly zonula occludens
(ZO)-1, claudin-1, and occluding-1 [24]. The mRNA level of ZO-1, claudin-1, and occluding-1 were lower in
the colonic tissue of the mice fed the MCD diet (Fig. 6C). As shown by the IHC and western blot study, a
decrease in the level of these proteins was also observed in the colonic tissues of the MCD diet-fed mice
compared to control and immunobiotic-fed mice (Fig. 6D-F). The PK group of mice had a higher ZO-1,
claudin-1, and occluding-1 expression than the other immunobiotic groups (Fig. 6C). By contrast, the PL
group of mice showed these proteins at a higher level than the other groups (Fig. 6E). The mice pre-
treated with viable or heat-killed (HK) immunobiotic also increased the level of the TJ proteins before
MCD diet feeding, but not higher than the PL and PK groups. Furthermore, this study investigated whether
the MCD diet-induced intestinal permeability would increase the bacterial translocation to the liver tissue
of the mice. The mice fed with the MCD diet exhibited gut bacterial translocation into the liver tissues
(Table S1). The administration of immunobiotics impeded bacterial translocation. Only two of the �ve
mice received viable immunobiotics (PL), and three of the �ve mice that received the other groups (PK, TL,
TK) showed culturable bacteria. The chow diet-fed mice had no culturable bacteria in the liver tissue.
These results suggest that using viable or heat-killed immunobiotics increased the TJ proteins to improve
the intestinal barrier integrity and reduce the bacterial translocation in mice with MCD diet-induced LF.   

 Immunobiotics reduced serum endotoxin and Th17 levels and other in�ammatory markers in mice

Previous studies reported that gut-derived endotoxin plays a critical role in inducing liver injury,
particularly in the development and progression of NAFLD, NASH, and hepatic �brogenesis [22, 37]. Gut-
derived LPS translocate into the liver via portal circulation and activate TLR4 in the liver cells, resulting in
the development of NASH and �brosis [5]. The probiotic treatment reduced the serum endotoxin level and
improved the gut-barrier integrity in the mice with choline-de�cient/L-aminoacid-de�ned (CDAA) diet-
induced NAFLD [37]. The mice fed the MCD diet had signi�cantly higher serum endotoxin levels than the
control mice (Fig. 6G). The immunobiotic (PL, PK, TL, or TK) treatment signi�cantly reduced the
endotoxin level in the serum of mice. There were no remarkable differences between the immunobiotics-
fed mice groups. In addition, a signi�cant increase in the serum and colonic mRNA levels of Th17 was
observed in the MCD diet-fed mice compared to the control mice, but these increases were reduced
signi�cantly when the mice were fed the immunobiotics (Fig. 6G). In contrast, the immunobiotics
treatment (PL or PK) elevated the serum and colonic mRNA expression levels of IL-10 in mice with MCD
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diet-induced LF (Fig. 6G). The other immunobiotics-fed group (TL or TK) mice also had a higher level, but
not signi�cantly, than the MCD-fed mice. Furthermore, the expression of other proin�ammatory cytokines
in the colonic tissues of mice was analyzed. The MCD diet increased the mRNA level of IL-6 signi�cantly
compared to the control mice (Fig. 6H). On the other hand, immunobiotic administration decreased the
MCD diet-induced IL-6 expression in the colonic tissues of the mice but did not signi�cantly down-
regulate the mRNA level of TNF-a, IL-1b, and CCL2 compared to the MCD diet. The MCD diet upregulated
the mRNA level of TLR4 signi�cantly, but these were reduced by immunobiotics (Fig. 6H). Hence, the
administration of immunobiotics reduced the serum and colonic in�ammatory biomarkers by improving
the intestinal barrier integrity or reducing intestinal permeability in mice with MCD diet-induced LF.

 Immunobiotics modulated gut microbiota in mice with MCD diet-induced liver �brosis

Several studies reported that the severity of fatty liver diseases is associated with the gut microbiota
dysbiosis in humans and animals [38, 39]. Changes in the gut microbial composition were also observed
in mice fed with a high-fat diet (HFD) and MCD diet [40, 41]. Therefore, it was hypothesized that the
administration of immunobiotics would restore the changes in the MCD diet-induced gut microbiota in
mice. The structural composition of the gut microbiota was determined by 16S rRNA sequencing of fecal
samples from different groups of mice. A principal coordinate analysis (PCoA) based on the UniFrac
unweighted and weighted showed that the structures of the microbial community segregated
differentially among the groups (Fig. 7A and Fig 1SA). The MCD and immunobiotics fed groups were
separated completely from the control group. The clusters of immunobiotic groups (PK and PL) were
separated from the MCD groups, while the TK and TL groups formed clusters that were not completely
distinct from the MCD group. These results suggest that the MCD diet induced a profound shift that could
be restored using immunobiotic bacteria. The rarefaction curves re�ected that the immunobiotic (PK and
PL) fed groups were more diverse than the MCD fed group, while the TK and TL fed groups were not more
diverse (Fig. 1SB). The MCD diet reduced the gut microbiota a-diversity metrics compared to the control
and immunobiotic groups (PL and TL) (Fig 7C and D). The gut microbiota of all groups was classi�ed as
phyla, family, and genera that were different between the groups. The Bacteroidetes, Firmicutes, and
Proteobacteria were the three dominant phyla observed in all groups. The relative abundance of the
phyla, Bacteroidetes and Firmicutes, were similar in the MCD and chow diet-fed control groups (Fig 7D,
Fig 1SC, and D), which is consistent with an earlier report [38]. On the other hand, Proteobacteria was
lower in the MCD diet group than in the control group. Boursier et al. [39] reported similar results for
patients with NASH and without NASH. Compared to the MCD group, an increase in the abundance of
Bacteroidetes and Proteobacteria and a decrease in the abundance of Firmicutes and observed in
immunobiotic fed groups (PK, PL, and TK). At the family level, MCD diet-fed mice had a higher
abundance of Bacteroidaceae, Rikenellaceae, Lactobacillaceae, Turicibacteraceae, and
Erysipelotrichaceae and a lower abundance of S24-7, Clostridiales, Lachnospiraceae, Ruminococcaceae,
and Prevotellaceae compared to the control group (Fig. 7E). Similarly, the abundance of �brosis-
associated Ruminococcaceae was decreased when �brosis could become more severe in non-obese
individuals42. Nevertheless, immunobiotic administration altered the pattern of the bacterial abundance
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at the family level compared to MCD groups. At the genus level, compared to the control group, the
relative abundance of Bacteroides, Parabacteroides, Lactobacillus, Allobaculum, and Turicibacter were
higher, whereas Ruminococcus, Coprococcus, and Prevotella were signi�cantly lower in the MCD groups
(Fig. 3SA and B). Similar results were observed in the non-obese subjects with severe �brosis. The
administration of Ruminococcus alleviates liver damage in NAFLD mice fed with the MCD diet [42]. On
the other hand, immunobiotic groups (PL and PK) had a different pattern of gut microbiota at the genus
level than the MCD group, suggesting that immunobiotic feeding bene�cially alters the gut microbiota to
protect against �brosis.   

In addition, speci�c taxa that respond to MCD diet and immunobiotic administration were examined
using the LDA effect size (LEfSe) assay to determine the differences in the microbial abundance among
the groups and each other. The results showed that 55 microbial taxa at the genus level were identi�ed as
markers that discriminate the gut microbiota among the groups (Fig. 7F, Fig. 3SA). In the MCD group, the
microbial taxa changes after the MCD diet were dramatic compared to the chow diet-fed control group.
Interestingly, immunobiotic-feeding groups had different genus levels of microbial taxa compared to the
MCD group. In particular, Lactobacillales and Lactobacillus, which belong to the family Lactobacillaceae
and phylum Firmicutes, may play a role in alleviating the development of �brosis, were higher in the PK
group compared to the MCD group. In contrast, Bacteroides in phylum Bacteroidetes were enriched in the
PL group, while the abundance of Erysipelotichia (a producer of short-chain fatty acid) in phylum
Firmicutes was higher in the TL group compared to the MCD-diet group. The number of microbial taxa
was different when compared with each other (Fig. 3SB-F, Fig. 4SA-E). 

This study examined the correlation of the gut microbiota with the disease markers to study the impact of
the gut microbiota on disease. The abundance of Lactobacillus and Allobaculum (higher in PK and TL
groups) was positively associated with body weight and liver and spleen weight (Fig. 7G). In addition, a
genus Bacteroides enriched in the immunobiotic groups had a positive association with the body weight
and liver weight. Moreover, the abundance of Odoribacter was positively correlated with the body weight,
liver, and spleen weight and negatively correlated with the liver TG, GOT, GPT, and serum endotoxin. By
contrast, Prevotella (lower in the MCD diet-fed group) and Suttrella were negatively correlated with the
body weight, liver, and spleen weight, while positively correlated with the GOT, GPT, and serum endotoxin
levels. Coprococcus and Ruminococcus were lower in the MCD diet-fed group. They had a moderate
negative correlation with body weight, liver, and spleen weight and a moderate positive correlation with
the serum endotoxin and GPT levels (Fig. 7G). The genus Oscillospira had a strong negative correlation
with the liver TG, GOT, GPT, and serum endotoxin levels. Previous studies showed that the MCD diet
lowered the body, liver, and spleen weights, and increased the liver TG, GOT, GPT, and serum endotoxin
levels, which are major risk factors for liver injury by inducing in�ammation in the host [37, 43]. A strong
correlation was observed between these factors and the gut microbiota, which may participate in the
development of LF.

 Immunobiotics activated AhR in the colonic and liver tissues of mice and in vitro cells
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Overall, immunobiotics modulate the MCD diet-mediated gut microbiota in mice, but it is unclear how the
modulation of gut microbiota by immunobiotics would alleviate LF. Studies reported that the expression
of AhR, production of AhR ligands, and AhR pathway activation are reduced in the gut of patients with
intestinal diseases [26]. Modulation of the gut microbiota by Lactobacillus increased the production of
AhR ligands and AhR activation, which alleviated the intestinal pathology in mice [26]. The production of
su�cient AhR ligand is critical for restoring the composition and function of the gut microbiota [44]. AhR
signaling protected against intestinal diseases and prevented HSC activation and liver �brosis in mice
[21]. Therefore, this study next examined whether immunobiotics feeding increases the expression of AhR
and AhR signaling activation in both intestinal and liver tissues of mice. Interestingly, the protein and
mRNA levels of AhR and its signaling proteins (Cyp1b1 and Cyp1a1) were higher in the colonic tissue of
mice fed the immunobiotics than in the MCD diet alone (Fig. 8A and B). A similar pattern of AhR and
other proteins was found in the AhR colonic cells treated with fecal extracts derived from mice fed the
immunobiotics (Fig. 8C). AhR activity was found to be increased in HT-29 cells treated with feces from PL
and PK group of mice (Fig. 8C).  Furthermore, the mRNA levels of these proteins were higher in the liver
tissue of the immunobiotic-fed mice groups (Fig. 8D). On the other hand, AhR at the protein level was
higher in all immunobiotic groups, while Cyp1a1 and Cyp1b1 were lower in the PL group compared to the
MCD group (Fig. 8E). An in vitro study also showed a similar pattern of AhR protein in LX-2 cells
incubated with a fecal extract from the immunobiotic-fed mice groups (Fig. 8G). An
immunohistochemistry study showed that the liver tissues of mice administered with immunobiotics had
higher AhR positive cells than the MCD group (Fig. 8F). These results suggest that immunobiotics
positively modulated gut microbiota to produce a higher level of AhR ligands and AhR pathway
activation, which may play a crucial role in reducing LF in the MCD diet-fed mice.        

Discussion
The immunobiotics treatment prevented the progression of MCD diet-induced NASH to LF in a mouse
model. The oral administration of immunobiotics improved the gut barrier integrity, reduced bacterial
translocation and in�ammatory cytokines, and modulated the gut bacterial composition. Furthermore, the
immunobiotics reduced the pro-�brogenic markers and pathological scores, in�uenced immune cell
differentiation, and activated the AhR markers in the liver tissue of mice. These results highlight the
importance and therapeutic potential of immunobiotics in treating liver diseases.

MCD diet-induced NASH is a widely accepted model that mimics human NASH. An MCD diet intake
induces in�ammation, lipid accumulation, steatohepatitis, and �brosis in the liver tissues of mice, which
results in a loss of body and liver weight and elevated gut-derived endotoxin in the portal circulation [45,
46]. An increase in endotoxemia induces in�ammatory cytokines, which results in hypoxia-ischemia in the
intestinal mucosa and further increases the intestinal permeability [47]. The permeability of LPS into the
portal circulation induces a systemic in�ammatory response and hepatic injury, leading to HSC activation
that increases α-SMA and collagen deposition, resulting in liver NASH and LF [48]. The mice injected with
LPS showed extensive hepatic damage and reduced colonic barrier function [22]. An increase in intestinal
permeability was reported to induce an elevation of the serum LPS and correlate with the severity of
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NAFLD in children [49]. Hence, an improvement in intestinal function is vital for preventing hepatic
�brosis. The oral administration of VSL#3 does not reduce the MCD diet-induced serum endotoxin level
signi�cantly in mice [45]. The immunobiotics treatment reduced serum LPS level and intestinal
permeability signi�cantly and increased mucin production and the ZO-1, occludin, and claudin-1 levels in
the colonic tissue of MCD diet-induced hepatic �brosis mice, which is in agreement with the results
reported by Endo et al.[37]. Similarly, Lactobacillus GG administration reduced the level of gut-derived
endotoxins in the portal circulation and lipid accumulation and in�ammation in the liver of the NAFLD
mice model [50]. IL-17A promotes in�ammation by inducing the production of in�ammatory
cytokine/chemokines in the affected tissues [32]. The MCD diet tended to increase the serum and mRNA
levels of IL-17A while reducing the IL-10 that exhibited anti-in�ammatory and immunosuppressive effects
in the colonic tissues of mice [32]. The MCD diet also increased the gene expression of IL-6, IL-1β, and
TLR4 in the colonic tissues of mice [51]. The oral administration of immunobiotic mixtures reduced the
serum IL-17A, mRNA levels of IL-6, IL-1β, and TLR4 in the colon of the MCD diet-fed mice. The decreased
colonic cytokine expression and bacterial translocation in the immunobiotic-treated groups are probably
due to the improvement of immunobiotic-mediated gut barrier function and reduction of LPS production
[52].

The gut-liver axis plays a crucial role in liver pathogenies, and probiotics bene�cially modulate the gut-
liver axis and pathological markers associated with NASH and hepatic �brosis [24, 41]. The higher AST
and ALT levels in the serum, the pathological changes, and the higher level of triglycerides in the liver
denote hepatic tissue damage [53]. The oral administration of immunobiotics reduced the AST and ALT
levels, hepatic steatosis, and in�ammation scores in the mice fed with the MCD diet, which is consistent
with the results reported elsewhere [54]. Another report using L. lactis and Pediococcus pentosaceus
showed similar AST and ALT levels and liver pathology scores [55]. The activation of TLR signaling in the
immune cells of the liver tissues produce an array of proin�ammatory cytokines that could disrupt the gut
barrier integrity and increase bacterial translocation, resulting in secondary activation of TLR signaling
[56]. The results showed that immunobiotic mixtures reduced TLR4 expression, which was higher in the
liver tissues of the MCD fed mice. TLR4 signaling participates in the progression of NASH and LF, and its
absence in mice has less �brosis induced by carbon tetrachloride [5, 57]. A previous study reported that
TLR4 signaling on HSCs, but not on hepatocytes and KCs, is important for LF5. KCs are the primary cells
that respond to gut-derived LPS to produce IL-1β, TNF- , CCL2, and IL-10 [58]. The production of these
cytokines is involved in hepatic in�ammation and its associated dyslipidemia [59]. The immunobiotics
treatment reduced the proin�ammatory cytokines, such as TNF- , CCL2, and IL-17A, and increased IL-10
expression in the liver tissues of mice. In addition, the percentage of CD68 cells was also lower in the liver
tissue of mice that received the immunobiotics mixture, suggesting that immunobiotics alleviate KCs
cells activation and its associated in�ammation.

HSCs are another key mediator of the gut–liver axis, producing proin�ammatory and pro-�brogenic
markers in response to LPS5. TLR4 signaling crosstalks with TGF-β signaling, a potent pro-�brogenic
mediator in HSCs. TLR4/LPS signaling in KCs secretes TGF-β, which actively differentiates quiescent
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HSCs to �brogenic HSCs, resulting in the production of pro-�brogenic factors and LF progression [5].
Previous studies showed that an MCD diet induces the production of pro-�brogenic markers, such as
col1A1, -SMA, MMP-9, TGF-β, and TIMP-1 [45, 46, 51]. In the present study, the same trend of an increase
in �brogenic markers was observed in the liver tissues of mice fed with the MCD diet alone. The increased
expression of col1A1, -SMA, MMP-9, TGF-β, TIMP-1, and ICAM-1 induced by the MCD diet were reduced
signi�cantly by immunobiotics [45, 54].

The in�ammatory response underlying NASH and LF is characterized mainly by the increased production
of in�ammatory cytokines/chemokines and in�ltration of in�ammatory and regulatory T cells [32, 60].
The regulatory T cells (Treg) play a critical role in regulating the in�ammatory process in NASH and LF,
while T helper cells 17 (Th17) have an opposite role in NASH development. The patients with NASH had
signi�cantly higher in�ltrates of Th17 cells and lower in�ltrates of Treg cells [10, 11]. The Treg/Th17
imbalance is important for regulating NASH and LF progression. The MCD diet induced NASH
development in mice and increased the in�ltration of Th17 cells [32]. The Th17 cells are the primary
source of IL-17 secretion, and the elevated level of IL-17 exacerbates hepatic in�ammation and steatosis
in mice with NASH and NAFLD [11, 32]. IL-17A upregulates the expression of pro�brotic genes by
activating the TGF-β receptor on HSCs in a JNK-dependent approach [61]. IL-17-de�cient mice showed a
lack of NASH development [32]. IL-17 signaling was critical for the progression of LF in the bile duct
ligation and CCl4-treated mice model [62]. An increase in the frequency of Th17 cells was observed in the
MCD diet-fed mice, suggesting that Th17 cells and IL-17A production affect the LF progression [9]. On the
other hand, the percentage of in�ammatory Th17, Th1, and CCR2+ cells in�ltrations were reduced
signi�cantly in the immunobiotic treated mice groups. In addition, mice that received the immunobiotics
(except the TL group) had a higher percentage of immunoregulatory Treg cells than the MCD diet-alone
feeding groups [63]. The neutralization of IL-17 and dominance of Treg cells were from NASH and LF
progression [9, 64]. These results provided insights into the regulation of in�ammatory and regulatory
immune cell in�ltration into the in�amed liver tissues via the gut–liver axis.

Studies showed that the gut–liver axis, a bidirectional relationship between the gut and liver diseases,
and the gut microbial composition represent vital factors in NASH and LF progression [24]. Gut dysbiosis
is associated with liver diseases and aggravated disease severity [24]. NASH patients had a different
pattern of gut microbiota composition than the healthy subjects, suggesting an emerging role of the gut
microbiota in NASH and LF progression [39, 42]. The germ-free mice that received gut microbiota from
NASH patients showed exacerbated hepatic in�ammation, steatosis, and �brosis [65]. Hepatic lipid
accumulation, in�ammation, and HCC formation were observed in the germ-free mice with fecal
microbiota from the high-diet induced mice [66]. These studies suggest a direct role of the gut microbiota
in developing and progressing liver diseases, including NASH and LF. Depletion of the gut microbiota by
antibiotics in mice had reduced levels of LPS and �brogenesis formation, suggesting that the gut
microbiota is the primary source of LPS production and LF progression [5]. Restoration of an altered gut
microbiota is crucial for preventing NASH and LF progression. Many studies showed that probiotic
bacteria could positively modulate or restore the gut microbiota balance [67]. These results showed that
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immunobiotics-fed mice had a different gut microbial composition than the microbial pattern observed in
the mice fed the MCD diet alone. The proportional ratio of the Firmicutes and Bacteroidetes plays crucial
roles in developing diseases, including liver diseases. The immunobiotic-treated MCD diet groups had a
greater abundance of bene�cial bacteria, such as genus Bacteroides, Prevotella (PK and PL group), and
Helicobacter (PK and TK group), which are producers of short-chain fatty acids (SCFAs), particularly
propionate, which improve the gut barrier integrity and gut homeostasis [68, 69]. Ruminococcus is a key
bacterium that maintains gut homeostasis in healthy subjects [42]. A lower level of Ruminococcus was
associated with NAFLD and the worsening severity of �brosis in NAFLD patients [70]. The lower
abundance of genus Ruminococcus in the MCD diet group was increased by immunobiotics, suggesting
that immunobiotics bene�cially modulate the gut microbiota in an MCD diet.

Previous studies reported that the increases in the level of SCFAs alleviate chronic in�ammatory,
metabolic, and liver diseases [24]. Certain gut microbiota increases the production of SCFAs, which act as
a ligand for AhR [15]. In addition, gut microbiota-derived indole is also a ligand for AhR, and activation of
the AhR pathway reduces intestinal in�ammation and the severity of celiac disease [26] and metabolic
diseases [71]. The production of nontoxic AhR agonists prevented the activation of HSCs and reduced
liver �brogenesis in mice21. NOD/DQ8 mice gavaged with L. reuteri, a metabolizer of tryptophan,
increased the AhR ligands and the capacity of intestinal microbiota to activate AhR, resulting in a
reduction of celiac disease [26]. Lactobacillus helped restore the AhR activity, improve intestinal
permeability, reduce the metabolic syndrome, hepatic steatosis, and E. coli-induced mastitis in a mouse
model [71, 72]. The administration of immunobiotics increased the genus Lactobacillus and
Ruminocccus, which may increase the production of SCFAs and other metabolites in the MCD group. The
protein and mRNA levels of AhR increased in the colonic tissue of the MCD diet-fed mice. The
immunobiotic-treated mice had a higher level of AhR-associated genes in both the colonic and liver
tissues of mice [21]. The IHC results also con�rmed the AhR levels in liver tissues in the immunobiotic-fed
mice groups, suggesting that immunobiotics increased the AhR pathway that might help reduce LF. On
the other hand, the AhR activation samples were examined in vitro using human cell lines. The in vitro
study also suggested that fecal samples of mice gavaged with immunobiotics increased the levels of the
AhR pathway-associated proteins in both cell lines [15]. Overall, these �ndings showed that a mixture of
immunobiotics helps improve the intestinal barrier integrity, modulate gut microbiota composition,
increase the regulatory immune cells and AhR activation in NASH mice, and help ameliorate LF.

Conclusions
This study proposed the possible mechanisms underlying the protective activity of a combination of
immunobiotics on the development of NASH and LF progression. Immunobiotics could modulate the gut
microbiota composition and increase the SCFA-producing bacteria, and improves the gut barrier strength,
resulting in a decrease in serum endotoxin, serum in�ammatory cytokine levels, and bacterial
translocation. In addition, immunobiotics reduce AhR activation in both colonic and liver tissues, thus
reducing liver in�ammation and LF progression via the gut–liver axis approach. These �ndings suggest
that immunobiotics have therapeutic potential for preventing NASH and its associated LF.
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Figure 1

Immunobiotics administration attenuated MCD diet-induced hepatic in�ammation in mice. Mice were fed
with MCD diet or chew diet for 10 weeks; immunobiotics mixture (live and heat-killed) were administrated
for the 10 weeks or for the last 6 weeks of MCD diet. (A) Experimental model of LF and immunobiotics
treatment. (B) Body, liver and spleen weights and serum concentration of GPT and GOT, and Liver TG of
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each group of mice (n=9). (C &D) Representative liver histology pictures and scores of each group mice
(n=6). The data were presented as means ± SD. * p< 0.05, **p<0.01, ***p<0.001. 

Figure 2

Immunobiotics reduced MCD diet-induced LF in mice. (A) Liver sections were analyzed for collagen
deposition using Fastgreen/Sirius Red staining and for a-SMA and CD68 using immune-histochemistry.
(B) The contents of collagen, a-SMA and CD68 were quanti�ed. (C) The expression of pro�brogenic
markers were determined in the liver tissues using RT-PCR. The data were presented as means ± SD
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(n=9). (D) The protein level of a-SMA in the liver tissue was analysed by western blot. (E) The frequency
of different subpopulations of T cells in liver tissue of mice with LF (n=6). (F). The protein level of TGF-b
signaling associated proteins were analysed in the liver tissue of mice using western blot. * p< 0.05,
**p<0.01, ***p<0.001. 

Figure 3

Immunobiotics reduced in�ammatory makers in LF mice. The expression of pro-in�ammatory cytokines,
TLR4 and anti-in�ammatory cytokine (IL-10) in the liver tissues of mice with LF. The data were presented
as means ± SD (n=9). * p< 0.05, **p<0.01, ***p<0.001.



Page 27/31

Figure 4

Immunobiotics reduced pro�brogenic makers in LF mice. (A) RT-PCR results of liver pro-�brogenic
markers (Fibronectin, Col1A2, ICAM-1, MMP-2 and Desmin) (B) The expression of macrophage and
progenitor markers were determined in the liver tissue of mice with LF. The data were presented as means
± SD (n=9). * p< 0.05, **p<0.01, ***p<0.001.
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Figure 5

Immunobiotics improved colonic length in LF mice. (A) The colonic length of mice was determined for the
10 weeks of MCD or chew diet along with immunobiotics fed mice. (B) colons were immunostained for
the determination of myenteric ganglia with number neurons. (C) Fastgreen/Sirius Red staining were
performed the observation of collagen �bres in the colonic tissue of mice. (D) Collagen �bres quanti�ed
in the colonic tissue of mice. The data were presented as means ± SD (n=5). ***p<0.001.
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Figure 6

Immunobiotics treatment improved MCD diet induced colonic morphological changes and strength in LF
mice. (A) Hematoxylin and eosin (H&E) stained sections of colonic tissue of mice fed with MCD diet or
chew diet along with immunobiotics. (B)AB/PAS staining of colonic tissue with goblet cells and mucus.
(C) In vivo intestinal permeability was analysed by FD4 and the expression of tight-junction genes in the
colonic tissue of mice using RT-PCR. (D) Immunostaining of ZO-1 protein in the colonic tissue. (E) The
level of tight-junction proteins (ZO-1, Occludin and Claudin-1) and IL-10 in the colonic tissue were
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analysed by WB. (F) Immunostaining of occluding in the colonic tissue. (G) Serum endotoxin level was
determined using LAL assay and serum IL-17A and IL-10 and their mRNA levels were analyzed by ELISA
and RT-PCR. (H). The expression of pro-in�ammatory cytokines and TLR4 were analyzed in the colonic
tissue using RT-PCR. The data were presented as means ± SD (n=9). * p< 0.05, **p<0.01, ***p<0.001.

Figure 7

Immunobiotics modulated composition and diversity of gut microbiota in LF mice. The gut microbiota
composition was analyzed using total DNA from mice fecal samples that collected at the end of the
experiments. (A) Unweighted Unifrac analysis, (B) Chao1, (C) Observed OTUs were showed among the
groups. (D and E) Relative abundance of bacterial taxa at the phylum and family levels among the
groups. (F) Microbial taxa respond to MCD diet and immunobiotic treatement were examined using LDA
effect size assay. (G) The correlation of the gut microbiota with the disease markers were examined using
R and R studio programs.
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Figure 8

Immunobiotics induced AhR activation in the colonic and liver tissues of mice and LX-2 cells. (A) The
protein level of AhR and (B) mRNA levels AhR associated markers were analysed in colonic tissue of mice
using WB and RT-PCR. (C) The protein level of AhR and it’s associated markers and AhR activity were
analyzed in colonic epithelial cells (n=6). (D) The expression of AhR and it’s associated markers were
analyzed in liver tissues of mice using RT-PCR. (E) The protein level of AhR and it’s associated markers
were analyzed in liver tissues of mice and (F) LX-2 cells (n=6). (G) Liver tissue was immunostained for
the determination of AhR positive cells. The data were presented as means ± SD. * p< 0.05, **p<0.01,
***p<0.001.
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