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Abstract

Prebiotic milk oligosaccharides (MO) are complex sugars that selectively enhance the growth of
Bifidobacterium infantis (B. infantis). The current study examines the effects of bovine MO and B.
infantis in preventing non-alcoholic steatohepatitis (NASH) in Western diet (WD)-fed bile acid
(BA) receptor FXR (farnesoid x receptor) knockout (KO) mice. WD-fed FXR KO mice, which
have cancer-prone NASH and reduced B. infantis, were supplemented with B. /nfantis, MO, and
combination of both. Two months intervention by B. /nfantis and/or MO improved insulin
sensitivity. In addition, all 3 treatments reduced expression of pro-inflammatory genes in the liver
and ileum. Consistently, 7 months treatment reduced hepatic lymphocyte infiltration in WD-fed
FXR KO mice. In addition, B. infantis, but not MO, decreased hepatic triglyceride and cholesterol.
A combination of both further reduced hepatic cholesterol, the precursor of BAs, but not hepatic
triglyceride. All three treatments modulated hepatic and serum BA profile by reducing
deoxycholic acid, hyodeoxycholic acid and increasing chenodeoxycholic acid as well as
ursodeoxycholic acid level. In addition, B. infantisand MO decreased hepatic CYP7A1 and
increased the expression of SultZal, SultZ2a2, and SultZa3 suggesting decreased BA synthesis and
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increased detoxification. Furthermore, B. infantis and MO increased ileal BA membrane receptor
TGR5 as well as Glp1r, PC1/3, and Nos3suggesting increased TGR5-regulated signaling.
Moreover, MO alone, but not B. infantis, could increase the abundance of butyrate-generating
bacterium that has beneficial effect in NASH treatment. Together, B. infantis and MO have their
unique and combined effects in reversing NASH in WD-fed FXR KO mice.
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1. Introduction

Bifidobacteria have co-evolved with humans, and it appears to be beneficial to the well-
being of infants [1]. Specifically, Bifidobacterium longum subsp. infantis (B. infantis) has
intestinal and extra-intestinal health benefits [2]. B. infantis modulates gut barrier functions
and protects epithelial cells against cytokine or chemical-induced inflammation [3, 4]. In
addition, B. longum is effective in preventing allergic pathologies, psoriasis, and chronic
fatigue syndrome [2, 5]. Moreover, other Bifidobacterium spp. has anti-obesity effect and
can improve alcohol-induced liver injury [6]. During evolution, B. infantis acquired an
ability to metabolize human milk oligosaccharides (MO) that are complex sugar and nutrient
for newborns [7, 8]. Additionally, MO enhance the growth of Bifidobacteriaand Lactobacilli
at the expense of potentially harmful bacteria such as Clostridia, Enterococci, Eubacteria,
and Enterobacteria creating an acidic environment that is less favorable to pathogens [9-11].
Thus, the synbiotics containing probiotics B. infantis and prebiotics MO have added health
benefits. For example, B. infantis plus MO are effective in inducing the expression of genes
involved in integrity of barrier function (14). They also have anti-inflammatory effect in the
intestinal epithelial cells [12]. Moreover, growing evidence indicate that breast milk in
neonates as well as MO are beneficial to intestinal health [13]. Therefore, breast-fed infants
have reduced intestinal permeability compared to formula-fed infants [14]. Because gut
dysbiosis contribute to hepatic inflammation [15-18], we hypothesize that synbiotics B.
infantis plus MO may have beneficial effects in protecting against the development of non-
alcoholic steatohepatitis (NASH) caused by dysregulated bile acid (BA) synthesis and
dysbiosis.

BAs are essential for lipid and carbohydrate metabolism and play a significant role in
regulating host immunity and inflammation [18, 19]. Activation of farnesoid x receptor
(FXR) by BAs, protects the distal small intestine from bacterial invasion and overgrowth in
bile duct ligation in mouse models [20]. Activation of FXR also has beneficial effects
against metabolic disorders [21, 22]. In addition, FXR agonists have promising effect in
NASH treatment as revealed in clinical trials [23]. In metabolic disease mouse models,
feeding wild type mice with a Western diet (WD) will not produce liver cancer in their
lifetime. In contrast, mice lacking FXR develop steatosis, NASH, and liver cancer
spontaneously, and WD-feeding facilitates the liver carcinogenesis process [24—26].
Consistently, patients with severe cirrhosis and liver cancer have reduced hepatic FXR [26,
27]. Moreover, dysregulated bile acid synthesis is frequently found in patients who have
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metabolic diseases including liver cancer. Together, FXR knockout (KO) mice are human
relevant models that are useful to study the prevention and treatment of liver carcinogenesis.

It is known that dysregulated BA synthesis is always accompanied by dysbiosis because BAs
are generated by host and bacterial enzymes [18, 28, 29]. Our published data have already
uncovered specific BAs and gut microbiota that contribute to the development of NASH
leading to cancer formation in FXR KO mouse models [15-17]. In the current study, we
investigated a hypothesis that through modulating BA synthesis, synbiotics B. infantis plus
bovine MO are effective in preventing the development of NASH. Our novel data revealed
the beneficial effects of B. infantisand MO in reversing cancer-prone NASH in WD-fed
FXR KO mice.

2. Materials and Methods

2.1. Bacterial culture condition

B. infantis (ATCC 15697, Manassas, VA, USA) were grown in a food grade facility and
stored at —80°C [30]. The purity and viability of the bacteria were confirmed every 6
months; they were grown anaerobically at 37°C in a semisynthetic de Man, Rogosa, Sharpe
broth (Becton Dickinson, Franklin Lakes, NJ, USA) supplemented with 1% (wt/vol) I-
cysteine hydrochloride. After centrifugation, bacteria were suspended in saline before oral
administration via gavage.

2.2 Bovine MO production and characterization

2.3. Mice

A product enriched in MO was supplied by Hilmar Ingredients (Hilmar, CA, USA). Bovine
MO were concentrated and purified from commercially available whey permeate using a
series of ultrafiltration and chromatographic steps. Lactose was partially removed by
concentration, crystallization, and precipitation. The lactose and mineral reduced permeate
was treated by an adsorption column containing 100 liters of functionalized copolymer of
styrene and divinyl benzene to remove color in the stream. MO in the decolorized stream
was further concentrated using a single stage ultrafiltration membranes (Molecular weight
cut off of 1000 Dalton) to remove minerals and lactose in the solution. The final concentrate
was freeze-dried and stored in a vacuum desiccator at room temperature. The total
carbohydrate composition of MO was determined using an Agilent 6520 accurate-mass Q-
TOF LC/MS with a microfluidic nano-electrospray chip according to previously published
methods [31]. The MO profile of this product was consistent with a previously formulated
supplement that has been used in a human clinical study [32]. The concentration of lactose
and select MO was measured using a high-performance anion-exchange chromatography
with pulsed amperometric detection (Thermo Scientific HPAEC-PAD ICS-5000, Sunnyvale,
CA, USA). See supplemental information (Supplementary Table S1).

Specific pathogen-free C57BL/6 wild type (WT) mice (Jackson Laboratory, Sacramento,
CA, USA) as well as age- and sex-matched FXR KO mice [33] were housed in steel
microisolator cages at 22°C with a 12-hour light/dark cycle. They were given a WD
containing 21.2% fat, 34% sucrose, and 0.2% cholesterol (Envigo, Indianapolis, IN, USA)
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right after weaning (3 weeks, 6-10 mice per group). For interventions, mice were given B.
infantis (10° cfu per mouse, orally, once a week) in saline, bovine MO (7% in a diet that
lacks 7% cellulose), or a combination of B. infantis plus MO while mice continued a WD.
For short-term study, 3-month old mice were treated for 2 months and euthanized when they
were 5-month old. For long-term study, 3-month old male mice were treated for 7 months
and euthanized when they were 10-month old. Experiments were conducted in accordance
with the National Institutes of Health Guidelines for the Care and Use of Laboratory
Animals under protocols approved by the Institutional Animal Care and Use Committee of
the University of California, Davis.

2.4. Biochemical assays and histology

Serum alanine aminotransferase (ALT; Pointe Scientific, Canton, MI, USA), serum alkaline
phosphatase (ALP; Pointe Scientific), hepatic triglyceride, and hepatic cholesterol
(BioAssay Systems, Hayward, CA, USA) levels were quantified according to the
manufacturer’s instructions. Hematoxylin and eosin stained liver tissues were subjected to
histology analysis. Steatosis score was graded on a scale of 0 (<5%), 1 (5%-33%), 2 (34%—
66%), and 3 (>66%), and hepatic lymphocyte infiltration score was graded on a scale of 0
(absent), 1 (rare), 2 (mild), 3 (moderate), and 4 (severe).

2.5 Bile acid quantification

Frozen liver tissues (50 mg) were homogenized in cold methanol/internal standard solution
(100 pl internal standard solution and 500 pl methanol). Serum samples (50 pl) were added
to 500 pl of cold methanol and 100 pl of internal standard based on published methods [15-
17, 34-36]. After centrifuge, the supernatant was dried in a Savant speedvac concentrator
(Thermo Scientific, Rockford, IL, USA). The residue was then reconstituted by adding 50 pl
of methanol: water (50:50, v/v) followed by centrifugation at 10,000 g for 1 min at 4°C. The
supernatants were used for BA quantification. The detection of BAs was carried out on a
Prominence™ UFLC system (Shimadzu, Kyoto, Japan) coupled to an API 4000 QTRAP™
mass spectrometer (ABSciex, Redwood City, CA, USA) operated in the negative ionization
mode. Chromatography was performed on a Kinetex C1g column (50 mm x 2.1 mm, 2.6 um)
maintained at 40°C preceded by a high-pressure column prefilter. The mobile phase
consisted of a gradient of methanol delivered at a flow rate of 0.4 ml/min. Mass
Spectrometer parameters were described in our publications [35].

2.6. Mouse gene expression and quantification of bacterial genes

RNA was isolated using TRIzol (Invitrogen, Carlsbad, CA, USA) and reverse transcribed
into cDNA. qRT-PCR was performed on an ABI 7900HT Fast real-time PCR system using
Power SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA, USA). Primers
sequences are available in supplementary table S2. The mRNA levels were normalized to the
level of Gapdh mRNA.

For bacterial gene quantification, DNA was extracted from cecal content (0.05 gram) using
ZR Fecal DNA MiniPrep Kit (Zymo Research, Irving, CA, USA), quantified by NanoDrop
(Thermo Scientific, Wilmington, DE, USA), and amplified using primers (Supplementary
table S2) based on the published sequences [15, 37-41]. A dissociation step was included to
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analyze the melting profile of amplified products. In parallel, gPCR was done using ten-fold
serial diluted synthetic DNA fragments (Integrative DNA technologies, Redwood city, CA,
USA) of a bacterial gene with known concentrations. Bacterial DNA concentration was
calculated using standard curves of diluted synthetic DNA fragment based on published
methods [42].

2.7. Protein extraction and quantification

Proteins were extracted (30 mg) by T-PER protein extraction reagent (Thermo Scientific,
Rockford, IL, USA) with protease and phosphatase inhibitor cocktail (Thermo Scientific,
Rockford, IL, USA) followed by protein quantification using protein bicinchoninic acid
assay reagent (Thermo Scientific, Rockford, IL, USA). Hepatic protein (40 ug) was
subjected to polyacrylamide gel electrophoresis under reducing conditions followed by
transfer to polyvinylidene difluoride membranes. The membranes were incubated with 4%
non-fat milk followed by an antibody. The following primary antibodies (catalogue number
and dilutions) were used: CYP7AL1 (MABD42, 1:1000, Merck, Temecula, CA, USA),
CYP8BL1 (TA313734, 1:1000, Origene Technologies, Rockville, MD, USA), SULT2A1
(OABF01591, 1:1000, Aviva systems, San Diego, CA, USA), and B-ACTIN (A1978,
1:10000; Sigma Chemical Co, St Louis, MO, USA).

Membranes were then incubated with horseradish peroxidase-conjugated secondary
antibodies. The signals were detected using an ECL enhanced chemiluminescence system
with Pierce SuperSignal West Pico chemiluminescent substrates (Thermo Fisher Scientific,
Rockford, IL, USA).

2.8. Statistical analysis

3. Results

Unpaired Student’s #-test and one-way analysis of variance were performed using Prism 6.0
(GraphPad, La Jolla, CA, USA). Data are expressed as mean + SD. P-values were adjusted
for multiple comparisons using false discovery rate. £ < 0.05 was considered statistically
significant.

3.1. B. infantis and MO improve insulin sensitivity and reduce hepatic inflammatory
signaling in WD-fed FXR KO mice after 2-months treatment

Our published data revealed that feeding FXR KO mice with a WD facilitated the
development of NASH that lead to liver carcinogenesis [16]. The current study reveals for
the first time that FXR KO mice had reduced B. infantis. However, supplementation of either
B. infantis or MO for two months increased the abundance of B. infantis. In addition, a
combination of both further increased B. infantis compared with single supplementation
(Figure 1A). Although FXR regulates carbohydrate homeostasis, FXR deficiency did not
affect blood glucose level post insulin injection in 5-month old WD-fed mice. However, B.
infantis and/or MO improved insulin sensitivity (Figure 1B, C). In addition, FXR deficiency
elevated serum ALP and ALT levels, which were reduced by B. infantis and/or MO (Figure
1D-E).
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By studying the expression of hepatic pro-inflammatory and pro-fibrotic genes, the data
revealed that /18, 116, Tnfa, Timpl, Mcp-1, Collal, Ccl17, and Ccl/20, which had increased
expression level due to WD feeding and FXR inactivation, were reduced by 2 months of B.
infantis and MO supplementation (Figure 2A).

Enterohepatic circulation of bile salts takes place in ileum, where expresses high level of
FXR to regulate BA homeostasis. In addition, the liver receives 70% of its blood from the
intestine and is constantly exposed to intestinal-derived metabolites. Moreover, our
published data revealed that dysregulated BA homeostasis and gut dysbiosis contribute to
the development of NASH [16,17]. Thus, gene expression was also studied in the ileum.
Consistent with the data generated in the liver, the expression of ileal inflammatory genes,
such as /116, 116, Tnfa, Timpl, Mcp-1, and /nos, were also reduced with B. infantis plus
MO supplementation (Figure 2B). However, B. infantis or MO alone did not reduce the
expression of several pro-inflammatory genes such as ileal //Zgand /nos. Surprisingly, ileal
/16 mRNA was induced by MO alone, but reduced by B. infantis. Further, ileal //Z0and
Reg3y, which were reduced with FXR deficiency, were increased by all three treatments.

3.2. B. infantis and MO prevent NASH in WD-FXR KO mice after a long-term 7 months

treatment

Although 5-month old FXR KO mice had increased hepatic inflammatory signaling, liver
histology did not reveal apparent inflammation [15]. Hepatic lymphocyte infiltration was
only detected when WD-fed FXR KO male mice were 10 months old [16]. Thus, long-term
7 months intervention was performed to analyze whether B. infantis and MO could eliminate
hepatic lymphocytes induced by dysregulated BA synthesis. Consistent with previous
observation, 10-month old WD-fed FXR KO mice developed severe NASH with massive
hepatic lymphocyte infiltration (Figure 3A, B). B. infantisand MO eliminated hepatic
lymphocytes and reduced ALT level (Figure 3A-C). Moreover, B. infantis improved fat
score, as well as hepatic triglyceride and cholesterol levels. In contrast, MO had no effect in
reducing hepatic triglyceride or cholesterol (Figure 3D-F). Nevertheless, hepatic cholesterol
was substantially reduced and became even lower than that of B. /nfantis-treated group when
a combination of both was used (Fig. 3F).

Both short and long-term experiments revealed the impressive anti-inflammatory effect of B.
infantis and MO in the liver. For examples, the expressions of hepatic and lleal genes, such
as /11, 116, Ccl17, Ccl20, Cxcl10, and /fny, were induced in WD-fed FXR KO mice, but
reduced by B. infantis and MO supplementation. In addition, WD intake and FXR KO-
induced hepatic 7nfa, Icam1, 114, Timp1, and F4/80 mRNAs were reduced by B. infantis
and MO intake. However, a combination of B. infantis plus MO had better effects in
reducing the expression of hepatic Foxp3and inducing ileal Reg3y mRNA levels (Figure
4A-B).

3.3. B. infantis and MO modulate BA profile

Because elevated BA leads to liver carcinogenesis in FXR KO mice [25, 43-45], we studied
the effect of B. infantis and MO on shifting BA profile. The data showed that B. /nfantis and
MO normalized the concentration of certain BAs in 10-month old WD-fed FXR KO mice.
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For example, FXR deficiency had opposite effects on changing hepatic and serum level of
a-muricholic acid (a-MCA), B-muricholic acid (B-MCA) as well as taurodeoxycholic acid
(TDCA), but B. infantis and/or MO treatments reversed those changes to a certain degree
(Figure 5). In addition, increased hepatic and serum deoxycholic acid (DCA) and
hyodeoxycholic acid (HDCA) found in WD-fed FXR KO mice were reduced by B. infantis
and MO (Figure 5). However, B. infantis and MO increased hepatic chenodeoxycholic acid
(CDCA) and taurolithocholic acid (TLCA), which are the endogenous ligands of FXR and
TGRS (Takeda G protein coupled receptor 5) (Figure 5A). Another TGR5 ligand, hepatic
lithocholic acid (LCA) was increased by B. infantis and a combination of B. infantis plus
MO. Moreover, B. infantis plus MO were more effective in reducing hepatic DCA, HDCA,
and CA (cholic acid), as well as inducing hepatic CDCA, LCA, and UDCA
(ursodeoxycholic acid) than the single treatment. Furthermore, all three treatments reduced
hepatic CA, but increased serum CA suggesting the effect of B. infantisand MO in
redistribution of CA and increasing TCA (taurocholic acid) de-conjugation in the gut (Figure
5). It has been shown that FXR deficiency can increase TCA pool size [46]. Our data
showed TCA was reduced in serum, but not changed in liver, in FXR KO mice, suggesting
TCA might be spilled from the liver to other sites in WD-fed FXR KO mice. Moreover, B.
infantis and/or MO reversed the changes of TCA and T-a,p-MCA (tauro-a, B-muricholic
acid) in the serum caused by FXR deficiency.

3.4. B. infantis and MO affect BA synthesis

The expression of genes that regulate BA homeostasis was also shifted by B. /nfantis and
MO treatment. For example, FXR deficiency-induced hepatic CYP7A1 was reduced by B.
infantis and MO suggesting their effect in reducing hepatic CA synthesis (Fig. 6A, B). Only
B. infantis reversed FXR deficiency-induced change of Cyp861 at mRNA and protein level.
In addition, FXR deficiency-reduced hepatic Cyp7b1 and Cyp39al were increased by B.
infantis and MO supplementation (Figure 6A). Moreover, the level of hepatic SULT2A1,
which was increased with FXR deficiency, was further increased by B. infantis plus MO
treatment (Figure 6A, B). Consistently, the mRNA level of Sult?al, Sult?aZ, and Sult?a3
was increased by FXR deficiency and further increased by a combination of B. infantis and
MO treatment (Figure 6A). In contrast to all three isoforms of Su/t2a, the hepatic MRNA
level of Sult?a8, which was reduced with FXR deficiency, was further reduced by B. infantis
alone (Figure 6A). Furthermore, the mRNA levels of SultZ2b1, Abcgs, and Abcg8were
reduced by FXR deficiency, and all three treatments reversed such reductions (Figure 6A).
In the ileum, FXR deficiency reduced mRNA level of organic solute transporters Osta and
Ostp as well as Asbt, and all three treatments increased their levels (Figure 6C).

Moreover, the abundance of cecal bacterial gene ba/J, which is responsible for secondary BA
synthesis, was increased by FXR deficiency and reduced by B. infantis and MO
supplementation (Figure 6D). Bacteria-generated butyrate has known anti-inflammatory
effects [17, 47]. WD-fed FXR KO mice had reduced copy number of butyrate-generating
genes bcoA (butyryl-CoA: acetate CoA-transferase) and buk (butyrate kinase) in the cecum.
MO and B. infantis plus MO, but not B. infantis alone, were able to increase the abundance
of bcoA and buk (Figure 6D).
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3.5. B. infantis and MO affect Tgr5 signaling

Because B. infantis and MO increased the concentration of endogenous TGR5 ligands LCA
and TLCA in FXR KO mice, we hypothesize that the beneficial effect of B. /nfantis and MO
in the digestive tract might in part be due to increased TGRS signaling. Thus, the expression
of Tgr5and its associated pathways were studied. The data revealed that B. infantisand MO
supplementation could reverse FXR deficiency-reduced mRNA levels of 7gr5, Glp1r
(glucagon like peptidel receptor), PC1/3 (proprotein convertase 1 and 3), Nos3 (nitric oxide
synthase 3), and Gcg (preproglucagon) in the ileum (Figure 7). These data revealed the
increased TGR5-associated GLP1 signaling in B. /nfantis and MO supplemented mice.

4. Discussion

Bifidobacteria are inhabitants of the human intestine found in the infant gut especially in the
breast-fed infants [12]. Bifidobacteria regulate immune response and can reduce intestinal
inflammation [48]. The anti-inflammatory effects of Bifidobacteria have been revealed. For
example, B. infantis decreases inflammation in necrotizing enterocolitis [3, 49]. B. infantis
35624 also reduces LPS-stimulated plasma TNFa and IL6 in healthy volunteers [2].
Furthermore, B. infantis DSM15159 improves dextran sodium sulfate-induced acute colitis
[50]. In addition, B. adolescentis attenuates diet-induced steatohepatitis [51]. Furthermore,
Bifidobacterium spp. lower gut endotoxin concentration [52] and B. pseudocatenulatum
CECT 7765 reduces inflammation by reduced IL17A and TNFa [53]. The current study is
the first that reveals the anti-inflammatory effect of B. infantisin cancer prone NASH caused
by dysregulated BA synthesis.

MO has known effect in regulating bacterial colonization and preventing the attachment of
pathogens to the intestine [54]. In addition, human MO has been tested in /n vitro for their
anti-inflammatory effect [55]. Human MO inhibited NF-xB activation, thereby attenuating
TNFa- and pathogen-induced inflammation in human intestine [56]. Moreover, MO reduced
gut permeability [57]. Our data showed that bovine and human MO had a similar effect.
Additionally, a combination of B. infantis plus MO gave better outcomes. For examples, in
the short-term treatment, B. /nfantis and MO individually reduced hepatic //18, /6, Mcp-1,
Collal, as well as Cc/20and a combination B. infantis plus MO had higher fold reduction.
A similar trend was noted for hepatic Ccl17, Ccl20, Cxcl10, Ifny, Icam1, /4 as well as
Timp1, and Foxp3in the long-term treatment. All those encoded cytokines were implicated
in hepatitis C virus infection, alcoholic patients, LPS-induced liver injury, and intestinal
inflammation [58-60]. In addition, /cam1 and Cxc/10were implicated in lymphocyte
adhesion to hepatic sinusoids in NASH patients [61, 62]. Moreover, only B. infantis plus
MO could increase ileal Reg3y, which has an anti-microbial effect [63].

In contrast to the anti-inflammatory effect shared by B. infantis and MO, B. infantis alone,
but not MO alone, were effective in reducing hepatic triglyceride as well as hepatic score.
When B. infantis and MO were used together, they did not change hepatic triglyceride level,
but further reduced hepatic cholesterol. These findings suggest their differential effects in
regulating lipid metabolism. Previous study showed MO reduced hepatic fat score in high fat
diet-fed WT mice [64]. The difference may due to the diet used. The differential effects of
B. infantis and MO are also demonstrated in other outcomes. Our published data showed
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that FXR KO mice have reduced cecal butyrate and increased hepatic inflammation, and
butyrate supplementation can treat hepatitis [17]. In the current study, our data showed that
MO, but not B. infantis, increased the abundance of butyrate-generating bcoA and buk
bacterial genes. These results suggested that MO have other benefits, which are independent
from supporting the growth of B. infantis.

Our previous data showed that dysregulated BA and gut dysbiosis contribute to hepatic
lymphocyte and neutrophil infiltration [15-17]. In this study, we found B. /infantis, MO, and
combination treatment could increase UDCA in the liver and serum, and UDCA is useful to
treat NASH [65]. CDCA and TLCA are the endogenous ligands for TGR5 [66]. Activation
of TGRS protects intestinal barrier function, reduces inflammation, improves insulin
sensitivity, and stimulates GLP-1 secretion [67, 68]. Moreover, administration of TGR5
agonists INT-777 or INT-767 reduces diet-induced steatosis and insulin resistance [69].
Therefore, B. infantisand MO treatment might activate TGR5. This scenario is supported by
our findings that TGRS5 and its associated signaling pathways including Glp1r, PC1/3, and
Nos3 etc. were coordinately induced by B. infantis and MO. DCA is a secondary BA and
has DNA damaging effects [70, 71]. In our study, hepatic DCA was increased in FXR KO
mice, and B. /infantis and MO reduced it. These results are consistent with the changes of
bacterial ba/Jgene in the gut. Moreover, B. infantis plus MO were effective in inducing
hepatic LCA, which has a known effect in protecting hepatocytes from cholestatic injury
[72]. In addition, LCA is a potent pregnane x receptor (PXR) agonist, and induce BA-
specific sulfotransferase 2 (Sult2) family to conjugate sulfur to LCA for renal and fecal
excretion [73, 74]. Furthermore, increased SULT2A1 might contribute to BA detoxification
in B. infantis and MO-treated mice [28, 75]. It has been shown that increased hepatic
SultZal or Sult?a2 expression is an indicator of hepatic sulfonation of BA in mice [76].
Sult2a8, which is highly specific for 7a-hydroxylated bile acids/salts, is reduced due to FXR
inactivation [77]. Only B. infantis modestly reduced its expression level and the significance
of this finding needs to be further investigated. BA homeostasis is tightly regulated. Our data
showed, the mRNA and protein level of Cyp7al as well as the mRNA level of Abcg5and
Abcg8were normalized by B. infantis and MO supplementation in FXR KO mice
suggesting reduced BA synthesis and increased sterols excretion. In addition, B. infantis and
MO reversed reduced expression of Osta, OstB, and Asbtin FXR KO mice [78, 79].

In conclusion, B. infantis and MO inhibit hepatic inflammation and reduced hepatic fat as
well as liver injury in WD-fed FXR KO mice. In addition, synbiotics B. infantis and MO
normalized dysregulated BA synthesis and are useful to prevent NASH in this mouse model.
Moreover, MO increased butyrate-generating bacteria, which have proven useful to prevent
NASH. Together, dysbiosis and dysregulated BAs jointly contribute to the development of
NASH, and synbiotics can normalize some of those changes and be an effective treatment
strategy.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The effects of B. infantis, MO, and synbiotics B. infantis plus MO in WD-fed FXR KO
mice

(A) Relative abundance of B. infantis, (B) insulin sensitivity test, (C) area under curve of
glucose post insulin injection, (D) serum alkaline phosphatase (ALP), and (E) serum alanine
transferase (ALT) levels of WD-fed wild type (WT) mice as well as WD-fed FXR KO mice
supplemented with and without B. /nfantis, MO, and B. infantis plus MO for 2 months. Data
expressed as mean+SD. 7= 6 per group. *p<0.05, ***p<0.001, WT mice compared with
FXR KO mice, and untreated FXR KO mice compared with treated FXR KO mice.
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Figure 2. The expression of inflammatory signaling genes in response to B. infantis and/or MO
treatment

The expression of hepatic genes (A) and ileal genes (B) in diet and gender-matched WT and
FXR KO mice supplemented with and without B. /infantis, MO, and B. infantis plus MO for
2 months. Data expressed as mean+SD. n = 6 per group. *p<0.05, **p<0.01, ***p<0.001,
WT mice compared with FXR KO mice, and untreated FXR KO mice compared with treated
FXR KO mice.
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Figure 3. The effects of B. infantis, MO and B. infantis plus MO on liver pathology

(A) Hematoxylin and eosin (H&E) staining of liver, (B) hepatic lymphocyte score, (C)
serum ALT level, (D) steatosis score, (E) hepatic triglyceride, and (F) hepatic cholesterol
levels of diet and gender-matched mice supplemented with and without B. jinfantis, MO, and
B. infantis plus MO for 7 months. Data expressed as mean+SD. n = 6 per group. *<0.05,
**p<0.01, WT mice compared with FXR KO mice, and untreated FXR KO mice compared
with treated FXR KO mice.
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Figure 4. The expression of inflammatory signaling genes in response to B. infantisand/or MO
treatments

Hepatic (A) and lleal (B) gene expression in in diet and gender-matched WT and FXR KO
mice supplemented with and without B. /nfantis, MO, and B. infantis plus MO for 7 months.
Data expressed as mean+SD. n = 6 per group. **p<0.05, **p<0.01, ***p<0.001, WT mice
compared with FXR KO mice, and untreated FXR KO mice compared with treated FXR KO
mice.
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Figure 5. The effects of B. infantisand/or MO on hepatic and serum bile acid profiles in WD-fed

FXR KO mice

(A) Hepatic and (B) serum bile acid data are expressed as mean=SD. n = 6 per group.
*p<0.05, **p<0.001, ***p<0.001, WT mice compared with FXR KO mice, and untreated

FXR KO mice compared with treated FXR KO mice.
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Figure 6. The expression of bile acid homeostasis genes in WD-fed FXR KO mice in response to

B. infantisand/or MO treatment for 7 months

(A) Hepatic gene expression, (B) Western blot analysis of indicated hepatic protein levels,
(C) ileal gene expression, and (D) targeted functional quantitative PCR analyses of microbial
genes. Data expressed as mean+SD. 77> 6 per group. *p<0.05, **p<0.001, ***p<0.001, WT
mice compared with FXR KO mice, and untreated FXR KO mice compared with treated

FXR KO mice.
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Figure 7. The effects of B. infantisand/or MO on TGRS signaling in WD-fed FXR KO mice
lleal gene expression of WD-fed WT mice and WD-fed FXR KO mice supplemented with

and without B. infantis and/or MO for 7 months. Data expressed as mean+SD. n = 6 per
group.**p<0.05, **p<0.01, ***p<0.001, WT mice compared with FXR KO mice, and
untreated FXR KO mice compared with treated FXR KO mice.
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