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AUTOIMMUNE, CHOLESTATIC AND BILIARY DISEASE

Probiotic Lactobacillus rhammnosus

GG Prevents Liver Fibrosis Through
Inhibiting Hepatic Bile Acid Synthesis and
Enhancing Bile Acid Excretion in Mice
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BACKGROUND AND AIMS: Cholestatic liver disease is
characterized by gut dysbiosis and excessive toxic hepatic bile
acids (BAs). Modification of gut microbiota and repression
of BA synthesis are potential strategies for the treatment of
cholestatic liver disease. The purpose of this study was to ex-
amine the effects and to understand the mechanisms of the
probiotic Lactobacillus rhamnosus GG (LGG) on hepatic BA
synthesis, liver injury, and fibrosis in bile duct ligation (BDL)
and multidrug resistance protein 2 knockout (Mdr2”") mice.

APPROACH AND RESULTS: Global and intestine-specific
farnesoid X receptor (FXR) inhibitors were used to dissect
the role of FXR. LGG treatment significantly attenuated
liver inflammation, injury, and fibrosis with a significant re-
duction of hepatic BAs in BDL mice. Hepatic concentration
of taurine-p-muricholic acid (T-BMCA), an FXR antagonist,
was markedly increased in BDL mice and reduced in LGG-
treated mice, while chenodeoxycholic acid, an FXR agonist,
was decreased in BDL mice and normalized in LGG-treated
mice. LGG treatment significantly increased the expression of
serum and ileum fibroblast growth factor 15 (FGF-15) and

subsequently reduced hepatic cholesterol 7a-hydroxylase and
BA synthesis in BDL and Mdr2”" mice. At the molecular
level, these changes were reversed by global and intestine-
specific FXR inhibitors in BDL mice. In addition, LGG
treatment altered gut microbiota, which was associated with
increased BA deconjugation and increased fecal and urine
BA excretion in both BDL and Mdr2”" mice. In witro stud-
ies showed that LGG suppressed the inhibitory effect of
T-BMCA on FXR and FGF-19 expression in Caco-2 cells.

CONCLUSION: LGG supplementation decreases hepatic
BA by increasing intestinal FXR-FGF-15 signaling pathway—
mediated suppression of BA de novo synthesis and enhances
BA excretion, which prevents excessive BA-induced liver in-
jury and fibrosis in mice. (HepaTOoLOGY 2020;71:2050-2066).

holestatic liver disease is characterized by
an impairment of bile flow to the gallblad-
der and duodenum.” Hepatic accumulation
of bile acids (BAs) is central to the pathogenesis of
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cholestasis-induced liver injury, and an excess of cyto-
toxic BAs in the liver can lead to liver fibrosis and cirrho-
sis and even liver carcinogenesis.(z) During cholestasis,
repression of BA synthesis is a protective mechanism
against hepatic BA accumulation and cytotoxicity.

BAs are synthesized and conjugated in the hepato-
cytes and then secreted into the intestine. BA homeosta-
sis is tightly regulated through enterohepatic signaling.
Farnesoid X receptor (FXR) is a member of the steroid/
thyroid hormone receptor family of ligand-activated
transcription factors, and certain BAs are its endogenous
ligands. 3 In the liver, FXR plays a prominent role in the
feedback repression of BA synthesis through small het-
erodimer partner (SHP) by reducing the expression of the
cytochrome p450 enzymes cholesterol 7a-hydroxylase
(CYP7A1) and sterol 12a-hydroxylase (CYP8B1) to
suppress BA synthesis. In the ileum, FXR is critically
involved in the BA reabsorption process through regu-
lation of BA transporter expression. Activation of FXR
in the ileum also induces the expression of fibroblast
growth factor-19/15 (human FGF-19, mouse FGF-15),
a hormone that is secreted into the portal blood and
transported to the liver to repress the expression of
CYP7A1, a rate-limiting enzyme for BA synthesis.(4)
Thus, hepatic FXR and intestinal FXR coordinate to
regulate BA synthesis through CYP7A1 regulation.
Systemic activation of FXR was shown to protect against
cholestasis through a putative hepatic FXR-mediated
effect.”) Interestingly, research using tissue-specific
FXR knockout mice demonstrated that the intestinal
FXR-FGF-15 pathway plays a prominent role, with
respect to the hepatic FXR-SHP pathway, in repressing
CYP7A1 expression.”) In addition, gut microbiota have
a profound systemic effect on BA metabolism.” Gut
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microbiota regulate BA metabolism by reducing the
level of taurine-pB-muricholic acid (T-B-MCA) and then
increasing FXR-15-dependent production and reducing
BA synthesis.(g) Therefore, modification of gut micro-
biota is a potential strategy in the treatment of liver
diseases caused by excessive BA exposure. Lactobacillus
rhamnosus GG (LGG), the best-characterized probi-
otic strain, has been widely used in the prevention and
treatment of liver diseases in patients and animal mod-
els, with one mechanism of action being gut microbi-
ota modification.*'? A recent study showed that LGG
could reduce hepatic fibrosis in rats. "V However, the
mechanism underlying this protection is unclear.

The current study aimed to examine the preventive
effect of LGG in cholestatic liver disease. We demon-
strated that probiotic LGG prevents liver fibrosis by
inhibiting hepatic BA synthesis through increasing
intestinal FXR-FGF-15 signaling and enhancing BA
excretion in bile duct ligated (BDL) mice and mul-
tidrug resistance protein 2 knockout (Mdr2™") mice.
Our study further showed that intestine-specific inhi-
bition of FXR blunted the beneficial effect of LGG
in BDL mice. In addition, LGG enhanced gut micro-
biota that have bile salt hydrolase (BSH) activity to

enhance BA excretion.

Materials and Methods
ANIMAL STUDY

All animal protocols were approved by the
Institutional Animal Care and Use Committee of the
University of Louisville. Male C57BL/6] mice (8 weeks
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of age) and Mdr2™~ (FVB.129P2-Abcb4tm1Bor/])
mice (7 weeks of age) were obtained from Jackson
Laboratory (Bar Harbor, ME). They were maintained
at 22°C with a 12-hour:12-hour light/dark cycle and
had free access to normal chow diet and sterile water.

The BDL procedure was conducted as described.?
Briefly, mice were anesthetized with avertin intra-
peritoneally. After laparotomy, the bile duct was
double-ligated with nonresorbable surgical sutures.
Sham-operated mice underwent the same surgical
procedure with the exception of BDL and resection.
After surgery, 42 male mice were randomly divided
into six groups: (A) sham, (B) BDL, (C) BDL + LGG,
(D) LGG, (E) BDL + LGG + (Z)-Guggulsterone
(Z-Gu), and (F) BDL + LGG + glycine-p-muricholic
acid (Gly-MCA). Live LGG (suspended in physiolog-
ical saline) was given to mice by oral gavage at a dose
of 10° colony-forming units (CFU)/day for 11 days.
Mice in groups A and B were gavaged with the same
volume of physiological saline. Z-Gu, a global FXR
inhibitor, or Gly-MCA, an intestine-specific FXR
inhibitor, were given to respective groups of mice at a
dose of 10 mg/kg body weight/day by oral gavage. For
Mdr2”" mice, LGG or saline was administered by oral
gavage at the same dose as for BDL mice for 2 weeks.

STATISTICAL ANALYSIS

Statistical analyses were performed using the sta-
tistical computer package GraphPad Prism, version
6 (GraphPad Software Inc., San Diego, CA). Results
are expressed as means * SEM. Statistical compari-
sons were made using two-way analysis of variance
(ANOVA) with Bonferroni’s post hoc test or one-way
ANOVA with Tukey’s post hoc test or Student # test
where appropriate. Differences were considered sig-
nificant at P < 0.05.

Please see additional methods in the Supporting
Information.

Results

LGG TREATMENT IMPROVED
LIVER INJURY AND FIBROSIS IN
BDL MICE

We hypothesized that probiotic LGG may be

protective against BA-induced cholestatic liver
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disease. BDL was performed on mice that were
then followed for 11 days, and LGG was supple-
mented at the beginning of the time period and
daily thereafter. Serum alanine aminotransferase
(ALT), aspartate aminotransferase (AST), and alka-
line phosphatase (ALP) activity and total bilirubin
and direct bilirubin levels in BDL mice were sig-
nificantly increased compared to mice in the sham
group. LGG treatment significantly reduced serum
levels of AST, ALP, and direct bilirubin and tended
to reduce ALT and total bilirubin levels in BDL
mice (Fig. 1A). Compared to sham mice, BDL
mice showed severe changes in liver morphology,
including necrosis of liver cells, diffuse severe/high
bile duct hyperplasia, portal edema, and mild portal
infiltrates. These changes in liver morphology were
markedly improved by LGG treatment (Fig. 1B). In
BDL mice, a marked fibrosis was observed in por-
tal tracts, which was significantly decreased by LGG
treatment (Fig. 1B,C).

The results showed that BDL caused an elevation
of hepatic collagen I, the most abundant extracellular
matrix protein in the fibrotic liver, which was sig-
nificantly reduced by LGG treatment (Fig. 1B,D).
mRNA expression of the liver fibrosis markers
alpha-smooth muscle actin (a-SMA), collagen I, col-
lagen III, transforming growth factor beta (7gf-p),
tissue inhibitor of metalloproteinase 1 (7imp-1),
and matrix metallopeptidase 2 were significantly
increased in BDL mice and reduced by LGG treat-
ment (Fig. 1E).

We evaluated the inflammatory response in hepatic
and intestinal tissues and system inflammation. BDL
caused a significant elevation of hepatic F4/80 pro-
tein and mRNA levels of F4/80, tumor necrosis fac-
tor alpha (TNF-a), interleukin-6 (IL-6), and IL-1§,
which were significantly reduced by LGG treatment
(Fig. 1F). Serum levels TNF-a and IL-6 were sig-
nificantly reduced by LGG in BDL mice (Fig. 1F).
In addition, LGG treatment significantly decreased
ileum mRNA levels of proinflammatory markers and
mediators, including F4/80, TNF-a, IL-6, and IL-1f
(Supporting Fig. S6). These results indicated that LGG
treatment suppressed the BDL-induced proinflamma-
tory response.

BDL caused an elevation of hepatic cytokeratin 19
(CK-19) expression, a bile duct proliferation marker,
which was significantly reduced by LGG treatment
(Supporting Fig. S9).
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FIG. 1. LGG treatment improved liver injury and fibrosis in BDL mice. (A) Serum ALT, AST, and ALP levels. Serum total bilirubin
and direct bilirubin levels. (B) Representative images of liver specimens stained with hematoxylin and eosin (original magnification x200),
sirius red (x200), and immunofluorescence analyses of collagen I (x200). (C) Morphometric quantification of sirius red staining—positive
area. (D) Hepatic protein expression of collagen I. (E) Hepatic mRNA expression of liver fibrosis—related genes. (F) Immunofluorescence
analyses of F4/80 (x200); hepatic mRNA expression of liver inflammation-related genes; and serum levels of TNF-a, IL-6, and IL-
1p. Data are expressed as mean = SEM (n = 5-8). Columns with different letters differ significantly (P < 0.05). Abbreviations: HE,

hematoxylin and eosin; Mmp-2, matrix metallopeptidase 2.

LGG TREATMENT DECREASED
HEPATIC BA LEVEL

Massive BA accumulation is a hallmark of cholestatic
liver disease. Compared to sham mice, the total serum
BA level in BDL mice was significantly increased,
which was not altered by LGG treatment (Fig. 2A).
Hepatic BA level and total BA pool size in BDL mice
were significantly increased, which were significantly
reduced by LGG treatment (Fig. 2A). Notably, we
found that hepatic chenodeoxycholic acid (CDCA) lev-
els were significantly decreased but that T-alMCA and
T-BMCA concentrations were significantly increased in
BDL mice. Interestingly, the hepatic mRNA expression

level of cytochrome P450 family 2, subfamily c, poly-
peptide 70 (Cpy2c70), which is responsible for the con-
version of CDCA to MCAs in mice,m) was increased
by BDL. These changes were reversed by LGG treat-
ment (Fig. 2B). It is known that CDCA is a potent
endogenous FXR agonist and that T-pMCA is an FXR
antagonist. Thus, LGG treatment likely increases FXR
activity in BDL mice. Detailed hepatic and serum BA
alterations are shown in Supporting Fig. S1A,B.
Importantly, BDL caused a robust elevation of
the serum 7a-hydroxy-4-cholesten-3-one (C4) level,
a surrogate of BA synthesis, which was significantly
reduced by LGG treatment (Fig. 2C). BDL mice had
elavated hepatic mRNA expression levels of Cyp7al,
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FIG. 2. LGG treatment changed hepatic BA metabolism and activated intestinal FXR signaling. (A) Serum BA levels, liver total BA
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the major enzyme in the classic BA synthesis pathway,
which was significantly reduced by LGG (Fig. 2D).
mRNA levels of Cyp8b1, sterol 27-hydroxylase
(Cyp27al), and oxysterol 7a-hydroxylase (Cyp751)
were not altered by BDL; and LGG treatment sig-
nificantly decreased Cyp27a1 and Cyp761 mRNA lev-
els (Supporting Fig. S2A). The CYP7A1 protein level
was unchanged in BDL mice but significantly reduced
by LGG (Fig. 2E). In addition, the protein expression
of CYP8B1 and CYP7B1 was decreased by BDL and
further reduced by LGG treatment, while CYP27A1
protein was not altered (Supporting Fig. S2). Hepatic
mRNA expression of Fxr and Shp was significantly
increased by BDL and significantly reduced by LGG
(Supporting Fig. S3). These data suggest that LGG
treatment suppressed BA synthesis in BDL mice.

In addition to the regulated synthesis of BAs, a
variety of hepatic and intestinal membrane transport-
ers play critical roles in maintaining BA homeosta-
sis. Hepatic mRNA expression levels of the bile salt
export pump (Bsep), multidrug resistance—associated
protein 3 (Mrp3), Mrp4, organic solute transporter
subunit beta (O87-$), Na'-taurocholic acid cotrans-
porting polypeptide (Nzcp), and organic anion trans-
porting polypeptide 4 were significantly increased
in BDL mice and significantly reduced by LGG
(Supporting Fig. S4A). Western blot results showed
that the expression of BSEP, MRP4, and OST-f were
significantly increased in BDL mice and reduced by
LGG. The NTCP level was increased in BDL mice
but not altered by LGG (Supporting Fig. S4B). In the
intestine, LGG had no significant effect on mRNA
expression of ileum apical sodium-dependent bile acid
transporter but significantly decreased mRNA levels
of Ost-a/Ost-f, Mrp2, and Mrp3 (Supporting Fig. S5).

Together, these data suggest that, under choles-
tatic conditions, LGG functions to restore hepatic
BA homeostasis by reducing BA synthesis in the
liver. Although expression levels of BA transporters
are selectively up-regulated as part of the adaptive
response to cholestasis, they were normalized by LGG
treatment due to normalized BA levels.

LGG TREATMENT ACTIVATED
INTESTINAL FXR-FGF-15
SIGNALING

In the intestine, BAs activate FXR to induce
FGF-15 expression. Secreted FGF-15 binds to

LIUET AL.

FGF receptor/p-Klotho complex on hepatocytes and
represses BA synthesis. ' In sham mice, we observed
a strong expression of FGF-15 protein. BDL signifi-
cantly reduced FGF-15 expression, which was restored
by LGG. Similarly, nRNA expression levels of Fgf~15
in ileal tissues were decreased by BDL and increased
by LGG (Fig. 2F). In addition, ileal mRNA expression
of an FXR target gene, Shp, was significantly reduced
by BDL and normalized by LGG, indicating an acti-
vation of intestinal FXR by LGG treatment in BDL
mice (Fig. 2F), with no significant effect on mRNA
expression (Supporting Fig. S5). Finally, BDL caused
a significant reduction of circulating FGF-15 protein
levels, which was prevented by LGG (Fig. 2F). These
data suggest that LGG treatment-mediated reduction
of BA synthesis in BDL mice is through up-
regulation of intestinal FXR-FGF-15 signaling.

INHIBITION OF INTESTINAL FXR
ACTIVATION ATTENUATED THE
PROTECTIVE EFFECTS OF LGG

The data presented above suggest a critical involve-
ment of FXR in LGG-mediated reduction of BA
synthesis. We hypothesized that inhibition of FXR
activation may blunt the beneficial effects of LGG.
To test this hypothesis, mice undergoing 11-day
BDL were gavaged with LGG and/or Z-Gu, a global
FXR inhibitor.™ The reduction of serum AST and
ALP levels by LGG was attenuated by Z-Gu treat-
ment (Fig. 3A). Global inhibition of FXR by Z-Gu
significantly attenuated the protective effects on liver
injury and fibrosis by LGG in BDL mice (Fig. 3B,C).
Consistently, Z-Gu treatment markedly suppressed
the LGG-reduced mRNA expression levels of a-SMA
and collagen I (Fig. 3D). Serum BA levels were not
changed by either LGG or Z-Gu (Fig. 3E). However,
Z-Gu treatment significantly blunted the reducing
effect of LGG on liver BA levels (Fig. 3E). Intestinal
BA levels were not changed by LGG or Z-Gu
(Fig. 3E). As expected, increased intestinal mRNA
expression of Fgf~15 and Shp (Fig. 3F) and decreased
hepatic Cyp7al mRNA level by LGG were almost
completely suppressed by Z-Gu treatment (Fig. 3F).
Similarly, liver §5p and Bsep mRNA expression was also
significantly inhibited by Z-Gu treatment (Fig. 3F),
confirming the global inhibition of FXR by Z-Gu. In
addition, the suppressive effects of LGG on hepatic
mRNA levels of F4/80, TNF-a, IL-6, and IL-1/ were
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markedly reduced by Z-Gu treatment (Supporting
Fig. S7). Z-Gu treatment also attenuated the inhibi-
tory effect of LGG on CK-19 expression (Supporting
Fig. S9).

We further hypothesized that inhibition of intestine-
specific FXR is responsible for the beneficial effects
of LGG. To test this hypothesis, mice were treated
with an intestine-specific FXR inhibitor, Gly-MCA,
which has been identified as an orally available, small
molecule, intestine-selective FXR inhibitor and is not
hydrolyzed by gut bacterial BSH.'® As expected,
Gly-MCA did not suppress liver S/p expression, but
the intestinal §4p mRNA level was completely inhib-
ited (Fig. 4A), indicating the intestinal specificity of
FXR inhibition by Gly-MCA. Ileal mRNA and serum
FGF-15 protein level were significantly increased by
LGG and completely inhibited by Gly-MCA in BDL
mice (Fig. 4A). As a result, the reduction of serum
C4 level, hepatic Cyp7a1 mRNA expression, hepatic
BA levels, and total BA pool size by LGG treatment
in BDL mice were all significantly increased by Gly-
MCA (Fig. 4B). Gly-MCA significantly reduced the
protective effects on liver injury and fibrosis by LGG
(Fig. 4C,D). Moreover, mRNA expression a-SMA
and collagen I was increased in Gly-MCA compared
to LGG-treated mice (Fig. 4E). LGG-mediated
reduction of serum levels of AST and ALP in BDL
mice was also reduced by Gly-MCA (Fig. 4F). In
addition, decreased hepatic protein levels of CK-19
by LGG were markedly increased by Gly-MCA
(Supporting Fig. S9) and decreased hepatic mRNA
levels of F4/80, TNF-a, IL-6, and IL-15 by LGG
were markedly increased by Gly-MCA (Supporting
Fig. S8). These data unambiguously demonstrate that
inhibition of intestinal FXR was sufficient to reduce
the protective effects of LGG on BA-associated liver
fibrosis and injury in BDL mice.

LGG TREATMENT ATTENUATED
T-PMCA SUPPRESSION OF FXR
ACTIVITIES IN INTESTINAL
EPITHELIAL CELLS

To further determine the effect of LGG on FXR
activity/functions on intestinal epithelial cells, we
treated human intestinal epithelial Caco-2 cells
with the FXR agonist CDCA and concurrently
with the FXR antagonist T-pMCA in the presence
or absence of LGG. CDCA treatment markedly

LIUET AL.

increased mRNA expression of FGF-19 and SHP,
which was blocked by T-BMCA and recovered by
LGG (Fig. 5A). Next, we determined whether LGG
directly activates FXR using a luciferase activity
assay in transfected cells. LGG restored T-pMCA-
suppressed FXR-luciferase activity in both Caco-2
and HEK-293 cells (Fig. 5B). Previous studies sug-
gest that LGG may exert its function through its
fermentation products. To test whether LGG culture
supernatant (LGGs) has a similar effect on FXR
activation, Caco-2 and HEK293 cells were treated
with LGGs. Reporter assays showed that LGGs
treatment similarly restored CDCA-stimulated and
T-pPMCA-suppressed FXR-luciferase activity (data

not shown).

LGG TREATMENT CHANGED GUT
MICROBIOTA AND INCREASED BA
EXCRETION

Gut bacteria play a key role in intestinal BA
deconjugation and excretion.®) Deconjugated BAs
are more hydrophobic and more easily excreted into
feces. Bacteria having high BSH activity promote BA
deconjugation.(17> Gut microbiota analysis revealed
that phylum levels of Firmicutes and Actinobacteria,
known phyla that harbor bacteria with high BSH activ-
ity,"® were significantly increased by LGG treatment
(Fig. 6A). In contrast, Bacteroidetes, a major bacterial
phylum that harbors bacteria with low BSH activ-
ity, was not altered by LGG treatment. Interestingly,
both Z-Gu and Gly-MCA did not inhibit the
effect of LGG on Firmicutes, Actinobacteria, and
Bacteroidetes levels (Fig. 6A). These results suggest
that the inhibitory effects of Z-Gu and Gly-MCA
on intestinal FXR are mainly due to the antagonism
by the drugs rather than microbiota changes.

Enzymatic assay of BSH activity in fecal samples
confirmed the results (Fig. 6B). Fecal total BAs were
significantly increased by LGG treatment (Fig. 6C). In
an ex vivo study, we showed that the intestinal basolat-
eral side of exposure to taurocholic acid increased BA
levels on the lumen side (Supporting Fig. $10), suggest-
ing that BA could transport to intestine and gut lumen
through blood circulation. Interestingly, a deconjugated
BA, lithocholic acid (LCA), which has high cytotoxic-
ity, was significantly increased in fecal samples of LGG-
treated mice (Fig. 6D). The fecal T-pMC/B-MCA
ratios was significantly decreased by LGG (Fig. 6E),
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indicating a likely elevated intestinal FXR activity due
to the decreased antagonism. Detailed relative BA alter-
ations in feces are shown in Supporting Fig. S1C.

To further determine the BA excretion, urine BAs
were also analyzed. BDL increased urine BA level due
to high circulating levels. Importantly, LGG treat-
ment further increased urine BAs (Fig. 6F). BDL
significantly decreased the kidney BA transporter
Mrp-2, but not Mrp-4, while LGG treatment sig-
nificantly increased both Mrp-2 and Mrp-4 mRNA
expression (Fig. 6F). Because MRP-4 is not an FXR
target, the results suggest an LGG-FXR-independent

mechanism in renal BA excretion. This notion was

confirmed by treatments with the FXR antagonists
Z-Gu and Gly-MCA (Supporting Fig. S11). Both
Z-Gu and Gly-MCA did not inhibit the effect of

LGG on elevated urine BA excretion.

LGG PREVENTED LIVER INJURY
AND FIBROSIS THROUGH
INHIBITING HEPATIC BA
SYNTHESIS AND ENHANCING BA
EXCRETION IN Mdr2”~ MICE

The effects of LGG on liver injury and fibro-

. . . —/- . .
sis were examined in Mdr2”" mice, which develop
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spontaneous cholangitis and liver fibrosis with high
levels of BA. LGG treatment significantly reduced
the serum ALP level and the direct bilirubin level
and tended to reduce ALT, AST, and total biliru-
bin levels in Mdr2”~ mice (Fig. 7A). Mdr2”" mice
showed a marked liver injury and fibrosis, which
was significantly decreased by LGG treatment (Fig.
7B,C). To further determine the effect of LGG
on hepatic fibrosis, we measured hepatic fibrosis—
related gene expression. mRNA expression of the
liver fibrosis markers a-SMA, collagen I, Tgf~f, and
Timp-1 was significantly reduced by LGG treat-
ment in Mdr2”™ mice (Fig. 7D).

2060

LGG treatment significantly decreased BA lev-
els in serum, liver, and intestine tissues in Mdr2”"
mice. Total BA pool size was also reduced by LGG
treatment (Fig. 8A). Hepatic mRNA expression of
Cyp7al and CYP7A1 protein expression were sig-
nificantly reduced by LGG (Fig. 8B). Importantly,
serum C4 level was markedly reduced by LGG
(Fig.8C), further suggesting a decrease of BA synthe-
sis by LGG. LGG treatment significantly decreased
liver Fxr and Shp but significantly increased ileum
Fxr and §hp mRNA expression (Fig. 8D). In addi-
tion, ileum Fgf~75 mRNA and serum FGF-15 pro-
tein expression were significantly increased by LGG
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FIG.7. LGG treatment improved liver injury and fibrosis in Mdr2”" mice. (A) Serum levels of ALT, AST, ALP, total bilirubin, and direct
bilirubin. (B) Representative images of liver specimens stained with hematoxylin and eosin (x100) and sirius red (x40). (C) Morphometric
quantification of sirius red staining—positive area. (D) Hepatic mRNA expression of liver fibrosis-related genes. Data are expressed as

mean + SEM (n = 4-6). *P < 0.05, P < 0.01. Abbreviation: HE, hematoxylin and eosin.

treatment (Fig. 8D). These results demonstrate that Furthermore, fecal and urine BA levels were sig-
LGG treatment decreases hepatic BA levels through nificantly elevated by LGG in Mdr2”" mice, sug-
intestinal FXR-FGF-15 up-regulation in Mdr2”~ gesting that LGG treatment enhances BA excretion
mice, which agrees with the findings in BDL mice. (Fig. 8E).
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with consequent liver damage.(lg) Hepatic accumu-
lation of toxic BAs plays a pivotal role in cholestatic
liver disease and is associated with multiple other
types of liver discases.?” Reducing hepatic BA

Discussion

Cholestasis is a pathologic condition character-
ized by impairment or cessation of the bile flow
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overload is a therapeutic goal for the management
of BA-associated liver diseases. Current treatments
of cholestasis include several BAs and their deriva-
tives. Ursodeoxycholic acid (UDCA), which works
through inhibiting intestinal BA absorption and
eliminating toxic BA in hepatocytes, is a standard
treatment for primary biliary cholangitis (PBC)
and has been used for the treatment of primary
sclerosing cholangitis (PSC).?Y Obeticholic acid,
a derivative of CDCA with high FXR activation
potency, has been used in several clinical trials for
the treatment of PBC and PSC,m) and it is used
clinically for patients with PBC who are intoler-
ant or poorly responsive to UDCA. Recent studies
suggest that intestinal microbiota play an important
role in the pathophysiology of cholestatic liver dis-
case.”?® Targeting microbiota may offer treatment
options for cholestatic liver disease. Earlier studies
have evaluated the therapeutic function of probiot-
ics in cholestatic liver disease in humans and ani-
mal models.?” However, the mechanisms by which
probiotics improve liver injury and fibrosis have not
been fully studied. In the current study, we evaluated
the effectiveness and the potential mechanisms of
probiotic LGG in the treatment of BDL-induced
and Mdr2 knockout-induced liver injury/fibrosis,
and we found that the beneficial effects of LGG
were mediated by an intestinal FXR-FGF-15 sig-
naling pathway to inhibit BA de novo synthesis and
by increasing BA excretion.

Our study demonstrated that LGG treatment
improved liver injury and fibrosis in BDL mice by
a notable reduction in hepatic BA levels. Reducing
hepatic BAs could be achieved by strategies such
as increasing BA flow, inhibition of BA reabsorp-
tion from intestine, and inhibition of BA synthesis
in the liver.”> CYP7A1 is the rate-limiting enzyme
for the conversion of cholesterol to BA. Hepatic
activation of FXR induces elevation of SHP, which
inhibits CYP7A1 expression.?**”) Previous studies
have shown that systemic activation of FXR by spe-
cific synthetic FXR ligands such as GW4064 and
6a-ethyl-CDCA (INT-747) protected animals from
BDL-induced, a-naphthyl isothiocyanate-induced,
and ethinyl estradiol-induced cholestasis.***” The
observed protective effects were ascribed, in part,
to the induction of BSEP, MDR2, and MRP2 to
enhance excretion of BAs and phospholipids from
the liver into the small intestine and, in part, to the

LIUET AL.

repression of CYP7A1 through hepatic SHP to
reduce BA synthesis.(30) One of the major findings
in the current study was that LGG treatment signifi-
cantly reduced hepatic CYP7A1 expression, which
was associated with increased hepatic concentration
of CDCA, an FXR agonist, and decreased the con-
centration of T-p-MCA, an FXR antagonist, in BDL
mice, implying that LGG treatment may elevate
hepatic FXR activity. Interestingly, BDL increased
both CYP7A1 and SHP expression, suggesting that
BA synthesis increases even under conditions of BA
overloading. The increase of hepatic SHP expression
may be an adaptive response to elevated BA due to
BDL operation. However, hepatic SHP was decreased
by LGG in BDL mice. A possible explanation is that
the reductive effect of LGG on CYP7A1 is medi-
ated by a mechanism independent of the hepatic
FXR-SHP axis, and this regulatory axis of BA is not
required to rebalance BA homeostasis in these 11-day
BDL-operated mice. In fact, previous studies showed
that SHP re%gulation is ligation time—dependent in
BDL mice.!

Recent studies showed that hepatic BA synthesis is
also regulated by intestine-derived FGF-15.%? Under
sham conditions, BAs activate intestinal FXR and
subsequently elevate the endocrine hormone FGF-15,
which binds the FGF receptor and B-Klotho com-
plex on the surface of hepatocytes to inhibit CYP7A1
expression.®  Obstruction of Dbile
intestinal BA concentration, leading to a significant
reduction of FXR activity and FGF-15 expression.
However, we found that BAs exist in the intestine
of BDL mice. This phenomenon can be explained
by the BDL procedure with possibly loose ligation
and a likely reverse transport of BA into the intestine
from the circulation where BA concentration is high.
In fact, our ex wivo study showed that taurocholic
acid can enter the intestinal lumen from the basolat-
eral side (Supporting Fig. S10). Importantly, LGG
treatment significantly decreased the T-p-MCA/
B-MCA ratio in feces, implying a reduction of FXR
antagonism in the intestine. This notion is con-
firmed by the increased ileal expression and serum
levels of FGF-15 in LGG-treated mice and by an
in vitro study using human intestinal epithelial Caco-2
cells. The suppressive effect of LGG on T-p-MCA-
inhibited FXR activity was further demonstrated in
a reporter assay. It is known that FGF-15 is solely
expressed in the intestine in rodents, while humans

flow reduces
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also express FGF-19 in the liver.®* Interestingly, one
study showed that livers of cholestatic patients ecto-
pically expressed FGF-19.%% This increase might be
a protective mechanism against BA synthesis and the
progression of cholestasis.

Previous studies demonstrated that activation of
intestinal FXR in BDL mice could reduce hepatic
BA level.”) We further confirmed that activation
of intestinal FXR by LGG is sufficient to inhibit
hepatic BA synthesis in BDL mice. Treatment with
a global FXR inhibitor, Z-Gu, eliminated the protec-
tive effects of LGG on liver injury and fibrosis and on
the reduction of hepatic BAs. Notably, treatment with
an intestine-specific FXR inhibitor, Gly-MCA, also
eliminated the protective effect of LGG. It is thus
clear that LGG exerts its function through intestinal
FXR activation and FGF-15 production to inhibit
hepatic BA synthesis in BDL mice.

LGG regulation of BA metabolism seems to be
BA concentration—dependent. When applied to sham
operated control mice, which have balanced BAs in the
liver and a significant amount of BAs in the gut, LGG
increased hepatic CYP7A1 and decreased intestinal
SHP and FGF-15 expression. As a result, the hepatic
BAs remained unchanged (Supporting Fig. S12).
Therefore, the function of LGG is likely to regulate
cholesterol homeostasis when hepatic BAs are not sig-
nificantly altered. When applied to BDL mice, which
have high levels of hepatic BAs and low intestinal
BAs, LGG treatment increased intestinal SHP and
FGF-15 and inhibited hepatic CYP7A1 leading to an
inhibition of BA synthesis. Therefore, LGG may play
an important role in maintaining BA homeostasis.

Our findings in BDL mice were confirmed in
Mdr2”" mice. LGG treatment prevents spontaneous
fibrosis and liver injury. Importantly, LGG treatment
decreased the hepatic BA level through intestinal
FXR-FGF-15 signaling—mediated hepatic BA syn-
thesis inhibition in Mdr2”" mice, implying that the
effect of BA lowering by LGG might be mediated by
the common mechanism under conditions of disor-
ders with hepatic BA accumulation.

Gut microbiota and BA metabolism are mutually
regulated. Changes in BA signatures as well as mod-
ulation of the enterohepatic FXR/FGF-15/CYP7A1
axis were found in germ-free, gnotobiotic, and anti-
biotic-treated  animals.®®  Bacterial ~metabolism—
mediated primary BA deconjugation and subsequent
conversion determine the amount of secondary BAs
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that might be detrimental to intestinal epithelium
architecture.®” Gut bacteria—derived BSH is a major
enzyme that catalyzes the “gateway” reaction in the
bacterial metabolism of conjugated BAs to produce
deconjugated BAs.®® We showed here that LGG
treatment altered gut microbiota with an enrich-
ment of the gut flora with BSH-containing phyla.
LGG itself has high BSH activity. The deconjugation
increases BA fecal excretion because deconjugated
BAs are less hydrophilic and therefore less likely to be
reabsorbed.®” Furthermore, we showed that enhanced
urine BA excretion by LGG is FXR-independent
because inhibiting FXR did not block the increase of
urine BA excretion by LGG.

It should be noted that although gut bacteria can
metabolize BAs that contribute to the balance of
BA-based FXR activators and inhibitors, gut bacte-
ria might produce FXR ligands that are not derived
from BAs. Although we observed a change in BAs
that activate or inhibit FXR, the decreased FXR
activity during BDL might be the result of low intes-
tinal BA level, and increased FXR activity by LGG
might be a result of direct stimulation of FXR with
unknown metabolites and mechanism. Therefore,
screening FXR ligands from LGG culture superna-
tant and gut lumen content of mice treated by LGG
deserves further study to enhance our understanding
of the protective effects of LGG in cholestatic liver
disease. In addition, LGG might be effective on BA
metabolism in other forms of liver diseases in which
excessive BA accumulation exists. Previous studies
have also shown that some metabolic disorders are
associated with hepatic accumulation of BAs.“")
Therefore, LGG may provide protection against
these metabolic disorders.

Inflammation plays a critical role in the initia-
tion and progression of liver fibrosis. LGG has been
reported to decrease systemic inflammation in patients
with cirrhosis.*" The transcriptional activity of FXR
has been reported to be regulated by BA ligands, but
enhanced inflammation can also decrease FXR acti-
vation, even in the presence of BA ligands.(42
study, LGG treatment significantly decreased liver
and ileum inflammation in BDL mice, suggesting
that LGG-increased FXR activity may also be medi-
ated by reduced inflammation in BDL mice.

In conclusion, the current study demonstrates that
LGG treatment prevents BDL-induced and Mdr2”"-
induced liver injury and fibrosis by inhibition of liver BA

) In our
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synthesis through intestinal FXR-FGF-15 signaling.
LGG treatment increases fecal BA excretion through
increasing BSH-containing gut bacteria. In addition,
LGG treatment promotes urine BA excretion through
an FXR-independent pathway (Fig. 8F). Together, these
results suggest that LGG may be used to prevent/treat
liver disease associated with excessive hepatic BA levels.
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