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We previously reported that alcohol drinkers with and without cirrhosis showed a significant increase in fecal bile acid

secretion compared to nondrinkers. We hypothesized this may be due to activation by alcohol of hepatic cyclic adenosine

monophosphate responsive element-binding protein 3-like protein 3 (CREBH), which induces cholesterol 7a-hydroxylase

(Cyp7a1). Alternatively, the gut microbiota composition in the absence of alcohol might increase bile acid synthesis by up-

regulating Cyp7a1. To test this hypothesis, we humanized germ-free (GF) mice with stool from healthy human subjects

(Ctrl-Hum), human subjects with cirrhosis (Cirr-Hum), and human subjects with cirrhosis and active alcoholism (Alc-

Hum). All animals were fed a normal chow diet, and none demonstrated cirrhosis. Both hepatic Cyp7a1 and sterol 12a-

hydroxylase (Cyp8b1) messenger RNA (mRNA) levels were significantly induced in the Alc-Hum and Ctrl-Hum mice but

not in the Cirr-Hum mice or GF mice. Liver bile acid concentration was correspondingly increased in the Alc-Hum mice

despite fibroblast growth factor 15, fibroblast growth receptor 4, and small heterodimer partner mRNA levels being signifi-

cantly induced in the large bowel and liver of the Ctrl-Hum mice and Alc-Hum mice but not in the Cirr-Hum mice or

GF mice. This suggests that the normal pathways of Cyp7a1 repression were activated in the Alc-Hum mice and Ctrl-

Hum mice. CREBH mRNA was significantly induced only in the Ctrl-Hum mice and Alc-Hum mice, possibly indicating

that the gut microbiota up-regulate CREBH and induce bile acid synthesis genes. Analysis of stool bile acids showed that

the microbiota of the Cirr-Hum and Alc-Hum mice had a greater ability to deconjugate and 7a-dehydroxylate primary

bile acids compared to the microbiota of the Cirr-Hum mice. 16S ribosomal RNA gene sequencing of the gut microbiota

showed that the relative abundance of taxa that 7-a dehydroxylate primary bile acids was higher in the Ctrl-Hum and

Alc-Hum groups. Conclusion: The composition of gut microbiota influences the regulation of the rate-limiting enzymes in

bile acid synthesis in the liver. (HEPATOLOGY COMMUNICATIONS 2017;1:61-70)

Introduction

O
ur previous studies showed that patients with
cirrhosis who actively drank alcohol had signifi-
cantly higher fecal total and secondary bile acids

(BAs) compared to nondrinking patients with cirrhosis.(1)

Moreover, alcohol-consuming control individuals also had
significantly higher levels of total fecal and secondary BAs

compared to abstinent individuals. Serum BA concentra-
tions were higher in drinkers without cirrhosis and in indi-
viduals with alcoholism and cirrhosis compared to healthy
controls and individuals with cirrhosis but without alcohol-
ism, respectively.(1) Our initial interpretation of these data
was that alcohol might be activating hepatic cannabinoid
receptor type 1, which has been reported to activate endo-
plasmic reticulum-bound cyclic adenosine monophosphate
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responsive element-binding protein 3-like protein 3
(CREBH), a transcription factor that up-regulates choles-
terol 7a-hydroxylase (Cyp7a1), the rate-limiting enzyme
in the neutral pathway of BA synthesis.(2) In this manner,
alcohol may overcome the repression of Cyp7a1 by hepatic
small heterodimer partner (SHP) and intestinal fibroblast
growth factor 15/19 (FGF-15/19) by BAs.(3,4) Alterna-
tively, the gut microbiota composition could be a regulator
of hepatic BA synthesis.

In patients with cirrhosis, BA synthesis significantly
shifts to the alternative pathway that uses oxysterol 7a-
hydroxylase (Cyp7b1) to form primary BAs.(5) Prior
studies(6,7) have shown that in patients with cirrhosis
the gut microbiota markedly shifts to a more toxic
or dysbiotic microbiota, which is correlated with a
decrease in BA synthesis and an increase in inflamma-
tory cytokines.(1) Bile acids are known to be a major
regulator of the structure of the gut microbiome.(8,9) In
this regard, feeding cholic acid to rats markedly shifts
the gut microbiome to mostly members of the gram-
positive Firmicutes.(6,8) Therefore, we hypothesize that
crosstalk between the liver and the gut microbiota
could regulate BA synthesis and that BAs serve as
interkingdom-signaling molecules. The current study
was undertaken to determine if different human gut
microbiota can differentially regulate BA synthesis in
mice in the absence of alcohol or cirrhosis.

Materials and Methods
We studied 10-15-week-old, age-matched, germ-

free (GF) C57BL/6 male mice from the National
Gnotobiotic Rodent Resource Center (NGRRC) at
the University of North Carolina (UNC)-Chapel Hill.
Sterility was documented by fecal gram stains and aer-
obic and anaerobic fecal culture every 2 weeks. All
mouse groups remained separated in different Trexler
isolators throughout the study period to prevent cross-
contamination.

Humane protocols were followed under the UNC
Chapel Hill Institutional Animal Care and Use Com-
mittee guidelines. The Institutional Animal Care and
Use Committee at UNC and Richmond McGuire
Veterans Administration Hospital approved all animal
activities. The human study was reviewed and app-
roved by the institutional review boards at the Virginia
Commonwealth University Medical Center and Rich-
mond McGuire Veterans Administration Hospital.
All participants gave written informed consent for this
study.

The mice were divided into five groups, and all
investigators apart from the NGRRC staff were
blinded to the assignment of these groups (experimen-
tal design in Supporting Fig. S1): remained germ-free
(GF); were humanized with the stool of a 62-year-old
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healthy man without chronic diseases who was not
drinking alcohol (Ctrl-Hum); were humanized with
the stool of a 60-year-old man with compensated cir-
rhosis due to alcohol, who had quit drinking more
than 2 years previously (Cirr-Hum); were humanized
with the stool of an actively drinking 60-year-old man
with compensated alcoholic cirrhosis (Alcohol Use
Disorders Identification Test score 14 at the day of
collection) (Alc-Hum); GF mice given 0.04% deoxy-
cholic acid (DCA) in their chow for 30 days (DCA).

None of the human donors were on antibiotics or
probiotics during the previous 3 months, and none had
a comparable dietary intake during the prior 3 days.
The donor with alcoholism had continued drinking
until the donation and had a bacterial 16S composition
comparable to 42 other individuals with alcoholism
and cirrhosis; the nondrinking donor with cirrhosis
had a composition comparable to 75 other abstinent
patients with cirrhosis; and the control had a composi-
tion similar to 24 other controls, indicating that these
samples represented changes in those groups.(7) The
donor batches were collected from 20 g of stool that
was immediately spun down with phosphate-buffered
saline. Several batches of feces from donors with alco-
holism and from healthy donors were created and fro-
zen; there was no significant variation in bacterial
composition between the different batches (unique
fraction metric [UniFrac], P 5 1, Bonferroni correc-
tion).(10) Human fecal transfer was performed by
gavage, rectal swabbing, and saturating the bedding of
the mice over 3 consecutive days, with different Trexler
isolators used for each group.

At day 30, all mice were sacrificed humanely and
the following organs and tissues were collected: small
bowel, cecal and colonic mucosa, mesenteric lymph
nodes (MLN), stool, cardiac blood, and liver.

Microbiota and Bile Acid Analysis

We performed multitag sequencing of the micro-
biota from the stool, MLN, and large bowel mucosa(11)

to evaluate microbial composition. We also studied
serum endotoxin using Limulus amebocyte lysate tech-
niques.(7) We used liquid chromatography–mass spec-
trometry techniques to gauge the fecal and hepatic BA
profile.(12) Colonic and small bowel expression of far-
nesoid X receptor (FXR), FGF-15, and SHP and the
hepatic expression of Cyp7a1, Cyp7b1, cholesterol
12a-hydroxylase (Cyp8b1), FXR, FGF-15, FGF
receptor 4 (FGFR4), CREBH, and SHP were per-
formed with quantitative polymerase chain reaction

(PCR). Western blot analysis of hepatic SHP and
FXR protein was performed.

INFLAMMATION

We assessed systemic inflammation in the liver and
small and large intestine between groups.

Liver Inflammation

Immediately following sacrifice, a portion of the
mouse livers was cut longitudinally into 2-3-mm slices
and fixed in 10% neutral-buffered formalin. Tissues
were processed on a Sakura Tissue-Tek Vacuum Infil-
tration Processor. Sections 3-mm thick were stained
with hematoxylin and eosin, Masson Trichrome, and
periodic acid–Schiff for histologic evidence of inflam-
mation and fibrosis. Alanine aminotransferase (ALT)
and aspartate aminotransferase (AST) were measured
in all groups.

Intestinal Inflammatory Markers

We performed quantitative PCR of the intestinal
inflammatory markers (interleukin-6 [IL-6], monocyte
chemoattractant protein 1 [MCP1]) in the large and
small intestine.

Systemic Inflammatory Markers

Systematic inflammatory markers were studied using
IL-1b in the serum.

STATISTICAL ANALYSIS

Based on multiple prior studies of mono-association
and polymicrobial inoculation carried out at the
NGRRC in which six mice showed changes relative to
baseline, at least six mice were considered adequate for
the analysis.(13) Comparisons were performed overall
between GF, Ctrl-Hum, Cirr-Hum, Alc-Hum, and
DCA, using analysis of variance and Kruskal-Wallis
tests for messenger RNA (mRNA) expression, BA
profile, and endotoxemia.

Microbiome Analysis

Abundances of the bacterial identifications were
normalized, and taxa present at 0.1% of the communi-
ty were tabulated. Microbiota change between groups
was assessed using RDP11 (Ribosomal Database Pro-
ject) Bayesian analysis, UniFrac analysis, and linear
discriminant analysis effect size.(10,14,15) UniFrac
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analysis was performed using version 1.3.0 of Quanti-
tative Insights into Microbial Ecology, and weighted P
values were calculated using the Bonferroni
correction.(10)

Results

ADEQUATE HUMANIZATION
OF MICE WAS ACHIEVED
USING THREE SEPARATE
DONORS

We included forty-two 10-15-week-old, age-
matched, GF C57BL/6 mice (Supporting Fig. S1);
eight remained GF, six underwent control fecal trans-
plant (Ctrl-Hum), six underwent cirrhotic human fecal
transplant (Cirr-Hum), 12 were humanized with alco-
holic cirrhotic feces (Alc-Hum), and 10 mice were fed
0.04% DCA in their diet (DCA group). Two Alc-
Hum mice died related to gavage; the remaining 10
were followed for 30 days. There were no behavioral or
feeding changes observed in any group, and the
remaining 40 mice underwent necropsy at the prede-
termined postcolonization 30-day endpoint.

STOOL BILE ACID PATTERNS
IN HUMANIZED MICE
FOLLOWED THAT OF PRIOR
HUMAN STUDIES

Different stool BA patterns were induced in the
humanized ex-GF mice via stool transfer (Fig. 1A-D).
Total liver and conjugated BA were also significantly
increased in the Alc-Hum and Ctrl-Hum colonized
mice but not in the Cirr-Hum or GF mice (Fig.
1E,F).

Mice colonized with different human gut microbiota
had different levels of serum and intestinal inflamma-
tory markers and liver function enzymes. Mice colo-
nized by Alc-Hum microbiota had significantly higher
levels of serum IL-1b and endotoxin (Supporting Fig.
S2A,B) and increased mRNA levels of small and large
intestine IL-6 and MCP-1 (Supporting Fig. S3A,B).
Mice colonized with Alc-Hum also had somewhat
higher serum levels of AST and ALT (Supporting Fig.
S4A,B). However, liver histology showed no apparent
differences between animal groups (Supporting Fig.
S5).

BACTERIAL TRANSLOCATION
AND MICROBIAL CHANGES
FOLLOWED THE DONOR AND
AFFECTED THE BA PROFILE

There was statistical similarity on UniFrac between
respective donors and the microbial distributions in the
various mucosal tissues (P> 1.0 in all tissues), indicat-
ing excellent transfer of human bacterial profiles using
the donor stool samples. Bacterial translocation was
defined as the presence of bacterial DNA in the MLN.
As expected, no bacteria were isolated from the GF or
DCA groups. There was a significant increase in the
proportion of bacterial translocation with viable bacte-
rial DNA in the Alc-Hum group (7 of 10) compared
to the Ctrl-Hum (1 of 6) and Cirr-Hum groups (0 of
6, P< 0.02) (Supporting Fig. S6A). The bacterial pro-
file in the MLN in Alc-Hum mice were statistically
similar on UniFrac to those found in the mucosa of the
Alc-Hum large intestine (P 5 0.13), small intestine
(P 5 1.0), and stool (P 5 0.1). When UniFrac changes
were analyzed, there were significant changes between
large intestinal mucosally associated bacteria between
the Alc-Hum and Ctrl-Hum groups and between the
Alc-Hum and Cirr-Hum groups (both P� 0.01) but
not between the Ctrl-Hum and Cirr-Hum groups
(P 5 0.19) (Supporting Fig. S6B,C). The relative
abundance of members of the genus Clostridium was
significantly higher in the Alc-Hum and Ctrl-Hum
mice compared to the Cirr-Hum mice. Clostridium
species have been reported to contain genes encoding
enzymes in the BA 7a-dehydroxylation pathway.(9)

These data are consistent with the BA stool analyses
that show much higher amounts of secondary BAs in
the Alc-Hum and Ctrl-Hum mice (Fig. 1).

REGULATION OF KEY GENES
IN HEPATIC BA SYNTHESIS
BY DIFFERENT HUMAN
GUT MICROBIOTA

The mRNA levels of Cyp7a1, Cyp8bb1, and
Cyp7b1 were measured by quantitative real-time PCR
at day 30 posttransplant of stool. The mRNA levels of
Cyp7a1 and Cyp8b1 was significantly up-regulated in
Alc-Hum and Ctrl-Hum mice but not in Cirr-Hum,
GF, or GF mice fed 0.04% DCA (Fig. 2A,B). Cyp7a1
and Cyp8b1 are rate limiting for the synthesis of cholic
acid. In contrast, Cyp7b1, which is the key enzyme in
the alternative pathway and chenodeoxycholic acid
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FIG. 1. Bile acid content in mM/g of tissue. *P< 0.05, **P< 0.01, ***P< 0.001 using the Kruskall-Wallis test or unpaired t test based
on the number of samples compared. All values are in mean 6 SEM. (A) Stool BA content was highest in both GF groups (GF and
0.04 DCA) and shows a significant increase in total BA content in the 0.04 DCA group. This was higher than that in the Alc-Hum
and Cirr-Hum groups, which in turn were higher than in the Ctrl-Hum group. (B) Stool primary BA content was highest in the GF
groups as expected. Among the humanized groups, it was lowest in the Alc-Hum and Ctrl-Hum groups but highest in the Cirr-Hum
group. (C) Stool secondary BA content was absent in the GF group and was intermediate in the DCA and Cirr-Hum groups. The
highest secondary BA content was in the Alc-Hum group, which was greater than in the Cirr-Hum and Ctrl-Hum groups, using
unpaired t tests. (D) Stool secondary/primary BA ratio was absent in the GF group and was lowest in the DCA and Cirr-Hum
groups. A significantly higher ratio was seen in the Alc-Hum group, which was significantly higher compared to the Cirr-Hum and
Ctrl-Hum groups, using unpaired t tests. (E) Liver BA content was highest in the DCA group followed by the Alc-Hum group; it
was lowest in the Cirr-Hum group. Alc-Hum mice had a higher total liver BA content compared to Cirr-Hum mice, using unpaired
t tests. (F) Conjugated liver BA profile was similar to the total liver BA content in that the DCA group had the highest levels fol-
lowed by the Alc-Hum group. Levels in the Alc-Hum group were higher than in the Cirr-Hum group.
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synthesis, was significantly induced in all three colo-
nized animal groups. However, there was significantly
less induction in the Alc-Hum mice (Fig. 2C). This
indicates that the Alc-Hum and Ctrl-Hum mice are
primarily using the neutral pathway of BA synthesis
and to a lesser extent the alternative pathway. In con-
trast, the Cirr-Hum mice appear to be primarily using
the alternative pathway of BA synthesis.(3,5)

LACK OF REPRESSION
OF HEPATIC CYP7A1 AND CYP8B1
BY FGF-15 AND SHP

Because Cyp7A1 and Cyp8B1 were highly up-
regulated, we wanted to determine if intestinal or liver
FGF-15 mRNA or hepatic SHP mRNA was induced.
The data showed that both intestinal and hepatic
FGF-15 mRNA was induced in the intestines and liv-
er of the Alc-Hum and Ctrl-Hum groups (Fig. 3A-
C). FGF-15 expression was confirmed by PCR of the
product in the sequences (Supporting Fig. S7). The
hepatic receptor for FGF-15 is FGFR4, which was
highly induced in the liver of the Ctrl-Hum and Alc-
Hum mice but not in the Cirr-Hum mice (Fig. 3D).
FGF-15 and FGFR4 were barely detectable in the
Cirr-Hum colonized animals. Moreover, SHP, a
nuclear receptor without a DNA-binding domain, has
been reported to repress hepatic CYP7A1 by interact-
ing with transcription factors (liver receptor homolog
1, hepatocyte nuclear factor 4a) that activate the
Cyp7a1 promoter.(3,4) SHP is induced by BAs that
activate FXR.(3) Therefore, we measured the levels of
FXR mRNA and SHP mRNA in the liver and intes-
tines. Liver FXR mRNA and SHP mRNA were both
significantly increased in Ctrl-Hum and Alc-Hum
humanized mice (Fig. 4A,B). In addition, western blot
analysis showed that hepatic FXR and SHP protein
were also highly expressed in the liver (see Supporting
Fig. S7). Moreover, FXR mRNA and SHP mRNA
were highly expressed in the small and large intestines
in Ctrl-Hum and Alc-Hum mice but were expressed
much less in Cirr-Hum mice (Fig. 4C-F).

CREBH WAS HIGHLY INDUCED
BY SPECIFIC GUT MICROBIOTA

CREBH is a liver-specific transcription factor that
induces the gene encoding Cyp7a1 and Cyp8b1.(2)

Measured mRNA levels of CREBH showed signifi-
cant induction of this gene only in the Ctrl-Hum and
Alc-Hum mice (Fig. 5). Unfortunately, we were not

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

FIG. 2. Cholesterol 7a-hydroxylase (CYP) expression in the liv-
er (relative mRNA expression level). *P< 0.05, **P< 0.01,
***P< 0.001 using the Kruskall-Wallis test or unpaired t test
based on the number of samples compared. All values are in
mean 6 SEM. (A,B) Cyp7a1 and Cyp8b1 expression was highest
in the Alc-Hum and Ctrl-Hum groups compared to GF, DCA,
and Cirr-Hum mice. DCA supplementation resulted in appropri-
ate feedback inhibition of Cyp7a1 and Cyp8b1. (C) The alterna-
tive pathway enzyme expression Cyp7bB1 was highest in the
Cirr-Hum and Ctrl-Hum groups but was suppressed in Alc-
Hum, DCA, and GF mice.
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able to quantitate CREBH protein as the specific anti-
body for CREBH is no longer available.(2) The Alc-
Hum and Ctrl-Hum microbiota-colonized animals
appeared to be capable of inducing and activating
hepatic CREBH expression to a much greater extent
than Cirr-Hum microbiota or GF mice. Alternatively,
the Alc-Hum and Ctrl-Hum colonized animals may
activate an unknown mechanism that induces Cyp7a1
and Cyp8b1. The results suggest that the microbiota
alone can drive the extent and character of the BA
pool in the mouse by overriding the classical FXR–
SHP–FGF-15 feedback mechanism. Given the symbi-
otic relationship that exists, we suggest that the gut

microbiota may be able to manipulate BA synthesis to
create a better environment for their survival.

Discussion
Studies of the human microbiome over the past

decade have changed our perception of human physiol-
ogy and microecology. Most biomedical researchers
view the human body as a complex ecosystem of inter-
acting prokaryotic and eukaryotic cells. This new con-
cept is particularly relevant to the gastrointestinal
system where the circulating BA pool composition is
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FIG. 3. FGF-15 and FGFR4 expression (relative mRNA expression level). *P< 0.05, **P< 0.01, ***P< 0.001 using the Kruskall-
Wallis test or unpaired t test based on the number of samples compared. All values are in mean 6 SEM. (A) Small intestinal FGF-15
expression was highest in the DCA group. Within the humanized group, this was lowest in the Ctrl-Hum mice compared to the
Alc-Hum and Cirr-Hum mice. (B) Large intestinal FGF-15 expression was high in all three humanized groups but lowest in the
Cirr-Hum group. DCA expression of FGF-15 was comparable to the GF group. (C) Hepatic FGF-15 expression was highest in the
Alc-Hum group followed by the Ctrl-Hum groups. This was lowest in the Cirr-Hum and DCA groups. (D) FGFR4 receptor expres-
sion followed the hepatic FGF-15 expression patterns. Abbreviation: Int, intestine.
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FIG. 4. SHP and FXR expression (relative mRNA expression level). *P< 0.05, **P< 0.01, ***P< 0.001 using the Kruskall-Wallis
test or unpaired t test based on the number of samples compared. All values are in mean 6 SEM. (A,B) Liver SHP and FXR expres-
sion was highest in the Alc-Hum mice followed by the Ctrl-Hum mice. Cirr-Hum mice had the lowest expression of mRNA among
the humanized mice. mRNA expression in the Alc-Hum mice was higher than in the DCA mice. (C,D) Small intestinal FXR and
SHP expression was highest in the DCA group compared to the rest. Within the humanized mice groups, Alc-Hum mice had the
highest SHP expression while FXR expression remained statistically similar. (E,F) Large intestinal FXR and SHP expression demon-
strated significantly higher levels in the Alc-Hum mice compared to the Cirr-Hum and Ctrl-Hum mice. DCA mice had similar large
intestinal FXR or SHP expression to GF mice. Abbreviation: Int, intestine.
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determined not only by primary BA synthesis in the
liver but also by synthesis of secondary BAs by specific
Clostridium species in the gut.(9) Secondary BAs are
excellent agonists for specific nuclear receptors (vitamin
D, pregnane X receptor) and G protein-coupled re-
ceptors (TGR5) in host cells.(16) Bile acids also are im-
portant regulators of the structure of the gut
microbiome.(8) In this regard, a Western diet or pro-
viding cholic acids in the diet shifts the gut micro-
biome strongly toward members of the Firmicutes.(8,17)

Moreover, feeding cholic acid to mice has been
reported to increase the number of BA 7a-
dehydroxylating bacteria 1,000-fold.(6) Primary BAs
induce genes in Clostridium scindens encoding enzymes
involved in BA 7a-dehydroxylation of primary BAs,
indicating these bacteria have specific BA-sensing
mechanisms.(9) Therefore, BAs could be viewed as
important interkingdom-signaling molecules linking
the regulation of metabolic activities in the liver with
the regulation of gene expression in specific gut bacte-
ria that metabolize BAs. This liver–gut–BA axis is par-
ticularly relevant in cirrhosis and alcohol use where
altered intestinal permeability is a major factor behind
disease progression.(18,19) Secondary BAs are reported
to negatively affect this barrier in conventional and
high-fat-fed mice.(20,21) We extended these obser-
vations to the GF condition where DCA-fed mice
showed significantly higher small intestinal

inflammatory cytokine expression. This demonstrates
that secondary BAs alone may be responsible for part
of the intestinal barrier function that accompanies oth-
er insults, such as alcohol abuse. This was reiterated by
the relative increase in secondary BAs in the Alc-Hum
mice that demonstrated both large and small intestinal
inflammatory cytokine expression and bacterial translo-
cation without significant liver injury. This replicates
the human experience without alcohol intake or atten-
dant liver inflammation and extends a prior study into
microbiota in alcohol without the setting of alcoholic
hepatitis.(1,22)

In contrast, transfer of a stool from a patient with
cirrhosis (Cirr-Hum) that had decreased BA synthesis
into the GF mice resulted in significantly lower hepatic
levels of mRNA encoding key rate-limiting enzymes
in BA synthesis and a higher alternative pathway gene
expression, consistent with the human findings.(1)

These mice also had significantly lower amounts of
BAs in the liver and intestines compared to transfers
created from samples of patients with active alcoholism
and cirrhosis and healthy control samples. This Cirr-
Hum group serves as a comparator to the Alc-Hum
group to differentiate the impact of alcohol compared
to cirrhosis on the microbiota and their differential
ability to regulate hepatic BA synthesis.

The Alc-Hum and Ctrl-Hum mice had normal or
increased levels of stool BAs compared to the Cirr-
Hum mice, similar to the human experience.(1) Inter-
estingly, the normal pathways of BA feedback repres-
sion by FXR–FGF-15–SHP pathways were induced
in the Ctrl-Hum and Alc-Hum mice, suggesting that
an overriding mechanism for BA synthesis is in play in
these mice. It has been reported that probiotics can
promote BA deconjugation and fecal secretion of BA,
inducing new BA synthesis in the liver.(23) In those
studies, there was decreased BA absorption with
repression of the FXR–FGF-15 axis in the intestines
allowing increased hepatic BA synthesis. It has also
been reported that the gut microbiota can regulate gut
levels of the FXR antagonist tauro-b-muricholic acid,
which decreases FGF-15 synthesis in the intestines.(24)

Each of these models relies on manipulation of the
intestinal FXR–FGF-15 axis. However, in the current
study, mRNA of both FXR and FGF-15 was up-
regulated in the intestines and SHP mRNA was up-
regulated in the liver. In both the Ctrl-Hum and Alc-
Hum mice but not the Cirr-Hum mice, hepatic
CREBH mRNA was significantly up-regulated, sug-
gesting this may be responsible for the up-regulation
of Cyp7a1 and Cyp8b1.(2) Cannabinoid receptor type
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FIG. 5. Liver CREBH (relative mRNA expression level).
*P< 0.05, **P< 0.01, ***P< 0.001 using the Kruskall-Wallis test
or unpaired t test based on the number of samples compared. All
values are in mean 6 SEM. Alc-Hum and Ctrl-Hum mice had
similarly high expressions of CREBH, while Cirr-Hum and GF
mice had significantly lower expressions.
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1 (CB1R) has been reported to activate CREBH by
up-regulating Cyp7a1, Cyp8b1, and BA synthesis.(2)

CB1R is normally activated by endocannabinoids
(anandamide and 2-arachidonoyl glycerol), but recent
studies report it can be activated by ethanol.(2,25)

Therefore, these data suggest that the gut microbiota
from Ctrl-Hum and Alc-Hum mice may be producing
a compound(s) that activates hepatic CB1R. Alterna-
tively, an unknown mechanism may be activated that
up-regulates genes involved in BA synthesis.

In summary, the current study reports novel data
indicating that the composition of the gut microbiota
can regulate BA synthesis in the liver, and this can be
associated with intestinal barrier dysfunction. One
might speculate that members of the genus Clostridium
may be the most likely component of the gut micro-
biota that regulates hepatic BA synthesis. Nevertheless,
the current studies point to a new direction for investi-
gating the regulation of hepatic BA synthesis and how
the interactions between cells in the liver and gut
microbiota regulate BA homeostasis in the body.
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