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Abstract Nonalcoholic fatty liver disease (NAFLD) is the
most common liver disease worldwide, yet the pathogenesis
of NAFLD is only partially understood. Here, we investi-
gated the role of the gut bacteria in NAFLD by stimulating
the gut bacteria via feeding mice the fermentable dietary fi-
ber, guar gum (GG), and suppressing the gut bacteria via
chronic oral administration of antibiotics. GG feeding pro-
foundly altered the gut microbiota composition, in parallel
with reduced diet-induced obesity and improved glucose tol-
erance. Strikingly, despite reducing adipose tissue mass and
inflammation, GG enhanced hepatic inflammation and fibro-
sis, concurrent with markedly elevated plasma and hepatic
bile acid levels. Consistent with a role of elevated bile acids
in the liver phenotype, treatment of mice with taurocholic
acid stimulated hepatic inflammation and fibrosis. In con-
trast to GG, chronic oral administration of antibiotics ef-
fectively suppressed the gut bacteria, decreased portal
secondary bile acid levels, and attenuated hepatic inflamma-
tion and fibrosis. Neither GG nor antibiotics influenced
plasma lipopolysaccharide levels.Hil In conclusion, our data
indicate a causal link between changes in gut microbiota
and hepatic inflammation and fibrosis in a mouse model of
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The worldwide epidemic of obesity is the primary driver
for the global increase in the prevalence of type 2 diabetes
and nonalcoholic fatty liver disease (NAFLD) (1). While
caloric overconsumption and the associated positive en-
ergy balance are the sine qua non of obesity development,
emerging evidence implicates gut microbes in the promo-
tion of obesity and related metabolic disturbances (2-5).

The human intestine contains a variety of microbiota,
mainly consisting of bacteria and complemented by other
microorganisms, such as fungi, protozoa, and viruses.
The gut microbiota form a mutualistic relationship with
the host and have an important role in host health. Besides
protecting the host against invading pathogenic micro-
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organisms, intestinal bacteria facilitate the digestion of other-
wise indigestible carbohydrates, produce essential vitamins,
stimulate the development of the immune system, and
maintain tissue homeostasis (6, 7). In recent years, the gut
microbiota have increasingly been connected with a
number of diseases, including irritable bowel syndrome,
Crohn’s disease, obesity, type 2 diabetes, atherosclerosis,
and NAFLD (5, 8-10).

NAFLD describes a spectrum of related liver diseases
ranging from simple steatosis to nonalcoholic steatohepati-
tis (NASH), liver fibrosis, and cirrhosis (11). Although the
exact pathogenesis of NAFLD is unknown, multiple factors
likely contribute to the progression of NAFLD, including
genetic predisposition, lipid overload, and inflammatory
insults. Indeed, it is believed that inflammatory mediators
released locally or derived from tissues, such as the intes-
tine and adipose tissue, play an important role in the pro-
gression of steatosis to NASH (12, 13).

Recent studies have raised the possibility that NAFLD
may be related to disturbances in the gut microbial compo-
sition. In particular, it was found that the gut microbial
composition was different between healthy individuals and
patients with NAFLD (14, 15). Furthermore, mouse studies
suggest that changes in the gut microbial community may
impact the development of hepatic steatosis (16), inflam-
mation (17, 18), and fibrosis (18).

To further elaborate the concept that the gut microbiota
may affect the development of NAFLD, we studied the in-
fluence of modulation of the gut microbiota on NAFLD.
To that end, in a mouse model of NAFLD, we stimulated
the gut bacteria by feeding mice the highly fermentable
dietary fiber, guar gum (GG), using the poorly fermentable
dietary fiber, resistant starch (RS), as control (CTRL). Inas-
much as GG escapes digestion in the small intestine and is
thought to act exclusively via bacterial fermentation and
concomitant alterations in gut microbiota, feeding GG is
an attractive strategy to study the role of the gut microbes
in NAFLD. Additionally, in the same mouse model of
NAFLD, we studied the effect on NAFLD of suppressing
the gut bacteria using a mixture of antibiotics.

Overall, our data indicate that the gut microbiota have a
marked impact on NAFLD. Specifically, specific modula-
tion of the gut microbiota by feeding GG worsened fea-
tures of NAFLD, whereas suppression of the gut bacteria
using oral antibiotics protected against NAFLD, possibly
via changes in the portal delivery of bile acids.

MATERIALS AND METHODS

Animals and diet

Animal studies were performed using pure-bred male C57Bl/6
mice. Mice were individually housed in temperature- and humidity-
controlled specific pathogen-free conditions. Mice had ad libitum
access to food and water. In study 1, 11-week-old mice received
a low-fat diet or a high-fat/high-cholesterol/high-fructose diet
(HFCFD) for 18 weeks, providing 10% or 45% energy as triglyc-
erides (formula D12450B or D12451 from Research Diets, Inc.,
manufactured by Research Diet Services, Wijk bij Duurstede, The
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Netherlands). The fat source of this HFCFD was replaced by saf-
flower oil and supplemented with 1% cholesterol (Dishman,
Veenendaal, The Netherlands). Mice receiving the HFCFD were
provided with 20% fructose water (w/v) to promote development
of NAFLD (19). The fiber-enriched diets were identical to the
HFCFD (CTRL) except that corn starch and part of the maltodex-
trin 10 were replaced by 10% (w/w) RS or GG. The composition
of the diets is shown in supplemental Table S1. RS, a retrograded
tapioca starch classified as RS type 3 (brand name C*Actistar 11700)
and GG (brand name Viscogum) were obtained from Cargill R&D
Centre Europe (Vilvoorde, Belgium). Bodyweight and food intake
were assessed weekly. One mouse fed the GG-enriched diet died
during the study for reasons unrelated to the intervention.

In study 2, 10-week-old mice received a HFCFD (CTRL) for 18
weeks, providing 45% energy as triglycerides (formula 58V8 manu-
factured by TestDiet, St. Louis, MO). This diet was supplemented
with 1% cholesterol (Dishman). The mice received 20% fructose
(w/v) in the drinking water. The trimethylamine N-oxide (TMAO)-
enriched diet was identical to the CTRL diet except that 0.296% of
sucrose (w/w) was replaced by 0.296% TMAO-dihydrate (w/w)
(Sigma, Zwijndrecht, The Netherlands) to obtain a final concen-
tration of 0.2% TMAO (w/w). Bodyweight and food intake were
assessed weekly. One mouse fed the TMAO-enriched diet died
during the study for reasons unrelated to the intervention. One
mouse in the CTRL group and one mouse fed the TMAO-enriched
diet failed to thrive and were excluded from further analysis.

In study 3, 4-month-old male mice received either chow
(CTRL) or chow supplemented with 0.5% (w/w) taurocholic acid
(Calbiochem) for 7 days (20). Bodyweight and food intake were
assessed daily.

In study 4, 10-week-old mice received a HFCFD (CTRL) for 18
weeks, providing 45% energy as triglycerides (formula 58V8 man-
ufactured by TestDiet). The diet was supplemented with 1% cho-
lesterol (Dishman). The mice received 20% fructose (w/v) in the
drinking water. Mice that were given antibiotics received the same
CTRL diet with the addition of 1 g/1 ampicillin, 1 g/1 neomycin
sulfate, 1 g/l metronidazole, and 0.5 g/1 vancomycin in the drink-
ing water for 22 weeks. This antibiotic cocktail has previously been
shown to deplete all detectable commensal bacteria (21). Body-
weight and food intake were assessed weekly. One mouse in the
CTRL group and one mouse in the antibiotics group failed to
thrive and were excluded from further analysis.

At the end of each study, mice were anesthetized using isoflu-
rane and blood was collected by orbital puncture. Mice were eu-
thanized via cervical dislocation after which tissues were excised
and weighed and intestinal content was sampled. The mice were
not fasted prior to euthanasia (e.g., ad libitum fed state). The ani-
mal experiments were approved by the local animal ethics com-
mittee of Wageningen University.

Intraperitoneal glucose tolerance test

In study 1, mice were fasted for 5 h prior to the intraperitoneal
glucose tolerance test. During this period, fructose water was re-
placed by tap water. Blood samples were collected from the tail
vein immediately before (¢= 0 min) and at selected time points
after intraperitoneal injection with glucose (0.8 g/kg bodyweight).
Glucose was measured using Accu-chek Compact. Plasma concen-
trations of insulin were quantified after 5 h fasting according to
manufacturer’s instructions (Crystal Chem, Downers Grove, IL).

RNA isolation and quantitative PCR

Total RNA was extracted from epididymal white adipose
tissue, liver, and scrapings of the distal small intestine using
TRIzol reagent (Life Technologies, Bleiswijk, The Netherlands).
Subsequently, 500 ng RNA was used to synthesize cDNA using
iScript cDNA synthesis kit (Bio-Rad Laboratories, Veenendaal,



The Netherlands). Changes in gene expression were determined
by real-time PCR on a CFX384 real-time PCR detection system
(Bio-Rad Laboratories) by using SensiMix (Bioline; GC Biotech,
Alphen aan den Rijn, The Netherlands). The housekeeping gene,
36b4 or B-actin, was used for normalization. Sequences of the
used primers are listed in supplemental Table S2.

Histology/immunohistochemistry

H&E staining of sections was performed using standard
protocols.

Paraffin-embedded liver sections (5 pm) were stained for col-
lagen using fast green FCF/Sirius red F3B. Staining of neutral
lipids was performed on frozen liver sections using Oil Red O ac-
cording to standard protocols.

Visualization of hepatic stellate cells was performed on paraf-
fin-embedded liver sections with an antibody against o smooth
muscle actin (aSMA) (M0851; Dako, Heverlee, Belgium). To de-
tect macrophages, 5 wm frozen liver sections were stained for
Cd68 Kupffer cells (Cd68 marker, FA11) as described previously
(22).

Plasma/serum measurements

In studies 1 and 3, blood was collected in EDTA-coated tubes
and centrifuged for 15 min at 1,000 g to obtain plasma. In studies
2 and 4, blood was collected, allowed to clot for 45 min, and cen-
trifuged for 15 min at 1,000 g to obtain serum. The mice were not
fasted prior to blood collection. Plasma and serum alanine amino-
transferase (ALT) activity was measured with a kit from Abcam
(Cambridge, UK). The commercially available Limulus Amebo-
cyte Lysate assay (Lonza, Walkersville, MD) was used to quantify
plasma and portal serum endotoxin levels. Plasma concentration
of total bile acids was determined using a colorimetric assay kit
(Diazyme Laboratories, Poway, CA). Free and conjugated bile
acid subspecies were quantified by LC-MS/MS using a SHI-
MADZU LC system (SHIMADZU, Kyoto, Japan) and tandem AB
SCIEX API-3,200 triple quadrupole mass spectrometers (AB
SCIEX, Framingham, MA), as previously described (23). Trimeth-
ylamine (TMA) and TMAO plasma levels and TMAO serum levels
were quantified by stable isotope dilution LC-MS/MS, as previ-
ously described (24, 25).

Fecal measurements

In study 1, during the sixth week of dietary intervention, feces
were collected over a period of 48 h. Total lipids and free fatty
acids were measured in the fecal samples as mentioned by Govers
and Van der Meet (26). Briefly, 100 mg of fecal samples were
weighed, dried, and acidified using HCI. Lipids were then ex-
tracted using petroleum and diethyl ether. The ether fraction was
collected and evaporated and the total lipids were weighed.

Free and conjugated bile acid subspecies in the feces, collected
at the end of the dietary intervention in studies 1 and 4, were de-
termined by capillary gas chromatography (Agilent 6890; Am-
stelveen, The Netherlands) as described previously (27).

Microarray analysis

Microarray analysis was performed on liver samples from eight
mice of the CTRL group and eight mice of the GG group. RNA
was isolated as described above and subsequently purified using
the RNeasy Micro kit from Qiagen (Venlo, The Netherlands).
RNA integrity was verified with RNA 6000 Nano chips on an Agi-
lent 2100 bioanalyzer (Agilent Technologies, Amsterdam, The
Netherlands). Purified RNA (100 ng) was labeled with the Am-
bion WT expression kit (Invitrogen, Carlsbad, CA) and hybrid-
ized to an Affymetrix Mouse Gene 1.1 ST array plate (Affymetrix,
Santa Clara, CA). Hybridization, washing, and scanning were

carried out on an Affymetrix GeneTitan platform according to
the manufacturer’s instructions. Arrays were normalized using
the Robust Multi-array Average method (28, 29). Probe sets were
defined according to Dai et al. (30). In this method, probes are
assigned to Entrez IDs as a unique gene identifier. The P values
were calculated using an intensity-based moderated tstatistic
(31). The gvalue was calculated as the measure of significance for
the false discovery rate (32). To identify the pathways most signifi-
cantly altered in the livers of the GG group compared with the
CTRL group, Ingenuity Pathway Analysis (Ingenuity Systems,
Redwood City, CA) was performed. Input criteria were a relative
fold change equal to or above 1.3 and a g value equal to or below
0.01. Array data have been submitted to the Gene Expression Om-
nibus under accession number GSE76087.

A publicly available dataset (GSE34730) was downloaded from
Gene Expression Omnibus and further processed as described
above to obtain individual gene expression data. Ingenuity Path-
way Analysis was performed on genes induced by deoxycholic acid
by at least 2-fold.

Western blot

Liver homogenates were prepared by lysing liver tissue in ice-cold
Pierce IP lysis buffer (ThermoScientific, Rockford, IL) containing
complete protease inhibitor and PhosSTOP phosphatase inhibitor
(both from Roche, Mannheim, Germany). Equal amounts of pro-
tein were loaded on a Mini Protean TGX gel, 4-15%, and subse-
quently transferred to a PVDF membrane (both from Bio-Rad
Laboratories). The primary antibodies for tissue inhibitor of metal-
loproteinase (TIMP)1 (Abcam, Cambridge, UK) and HSP90 (Cell
Signaling) were incubated at 4°C overnight followed by incubation
with the appropriate secondary peroxidase-conjugated antibody
(Sigma). Protein bands were visualized using an enhanced chemilu-
minescent substrate (Bio-Rad Laboratories).

Liver measurements

For liver triglyceride measurement, livers were homogenized in
a buffer containing 10 mM Tris, 2 mM EDTA, and 250 mM su-
crose at pH 7.5 in a Tissue Lyser II (Qjagen, Hilden, Germany) to
obtain 2% homogenates. Triglycerides were subsequently quanti-
fied using a Triglyceride LiquiColor™"® kit from HUMAN Di-
agnostics (Wiesbaden, Germany). The 4-hydroxyproline content
was determined spectrophotometrically in liver hydrolysates, as
described previously (33).

For hepatic myeloperoxidase activity, liver homogenates were
prepared and myeloperoxidase peroxidase activity was measured
according to manufacturer’s instructions (Abcam).

For the quantification of liver total bile acid content, livers were
homogenized in 75% ethanol, incubated at 50°C and centrifuged.
After the collection of the supernatant, the concentration of total
bile acids was determined using a colorimetric assay kit (Diazyme
Laboratories).

FACS analysis

Epididymal white adipose tissue was isolated, minced and di-
gested with 1.5 mg/ml collagenase type 2 (Sigma) in DMEM con-
taining 0.5% fatty acid-free BSA for 45 min at 37°C by shaking.
Cell suspensions were filtered through a 100 uM filter and centri-
fuged at 200 g for 10 min. Floating mature adipocytes were dis-
carded and the stromal vascular cell pellet was resuspended in
erythrocyte lysis buffer for 5 min. Cells were washed twice with
FACS buffer (PBS + 1% BSA) and incubated with fluorescently
labeled antibodies including CD45-ECD (Beckman Coulter, Ful-
lerton, CA), F4/80-FITC and Cd11b-PE (Biolegend, San Diego,
CA). Samples were analyzed using a FC500 flow cytometer (Beck-
man Coulter).
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DNA extraction

In study 1, fecal samples derived from the second part of the
colon were suspended in 10 mM Tris, 1 mM EDTA, 0.5% SDS,
and 0.2 mg/ml proteinase K (ThermoScientific). After addition
of 0.1-0.25 mm and 4 mm glass beads, buffered phenol (Invitro-
gen) was added and cells were lysed by mechanical disruption us-
ing a bead beater (MP Biomedicals, Santa Ana, CA) for 3 min.
DNA was subsequently extracted using phenol:chloroform:isoam
ylalcohol (25:24:1) (Invitrogen), precipitated with isopropanol,
and washed with 70% ethanol.

In study 4, fecal samples (~15-60 mg) derived from the second
part of the colon were suspended in 500 wl S.T.A.R. buffer
(Roche). After addition of 0.1 mm zirconia and 2.5 mm glass
beads (BioSpec, Bartlesville, OK), cells were lysed by mechanical
disruption using a bead beater (MP Biomedicals) for 3 x 1 min.
DNA was subsequently extracted and purified using the Maxwell
16 system (Promega). In brief, homogenates (250 wl) were trans-
ferred to a prefilled reagent cartridge (Maxwell® 16 Tissue LEV
Total RNA purification kit, custom-made; Promega). Sixteen sam-
ples were processed at the same time. After 30 min, the purifica-
tion process was completed and DNA was eluted in 50 pl of water
(nuclease free) (Promega).

The 16S rRNA gene sequencing

For 16S rRNA gene sequencing DNA samples were sent to the
Broad Institute of Massachusetts Institute of Technology and Har-
vard (Cambridge, MA). The microbial 16S rRNA gene was ampli-
fied targeting the hyper-variable region V4 using forward
primer 515F (5-GTGCCAGCMGCCGCGGTAA-3’) and the reverse
primer 806R (5-GGACTACHVGGGTWTCTAAT-3). The cycling
conditions consisted of an initial denaturation of 94°C for 3 min,
followed by 25 cycles of denaturation at 94°C for 45 s, annealing
at 50°C for 60 s, extension at 72°C for 5 min, and a final extension
at 72°C for 10 min. Sequencing was performed using the Illumina
MiSeq platform generating paired-end reads of 175 bp in length
in each direction. Overlapping paired-end reads were subse-
quently aligned. The details of this protocol are as previously de-
scribed (34).

Raw sequence data quality was assessed using FastQC, ver-
sion: 0.11.2 (http://www.bioinformatics.babraham.ac.uk/projects/
fastqc/). Reads quality was checked with Sickle, version: 1.33
(https://github.com/najoshi/sickle) and low quality reads were
removed. For visualizing the taxonomic composition of the fecal
microbiota and further 8 diversity analysis, QIIME, version: 1.9.0
was used (35). In brief, closed reference OTU picking with 97%
sequence similarity against GreenGenes 13.8 reference database
was done. Jackknifed B-diversity of unweighted UniFrac distances
with 10 jackknife replicates was measured at rarefaction depth of
22,000 reads per sample. For statistical significance, biological rel-
evance, and visualization, we used the linear discriminant analy-
sis (LDA) effect size (LEfSe) method (https://bitbucket.org/
biobakery/biobakery/wiki/lefse) (36).

Bacterial 16S rRNA gene and fungal I'TS1-5.8S-ITS2
region quantification

In study 4, real-time PCR was used to quantify the 16S rRNA
gene and ITS1-5.85ITS2 region in equal amounts of extracted
DNA on a CFX384 real-time PCR detection system (Bio-Rad Labo-
ratories) by using SensiMix (Bioline; GC Biotechnology). The 16S
rRNA gene was amplified using the forward primer 1369F (5-CG-
GTGAATACGTTCYCGG-3") (87) and the reverse primer 1492R
(5-GGWTACCTTGTTACGACTT-3’) (38). The cycling conditions
consisted of an initial denaturation of 95°C for 5 min, followed by
40 cycles of denaturation at 95°C for 15 s, annealing at 60°C for
30 s, and extension at 72°C for 30 s The ITS1-5.8S-ITS2 region
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was amplified using universal fungal primers, VOD (5"-TTA-
AGTCCCTGCCCTTTGTA-3") and LS266 (5-GCATTCCCAAA-
CAACTCGACTC-3), encompassing highly conserved regions
encoding fungal rDNA (39). The cycling conditions consisted of
an initial denaturation of 94°C for 10 min, followed by 30 cycles of
denaturation at 94°C for 30 s, annealing at 58°C for 30 s, exten-
sion at 72°C for 30 s, and a final extension at 72°C for 10 min.

'H NMR spectroscopy

Contents of the cecum and first part of the colon were col-
lected, mixed with phosphate buffer (pH 8) containing 10% deu-
terium oxide and stored at —20°C. For short-chain fatty acid
(SCFA), ethanol and choline quantification samples were thawed,
mixed, and centrifuged at 21,000 g for 5 min. Supernatant was
collected and diluted in phosphate buffer containing 2 mM ma-
leic acid as standard. Subsequently, a 200 pl sample was trans-
ferred to 3 mm NMR tubes (Bruker Match System) and measured
at 300 K in an Avance III NMR spectrometer operated at 600.13
MHs, as described previously (40).

Statistical analysis

Data are presented as mean + SEM. Statistically significant dif-
ferences were determined with one-way ANOVA followed by
Tukey’s post hoc multiple comparison test. Comparisons between
two groups were made using two-tailed Student’s ttest. P < 0.05
was considered as statistically significant. SPSS software (version
21; SPSS Inc., Chicago, IL) was used for statistical analysis.

RESULTS

HFCFD as model for NAFLD

Feeding mice a diet rich in fat, cholesterol, and/or fruc-
tose is a commonly used strategy to induce NAFLD (41—
43). To verify the suitability of the HFCFD as a model for
NAFLD, we tested the effect of HFCFD on various relevant
parameters in comparison with a commonly used low-fat
diet. Weight gain, adipose tissue weight, and liver weight
were significantly higher in the mice fed HFCFD as com-
pared with mice fed the low-fat diet (Fig. 1A-C). Hepatic
lipid storage was markedly higher in mice fed HFCFD, as
shown by a 5-fold increase in liver triglycerides (Fig. 1D)
and by Oil Red O staining (Fig. 1E). H&E confirmed the
presence of microvesicular and macrovasicular steatosis,
and showed mild infiltration of immune cells (Fig. 1F). He-
patic expression of macrophage markers, Cd68, F4/80, and
Cdllc, and pro-inflammatory cytokines, Mcp-1 and Tnfe,
were significantly elevated in mice fed HFCFD, as was the
expression of fibrosis markers, collagen type I «l, and
Timpl (Fig. 1G). Finally, plasma ALT levels were doubled
in mice fed HFCFD (Fig. 1H). Taken together, these data
show that feeding HFCFD represents a suitable model to
study NAFLD in mice.

Dietary GG alters colonic microbial composition

To evaluate the potential impact of alterations in the
gut microbial community on the development of NAFLD,
we fed mice the highly fermentable dietary fiber, GG, on
a background of HFCFD for 18 weeks. Mice fed the
poorly fermentable dietary fiber, RS, and mice that were
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not fed any dietary fiber (CTRL) served as negative CTRLs.
To assess the effect of GG on colonic microbial composi-
tion and the relative abundance of specific gut microbi-
ota taxa, 16S rRNA gene sequencing was performed on
fecal samples collected at the end of the dietary inter-
vention. Clustering of 16S rRNA gene sequences by un-
weighted UniFrac distances per mouse revealed a sharp
clustering of microbiome sequence data of the GG mice,
indicating that the colonic microbial community was dis-
tinct between CTRL and GG mice. In contrast, the micro-
biota of the RS mice more closely resembled that of the
CTRL mice (Fig. 2A). Analysis of the microbiota at vari-
ous taxonomic levels indicated differences in microbial
composition depending on fiber type. In comparison
with CTRL, both types of dietary fibers significantly re-
duced the relative abundance of Deferribacteres and
Firmicutes, and increased the relative abundance of Bac-
teroidetes. The abundance of Actinobacteria was particu-
larly increased in the GG mice. With a relative proportion
of 8.23% of all phyla, the phylum Verrucomicrobia was
overrepresented in the GG mice, whereas it was almost
completely absent in CTRL and RS mice (Fig. 2B, supple-
mental Table S3).

The differences in microbial community between the RS
and GG groups became more apparent at lower taxonomic
levels. Whereas GG increased the abundance of the genera
Bifidobacterium and Prevotella, RS had relatively small effects
on these genera. The decreased abundance of the phylum
Firmicutes for both dietary fibers can be mainly explained
by a decrease within the genus Lactobacillus. GG also mark-
edly suppressed SMB53 and Oscillospira and increased the
abundance of the species Desulfovibrio C21_c20 (Fig. 2C-E,
supplemental Table S3). Overall, these data indicate that
GG feeding markedly altered the bacterial composition in
the colon.

Modulation of the gut microbiota by GG is associated
with protection against diet-induced obesity and improved
glucose tolerance

Whereas RS did not influence bodyweight gain, GG
markedly attenuated bodyweight gain as compared with
CTRL (Fig. 3A). The lower bodyweight could not be attrib-
uted to reduced food intake (Fig. 3B) or an increased fecal
output (Fig. 3C). Fecal lipid excretion was significantly
higher in the GG mice as compared with the CTRL mice
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(Fig. 3C), suggesting that the lower bodyweight in the GG
mice might be explained by decreased lipid absorption.
Along with the lower bodyweight, weights of epididymal
and mesenteric fat pads and liver were significantly lower
in the GG group as compared with the CTRL group, while
the weight of the cecum was higher in both RS and GG
groups (Fig. 3D).

In line with the suppression of bodyweight gain, GG im-
proved whole body glucose tolerance (Fig. 3E), reduced
fasting plasma insulin levels (Fig. 3F), and attenuated im-
mune cell infiltration in adipose tissue. Specifically, flow
cytometry analysis demonstrated that the abundance of leu-
kocytes (CD45+) and macrophages (CD45+F4/80+CD11B+)
was significantly lower in the epididymal fat depot of the
GG mice as compared with the CTRL mice, whereas it was
not different in the RS mice (Fig. 3G-I). The decreased
macrophage abundance was corroborated by decreased ex-
pression of the chemoattractant protein, Mcp-1, and macro-
phage markers, F4/80 and Cd68. Cdllcand Cd206 mRNA
were also decreased in the GG group, suggesting lower
presence of pro-inflammatory M1 macrophages and anti-
inflammatory M2 macrophages, respectively (Fig. 3]). Taken
together, GG suppressed bodyweight gain, which was
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accompanied by decreased adipose tissue inflammation and
improved glucose tolerance.

Modulation of the gut microbiota by GG is associated
with reduced hepatic steatosis, but enhanced hepatic
inflammation

In accordance with a lower fat mass in the GG mice,
hepatic lipid accumulation was significantly lower in mice
fed GG, as revealed by H&E and Oil Red O stainings
and quantitation of liver triglycerides (Fig. 4A-C). Plasma
ALT activity, however, was not different between the three
groups (Fig. 4D). Interestingly, despite the reduction in
liver triglycerides, H&E staining showed more pronounced
inflammation in the livers of GG mice, as revealed by the
presence of inflammatory infiltrates (Fig. 4A). Consistent
with these data, elevated myeloperoxidase activity (Fig.
4E) indicated a higher number of neutrophils in the livers
of the GG mice. In contrast, the total macrophage abun-
dance assessed by Cd68 staining and Cd68 and F4/80 ex-
pression was not different between the GG and CTRL
mice (Fig. 4F, G). Intriguingly, the higher expression of
Cdll1c and the lower expression of Cd206 and the anti-
inflammatory cytokine /l-10suggested that the macrophages
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present in the liver of the mice fed GG had a more pro-
inflammatory phenotype (Fig. 4G). To further elucidate
the inflammatory status of the liver of the GG mice, whole
genome expression profiling was performed. It was found
that expression of 3,722 genes was significantly differ-
ent between the GG mice compared with the CTRL mice
(P<0.01) (supplemental Fig. S1A). Numerous immune-
related pathways, including interleukin (IL)-8 signaling (P=
1.05 x 10~%) and complement system activation (P=7.76 x
1077), were altered in the livers of the GG mice, as deter-
mined by Ingenuity Pathway Analysis (supplemental Fig.
S1B). Together, these data demonstrate that, although
feeding GG suppressed diet-induced obesity, it stimulated
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specific inflammatory cells and pathways in the liver, whereas
RS had no effect.

Modulation of the gut microbiota by GG is associated with
enhanced hepatic fibrosis

Strikingly, further study revealed that the livers of the
mice fed GG exhibited pronounced features of hepatic fi-
brosis. Sirius red staining showed enhanced collagen de-
position in the GG mice as compared with CTRL and RS
mice (Fig. 5A). Likewise, hepatic stellate cell activation, as
visualized by aSMA immunostaining and 4-hydroxyproline
content, were also increased in the GG mice (Fig. 5B, C).
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Expression profiling followed by Ingenuity Pathway Anal-
ysis pointed to hepatic fibrosis/hepatic stellate cell acti-
vation as the most significantly regulated pathway (P =
7.94 x 10~""), which was illustrated by the differential ex-
pression of numerous genes involved in hepatic fibrosis
and hepatic stellate cell activation (Fig. 5D). Genes highly
induced in the livers of GG mice included various colla-
gens and genes involved in the regulation of extracellular
matrix turnover (7imp2) and TGF@ signaling (7gfbrl). El-
evated expression of fibrosis-related genes was corrobo-
rated by quantitative (q)PCR (Fig. 5E). Finally, TIMP1
protein levels were elevated in the livers of the GG mice
(Fig. 5F). These data indicate that feeding GG not only
increased hepatic inflammation, but also promoted more
advanced features of NASH, i.e., liver fibrosis.

Modulation of the gut microbiota by GG is associated with
altered levels of gut-derived metabolites

To explore the possible mechanisms linking changes in
gut microbiota composition to the observed liver pathol-
ogy, we focused our attention on several microbial com-
pounds that have been proposed to mediate the effects of
the gut bacteria on host metabolism, including the pro-in-
flammatory lipopolysaccharide (LPS) and ethanol, and the
anti-inflammatory SCFAs (44). Plasma levels of LPS were
comparable between the GG mice and CTRL mice (Fig. 6A),
while ethanol levels in the cecum and colon were decreased
in the GG group (Fig. 6B, C). With respect to the SCFA, in
the cecum, the concentration of propionate was increased
in both dietary fiber groups, whereas the butyrate concen-
tration was only elevated in the GG group (Fig. 6B). In the
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colon, GG, but not RS, significantly elevated acetate, pro-
pionate, and butyrate concentrations, as compared with
CTRL (Fig. 6C). In short, the observed changes in NAFLD
phenotype in the GG mice are unlikely to be mediated by
LPS, ethanol, or SCFAs.

Interestingly, plasma levels of the gut-derived metabo-
lites, TMA, a product of microbial conversion of choline,
and TMAO, which is synthesized from TMA in the liver,
were both significantly increased by GG, while RS had no
effect (Fig. 6D). Previously, TMAO was causally implicated
in atherosclerosis and kidney fibrosis (9, 45, 46).

Accordingly, to investigate whether the elevated plasma
TMAO levels may contribute to the NAFLD phenotype,
mice were fed the HFCFD diet with or without 0.2%
TMAO (w/w) for 18 weeks. Eighteen weeks of TMAO
feeding did not affect final bodyweight (Fig. 6E). Although
serum and urinary TMAO levels were about 15-fold higher
in the mice fed the TMAO-enriched diet (Fig. 6F), provi-
sion of TMAO did not affect hepatic steatosis, inflamma-
tion, or fibrosis, as indicated by measurement of liver
triglycerides (Fig. 6G), serum ALT activity (Fig. 6H), the
expression of inflammation and fibrosis-related genes
(Fig. 61, ]), H&E staining (Fig. 6K), and Sirius red staining
(Fig. 6L).

Bile acids are also potential candidates for linking
changes in gut bacteria to NAFLD. Strikingly, total plasma
bile acid levels were nearly 4-fold higher in the GG mice
than in the CTRL mice, whereas they were not different in
the RS mice (Fig. 7A). Specifically, plasma levels of various
primary bile acids, including cholic acid, taurocholic acid,
muricholic acids, and tauromuricholic acids, as well as the
secondary bile acids, deoxycholic acid, taurodeoxycholic
acid, ursodeoxycholic acid, hyodeoxycholic acid, and tau-
rohyodeoxycholic acid, were significantly higher in the GG
mice as compared with CTRL mice (Fig. 7A). Moreover,
total bile acid levels in the liver were also increased in the
GG mice as compared with the CTRL mice (Fig. 7B). The
higher plasma and hepatic bile acid levels were accompa-
nied by elevated hepatic expression of the FXR target,
Sle51b, and a compensatory downregulation of Cyp7al and
Cyp8bl1, enzymes involved in bile acid synthesis, and Nicp
(Slc10al), a bile salt importer (Fig. 7C). No change was ob-
served in the expression of the bile acid exporter, Bsep
(Abcbl11) (Fig. 7C). Interestingly, levels of bile acids in the
feces were significantly lower in the GG mice (Fig. 7D),
concomitant with reduced ileal expression of Fgfl5 and el-
evated expression of the ileal bile acid transporters, Asbt
(Slc10a2) and Sic51b (Fig. 7E). Together, these data suggest
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that GG enhanced bile acid absorption, leading to higher
bile acid levels in the plasma and elevated bile acid content
in the liver, which in turn triggered compensatory changes
in the expression of genes involved in hepatic bile acid syn-
thesis and uptake.

To examine whether the elevated plasma levels of bile
acids may contribute to hepatic inflammation and fibrosis,
we gave mice the bile acid, taurocholic acid, for 7 days by
mixing it in their feed [0.5% (w/w)]. Provision of tauro-
cholic acid raised plasma taurocholic acid levels by 40-fold
as compared with CTRL (Fig. 8A). In addition, taurocholic
acid also significantly increased the primary bile acids,
cholic acid, glycocholic acid, chenodeoxycholic acid, tau-
rochenodeoxycholic acid, and unconjugated muricholic
acids, as well as the secondary bile acids, deoxycholic acid,

A 241 *
20
z
E' 5—16- R 3 s
E 212 £2
ag ol L . $32
©'c 3T ]
Ewm @
22 24 e
o 8 @ O
14 [
" {1 el b ¥
CA TCA GCA CDCA TCDCA a-MCA B-MCA TB-MCA
B 104 *%k c
3 CTRL — 80
c =
.g g{ HH TCA 3
7] 2 60
g 6 =
x B
o & 40
2 4 -
= 2
k]
E 24 E 20
*k o w
0 ﬁ. - H.- I_l,** ﬁ‘ : a
Cyp7al Cyp27al Cyp8b1 Slc51b Ntcp Bsep
D 3+ . [ CTRL
E e . N TCA
[7]
3 27
=
3
[
2 14
[7]
m '
0 T T T T T T
Cd68 F4/80 Cd11c  Cd206  Mcp-1 Tnfa Hn-10
F .
[ CTRL "
s BN TCA
‘w64
w
o
o
54 .
o
2
5 o '
[T}
* [
Al Hul Ml

Colta1 aSma  Timp1

taurodeoxycholic acid, glycodeoxycholic acid, ursodeoxy-
cholic acid, and w-muricholic acid (Fig. 8A). The higher
plasma bile acid levels were associated with compensatory
downregulation of Cyp7al, Cyp27al, Cyp8bl, and Nicp and
upregulation of Slc51bin liver (Fig. 8B). Importantly, provi-
sion of taurocholic acid markedly increased plasma ALT
activity (Fig. 8C), upregulated the expression of inflamma-
tory genes (Fig. 8D), and stimulated leukocyte infiltration
(Fig. 8E). Moreover, taurocholic acid promoted hepatic fi-
brosis, as revealed by elevated expression of the fibrosis
markers, collagen type I al and Timpl (Fig. 8F), and en-
hanced collagen deposition (Fig. 8G). Analysis of a pub-
licly available transcriptomics dataset (GSE34730) of livers
of mice treated with cholic acid or deoxycholic acid for
2 weeks confirmed the marked stimulatory effect of oral
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Fig. 8. Bile acids promote hepatic injury. A: Concentration of free and conjugated bile acid subspecies in the plasma of CTRL and tauro-
cholic acid-fed mice. The tr indicates that only trace levels of this bile acid could be measured. B: Relative expression of genes encoding
enzymes of bile acid synthesis and bile acid transporters. Gene expression levels in CTRL mice were set at one. C: Activity of ALT in plasma.
D: Relative expression of inflamation-related genes in the liver. Gene expression levels in CTRL mice were set at one. E: H&E staining of
representative liver sections. F: Relative expression of fibrosis-related genes in the liver. Gene expression levels in CTRL mice were set at one.
G: Representative pictures of liver sections stained for collagen using fast green FCF/Sirius red F3B. Inset is a higher magnification of the
collagen deposition as observed in the livers of the taurocholic acid-fed mice. Data are presented as mean + SEM. Asterisks indicate signifi-

cantly different compared with CTRL. #*P < 0.05, **P < 0.001.
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administration of bile acids on genes implicated in hepatic
inflammation and fibrosis. Specifically, Ingenuity Pathway
Analysis showed the significant induction of numerous
pathways related to immune cells and cytokine signaling,
including IL-8 signaling and acute phase response signal-
ing, as well as hepatic fibrosis/hepatic stellate activation.
These effects were similarly observed in conventionalized
and germ-free mice, indicating that the effects of oral cho-
lic and deoxycholic acid on liver inflammation and fibrosis
are not dependent on bacterial conversion (supplemental
Fig. S2). Together, these data suggest that elevated plasma
levels of bile acids can lead to hepatic inflammation and
fibrosis in mice fed GG.

Suppression of the gut bacteria by oral antibiotics
attenuates NAFLD development

In order to study the direct impact of the gut microbiota
on features of NAFLD, mice fed the HFCFD diet were given
antibiotics via the drinking water for the entire duration of
the dietary intervention. Oral administration of antibiotics
led to a large increase in the weight of the cecum (Fig. 9A),
and caused a massive decrease in fecal DNA levels (Fig. 9B)
and fecal levels of the 16S rRNA gene (Fig. 9C). In addi-
tion, antibiotics dramatically reduced SCFA levels in the

cecum (Fig. 9D), demonstrating the effective suppression
of the bacteria in the colon. Interestingly, antibiotics
triggered an outgrowth of fungi (Fig. 9C). At the end of
the dietary intervention, final bodyweights were similar
between the antibiotic-treated and CTRL mice (Fig. 9E).
Antibiotic treatment did not affect hepatic steatosis devel-
opment, as indicated by quantitative measurement of liver
triglycerides (Fig. 9F) and H&E staining (Fig. 9G).
Strikingly, oral antibiotics caused a marked decrease in
serum ALT activity (Fig. 10A), as well as a decrease in the
expression of inflammatory markers in the liver (Fig. 10B).
In addition, antibiotic treatment reduced hepatic fibrosis,
as indicated by markedly lower expression of the fibrosis
markers, collagen type I al, aSMA, and Timp1 (Fig. 10C),
and less collagen deposition (Fig. 10D). While LPS levels in
portal blood were not different between CTRL and antibi-
otic-treated mice (Fig. 10E), antibiotic treatment led to a
nonsignificant reduction in the portal concentration of
primary bile acids and a highly significant 10-fold reduc-
tion in the concentration of secondary bile acids (Fig. 10F),
hinting at a potential role of bile acids in the attenuation of
features of NAFLD in the livers of the antibiotic-treated
mice. Specifically, in the portal blood, the primary bile
acids, cholic acid, chenodeoxycholic acid, and muricholic
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acids, and almost all secondary bile acids were reduced
upon antibiotic treatment (Fig. 10G). The reduction in
portal delivery of bile acids was accompanied by a signifi-
cant reduction in hepatic expression of the FXR target,
Slc51b, and a compensatory induction of genes involved in
bile acid synthesis, including Cyp7al, Cyp27al, and Cyp8bl,
as well as the bile acid importer, Ntcp, and exporter, Bsep
(Fig. 10H). Surprisingly, total hepatic bile acid levels
were increased in the antibiotic-treated mice (Fig. 10I).
As expected, treatment with antibiotics caused a marked
reduction in fecal excretion of secondary bile acids, whereas
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excretion of primary bile acids remained unchanged
(Fig. 10J). Together, these data indicate that suppres-
sion of the gut bacteria attenuates features of NAFLD,
possibly via reduced portal delivery of bile acids.

DISCUSSION

Emerging evidence points to an association between the
gut microbiota and NAFLD (47). However, data on an
actual causal role of the gut microbiota in NAFLD are very



scarce. Here we found that stimulation of the gut microbi-
ota using GG promoted liver inflammation and fibrosis.
Inasmuch as GG is a prebiotic nondigestible carbohydrate
and is, thus, expected to act exclusively via its fermentation
by the gut bacteria, our results suggest a direct impact of
the gut microbiota on the pathogenesis of NAFLD. By con-
trast, suppression of the gut bacteria using oral antibiotics
attenuated liver inflammation and fibrosis. The effects of
microbial modulation by GG could be linked to altered cir-
culating and hepatic levels of bile acids, which were shown
to induce features of hepatic inflammation and fibrosis.
Our data thus suggest that the gut bacteria may be able to
influence NAFLD via bile acids.

It should be noted that the stimulation of hepatic inflam-
mation and fibrosis by GG was unrelated to obesity, an
important causal factor of NAFLD, as GG suppressed diet-
induced weight gain and concomitant glucose intolerance
and adipose tissue inflammation. In contrast to GG, RS did
not have any impact on NAFLD, probably due to the minor
effect of RS on gut microbial composition and levels of fer-
mentation products (48).

Ideally, feeding GG should be combined with the use of
antibiotics, thereby allowing direct investigation of the role
of the gut microbiota in the effects of GG. However, in our
experience it is impossible to combine the use of antibiot-
ics with feeding a diet enriched in dietary fiber. Specifi-
cally, we found that giving mice antibiotics while on a high
fiber diet quickly led to an intestinal blockage and massive
weight loss, forcing us to end the experiment prematurely.
This observation underscores the fact that dietary fiber
cannot be properly processed in the absence of a well-func-
tioning gut microbiota.

Several mechanisms have been proposed to explain the
link between the gut microbiota and host metabolism.
These mechanisms mainly revolve around specific micro-
bial metabolites or compounds, including LPS, SCFA, TMA,
ethanol, and bile acids, the latter of which are extensively
metabolized by the gut microbiota. TMA has been linked to
NAFLD by reflecting the microbial conversion and deple-
tion of choline (49). We found significantly higher plasma
TMA levels in mice fed GG. Upon absorption, TMA is rap-
idly oxidized in the liver to TMAO by flavin monooxygen-
ases. Gao et al. (50) showed that dietary TMAO increases
adipose tissue mRNA levels and serum levels of monocyte
chemoattractant protein-1 (MCP-1) in mice. In addition,
TMAO has also been shown to exacerbate atherosclerosis
development in mice and is positively linked to cardiovascu-
lar disease risk in humans. Importantly, suppression of the
gut microbiota using antibiotics lowered plasma TMAO
levels and reduced atherosclerosis (9, 45). Furthermore,
TMAO was also recently implicated in kidney fibrosis (46).
In our study, however, elevated plasma TMAO levels did not
seem to be responsible for the aggravation of NALFD in
mice fed GG, as feeding mice TMAO for 18 weeks had no
effect on any indicators of NALFD or fibrosis, despite mark-
edly elevating circulating and urinary TMAO levels.

In addition to TMA and TMAO, plasma total bile acids
were elevated in the GG mice, but not in the RS mice. The
parallel reduction in fecal bile acids suggests that bile acids

are more efficiently absorbed in the mice fed GG. The in-
crease in plasma bile acid levels was accompanied by ele-
vated hepatic bile acid content and worsening of NAFLD
and fibrosis. To investigate whether bile acids could be
causally involved in the progression of NAFLD upon GG
feeding, mice were fed chow supplemented with taurocho-
lic acid. Taurocholic acid feeding increased plasma levels
of a range of different bile acids, which was associated with
activation of specific features of NAFLD. These data sug-
gest that elevated plasma and hepatic bile acids are a plau-
sible mechanistic link between changes in gut microbial
composition in mice fed GG and worsening of NAFLD.
Consistent with this hypothesis, hepatic bile acid levels
were found to be elevated in humans with steatohepatitis
(51). Furthermore, NAFLD was found to be associated with
intestinal dysbiosis and altered fecal bile acid levels in hu-
man subjects (52).

One type of bile acid that may be particularly involved in
promoting liver injury and NAFLD is deoxycholic acid, lev-
els of which were increased by 4.2-fold in the plasma of
mice fed GG. Recently, Yoshimoto et al. (53) linked in-
creased deoxycholic acid levels upon high-fat feeding to
the development of NAFLD-related hepatocellular carci-
noma. Suppression of the microbiota by antibiotics
lowered serum deoxycholic acid levels and mitigated hepa-
tocellular carcinoma development, suggesting that micro-
bial production of deoxycholic acid may have detrimental
effects on the liver. The mechanism by which bile acids
may promote liver injury and hepatic inflammation and fi-
brosis may involve enhanced leakage of tight junctions of
bile duct epithelial cells causing cholangitis, as well as the
activation and proliferation of periductal myofibroblasts
leading to periductal fibrosis (54). Furthermore, it is well-
established that elevated intrahepatic bile acid levels trigger
hepatocyte apoptosis, possibly leading to NASH (55-57).
Future studies should address the cellular mechanism s)
by which microbiota-dependent changes in portal and he-
patic bile acids may influence NAFLD.

The increase in liver bile acid content in the mice treated
with antibiotics may be taken as evidence that bile acids
cannot be responsible for the reduced liver injury, inflam-
mation, and fibrosis in these mice. However, it is likely that
the increase in liver bile acid content reflects increased bile
acid synthesis, as opposed to increased portal delivery of
bile acids, which, in fact, was substantially decreased. It is
conceivable that the newly synthesized bile acids are imme-
diately secreted and are primarily located in the bile ducts,
where they may not inflict liver injury. By contrast, the re-
duction in portal delivery of bile acids may lead to lower
uptake of bile acids by hepatocytes, and thereby attenuate
liver injury, inflammation, and fibrosis.

Our results are consistent with previous studies showing
that modulation of the gut microbiota influences bile acid
levels and metabolism (58-60). These studies have pointed
to intestinal FXR signaling and the resultant changes in
FGF15 and ceramides as potential intermediates between
microbiota-induced changes in bile acids on the one hand,
and liver triglycerides and bile acid synthesis on the other
hand. Although our data are not inconsistent with a role of
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intestinal FXR signaling, FGF15, and ceramides, our study
highlights the potential role of alterations in portal deliv-
ery of bile acids as a causal factor in linking changes in the
gut bacteria to altered liver inflammation and fibrosis.

It should be noted that, in contrast to previous data (61—
63), we did not find any evidence that the protective ef-
fect of antibiotics on the development of NAFLD might be
mediated by LPS, as portal LPS levels were not altered upon
antibiotic treatment.

In our study, specific gut microbial taxa could be linked
to the transition from simple steatosis to NASH and fibro-
sis. The higher relative abundance of the genera, Bifido-
bacterium and Prevotella, and of the species, Desulfovibrio
C21_c20 and Akkermansia muciniphila, as observed in the
colonic luminal content of the GG mice, have not been
observed in other mouse studies linking specific gut micro-
bial taxa to the progression of NAFLD. However, those
studies used either bile duct ligation (18, 64), a methionine
choline-deficient diet (65), or carbon-tetrachloride injec-
tions (64) to induce liver injury. Bacteria within the genera,
Lactobacillus, Bifidobacterium, and Streptococcus, have been
demonstrated to suppress hepatic inflammation in mice
and humans (66, 67). In addition to dampening hepatic
inflammation, Lactobacillus and Bifidobacterium have also
been shown to reduce hepatic fibrosis (68). Furthermore,
Bifidobacteria are known to be able to ferment GG (69, 70)
and possess active bile salt hydrolases (71). Because uncon-
jugated bile acids are less efficient in the solubilization and
absorption of intestinal lipids (71), one possible scenario is
that by increasing bile salt hydrolase activity and unconju-
gated bile acids, the increase in Bifidobacterium may be re-
sponsible for elevated fecal lipid excretion.

GG is composed of galactose and mannose residues and
is extracted from the seeds of guar beans. It is mainly used
as a thickening agent in several food products, including
ice cream, sauces, and cheese spreads (72). Although we
show that dietary GG promotes the progression of NAFLD,
caution should be exercised in extrapolating these data to
the human situation because: 1) the dose of GG used sub-
stantially exceeds the amounts ingested by humans; and 2)
the microbiota composition is vastly different between
mice and humans. In our study, we used GG as a model
compound to study the effect of modulating the gut micro-
biota composition on NAFLD.

In conclusion, we found that stimulation of the gut bacte-
ria by GG led to deleterious effects on hepatic inflammation
and fibrosis in a mouse model of NAFLD, whereas suppres-
sion of the gut bacteria by antibiotics attenuated NAFLD.
Overall, we provide evidence of a causal link between dis-
turbances in gut bacteria, bile acids, and NAFLD.Hl
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