Received: 3 December 2021 Revised: 19 April 2022 Accepted: 3 May 2022

DOI: 10.1002/hep.32568

ETAASLD

ORIGINAL ARTICLE

Metabolic reprogramming of the intestinal microbiome
with functional bile acid changes underlie the development
of NAFLD

Ekaterina Smirnova'® | Mark D. Muthiah®® | Nicole Narayan* |
Mohamad S. Siddiqui® | Puneet Puri® | Velimir A. Luketic’ | Melissa J. Contos® |

Michael Idowu® | Jen-Chieh Chuang’ | Andrew N. Billin’ | Ryan S. Huss’ |

Robert P. Myers” | Sherry Boyett® |

Mulugeta Seneshaw® | Hae-Ki Min® |

Faridodin Mirshahi® | Arun J. Sanyal®

1Department of Biostatistics, Virginia
Commonwealth University School of
Medicine, Richmond, Virginia, USA

2Division of Gastroenterology and
Hepatology, National University Health
System, Singapore

3Yong Loo Lin School of Medicine, National
University of Singapore, Singapore

4Second Genome Inc., South San
Francisco, California, USA

5Division of Gastroenterology, Hepatology
and Nutrition, Department of Internal
Medicine, Virginia Commonwealth University
School of Medicine, Richmond, Virginia, USA

5Department of Pathology, Virginia
Commonwealth University School of
Medicine, Richmond, Virginia, USA

"Gilead Sciences Inc., Foster City,
California, USA

Correspondence

Ekaterina Smirnova, Department of
Biostatistics, Virginia Commonwealth
University School of Medicine, MCV Box
980341, Richmond, VA 23298-0341, USA.
Email: ekaterina.smirnova@vcuhealth.org

Mark D. Muthiah, Division of
Gastroenterology and Hepatology, Towel
Block Level 10, 1E Kent Ridge Road,
Singapore, 119228 Singapore.

Email: mdcmdm@nus.edu.sg

Funding information

National Institutes of Health (NIH) grant
NIH RO1 DK105961 (to Arun J. Sanyal);
NIH grant T32 DK07150-40 (to Arun J.
Sanyal); NIH grant CTSA UL1TR002649
(to Ekaterina Smirnova) from VCU BERD

Abstract

Background and Aims: Bile acids are hepatic metabolites and have many
properties considered to be relevant to the pathophysiology of NAFLD.
Circulating levels of the intestinal microbiome-modified bile acid deoxycho-
late are increased in cirrhosis.

Approach and Results: To further elucidate the role of bile acids and intesti-
nal microbiota linked to bile acids in progressively severe NAFLD, a multiomic
study of feces including 16S rRNA sequencing, microbial transcriptomics and
metabolomics was performed in a cohort with varying phenotypes of NAFLD.
Several bile acids of microbial origin derived from deoxycholic acid (DCA) (gly-
codeoxycholate, 7-ketodeoxycholic acid, dehydrocholic acid) increased with
disease activity and fibrosis stage. These were linked to increased expression
of microbial bile salt hydrolase, bile acid operon (BaiCD) and hydroxysteroid
dehydrogenases (hdhA) required for DCA and downstream metabolite syn-
thesis providing a mechanistic basis for altered bile acid profiles with disease
progression. Bacteroidetes and several genera of Lachnospiraceae family
containing DCA generating genes increased with increasing disease severity,
whereas several potentially beneficial microbes sensitive to antibacterial ef-
fects of DCA e.g., Ruminococcaceae were decreased. The clinical relevance
of these data was confirmed in an independent cohort enrolled in a clinical
trial for NASH where at entry DCA and its conjugates were associated with
advanced fibrosis. In patients treated with placebo, DCA declined in those
with fibrosis regression and increased in those with fibrosis progression. DCA
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NASH AND FECAL BILE ACID—MICROBIOTA INTERACTIONS
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decompensation.

INTRODUCTION

NAFLD is a heterogeneous disorder driven by com-
plex gene-environmental interactions.l" The clinical-
histological spectrum of NAFLD ranges from a
nonalcoholic fatty liver (NAFL) to NASH; NASH is a
more active form of the disease and progresses to cir-
rhosis with greater frequency than NAFL.? The clinical
course of individuals with NAFLD is characterized by
variable rates of progression.m Similarly, responses
to various therapies under investigation are also vari-
able. The multifactorial basis for this heterogeneity is
under intense investigation because it is likely to ex-
plain the heterogeneity in clinical course and eventually
inform strategies tailored to each individual's unique set
of biological drivers of disease progression.

A major development over the last decade has been
an explosion of information on the complexity of the
intestinal microbiome both in terms of its composition
and function.>® There is already a body of literature
evaluating the microbiome in NAFLD. These indicate a
reversal of the Firmicutes to Bacteroides ratio and an
increase in Proteobacteria.l”! Recent studies have also
identified taxa and metabolites related to advanced fi-
brosis.®®! There is however substantial functional redun-
dancy across taxa and a change in a given taxa may
or may not have functional consequences. Bacterial
transcriptomic data are thus needed to understand
how microbial functionality changes with shifts in mi-
crobial composition. Further, the physiological outcome
of these findings require confirmation by interrogation
of the microbial metabolome. The relevance of these
to disease development and progression require com-
parison of data from individuals at specific stages of
disease and eventually from longitudinal datasets.

Bile acids are liver-derived metabolites of choles-
terol and have a multitude of biological effects that are
relevant to NAFL biology. These include modulation of
insulin sensitivity, glucose disposal, hepatic lipogenic
drive, cell-injury, inflammation and fibrosis.®’ We have
previously demonstrated several changes in the circu-
lating bile acid profile in those with NASH of varying

rose further in those with compensated cirrhosis when they experienced

Conclusions: These findings demonstrate a role for bile acids and the bile
acid dependent microbiome in the development and progression of NAFLD
and set the stage to leverage these findings for NASH biomarker develop-
ment and for therapeutics.

stages including an increase in the secondary bile acid
deoxycholic acid in those with advanced fibrosis."!
However, the mechanistic basis for such changes were
not known. Bile acids are also important modulators
of the intestinal microbiome and the impact of altered
bile acid profile on the composition of the microbi-
ome is also not known. The clinical relevance of these
changes in bile acids have also not been validated in
large independent data sets or longitudinally over time.

The goal of this study was to generate a comprehensive
view of the functional dysbiosis, using 16S rRNA sequenc-
ing, microbial transcriptomics and fecal metabolomics, as-
sociated with varying histological phenotypes of NAFLD
with a specific focus on the role of the bile acid dependent
microbiome in mediating the changes in bile acid profile
associated with increasing fibrosis. The impact of the mi-
crobiome on the bile acid profile as well as the impact of
changes in bile acid profile on bile acid-sensitive microbi-
ota were also assessed. Further, the biological and clinical
relevance of changes in intestinal bile acids were validated
across independent populations using both cross-sectional
as well as longitudinal serum bile acids data.

MATERIALS AND METHODS

The study was performed according to the Virginia
Commonwealth University (VCU) regulations for the
protection of human research subjects after the pro-
tocol was approved by the institutional review board
(IRB # HM14081). All study participants gave written
informed consent.

Participants recruitment

The patients were recruited at VCU Medical Center.
Patients with suspected NAFLD who were undergoing a
liver biopsy to further evaluate their liver disease stage
were considered for this study. NAFLD was suspected by
the presence of abnormal liver enzymes without evidence
of other liver diseases or radiologic evidence of a fatty
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liver. Those with a history of alcohol use above commonly
used thresholds (=30g/day for male patients and >20g/
day for female patients) or other causes of liver disease
(viral hepatitis B, viral hepatitis C, primary biliary cirrhosis,
sclerosing cholangitis, autoimmune hepatitis, hemochro-
matotis, Wilson's disease, a,-antitrypsin deficiency, and
drug-induced liver disease) were excluded. A core biopsy
was obtained after an overnight fast in all either a percuta-
neous or transjugular route. The presence of NAFLD was
diagnosed according to standard criteria.''2 On the basis
of the liver histology, two NAFLD patient groups were stud-
ied: (1) participants with nonalcoholic fatty liver (NAFL) as
diagnosed by the NASH CRN criteria included regardless
of BMI and presence of type 2 diabetes; (2) participants
with NASH. These groups were compared to controls de-
fined by asymptomatic status, ALT < 191U/l for women and
<311U/I for men, absence of steatosis by CAP measure
(<260 db/m) on fibroscan and no fibrosis on fibroscan (<6
kp).[z“” In total, 75 subjects took part in the study.

Liver histology assessment

Liver biopsies were collected in 1% formalin and pro-
cessed using routinely used clinical methods (see
Supporting Materials for details). All liver biopsies were
read by a hepato-pathologist using the NASH CRN scor-
ing system.m] NAFLD was diagnosed by steatosis >5%.
Steatohepatitis was diagnosed as steatosis, lobular in-
flammation and hepatocellular ballooning; for purposes
of this analysis those with definite steatohepatitis i.e., le-
sions mainly in zone lll were combined with those with
borderline steatohepatitis as defined by the CRN system.
For the population of patients with NAFLD, the NAFLD
activity score (NAS) and fibrosis stages were scored
as previously described by us 1213l Participants with an
NAS score of 24 were considered as having a high NAS
score. Clinically significant fibrosis was defined as hav-
ing a fibrosis score of 22, and participants with a fibrosis
score of 23 were defined as having advanced fibrosis.

Stool samples collection

A standardized approach based on prior studies of the
stool microbiome!"*'®!was established. Samplescollected
for RNA later was used for metatranscriptomic analysis,
leftover biomass was used for 16S rRNA sequencing.
Samples collected in empty containers were also used
for metabolomic analyses. Samples were transported
from the research laboratory to Second Genome (for mi-
crobiome) and Metabolon (for metabolomics) on dry ice.
All sample handling was done by trained staff per federal
standards for biosample collection, handling and trans-
port.“5] All stool samples were collected within 6 months
of liver biopsy or recruitment into the study. Additional de-
tails are available in the Supporting Materials.

Patient recruitment and specimen
collection for the external validation study

For the bile acid signature validation study, serum
data for patients with NASH with stages 2, 3, and 4
from Selonsertib and Simtuzumab Phase 2b stud-
ies!'®11 and placebo arm in the Phase 2b ATLAS
triall’® were included. In ATLAS, Liver biopsies,
obtained at baseline screening and week 48, were
evaluated in a blinded, unpaired manner by a single
central pathologist. Subjects with >1-stage fibrosis
improvement from baseline to week 48 were defined
as fibrosis improvement responders, whereas fibro-
sis worsening was defined with =1-stage fibrosis in-
crease from baseline to week 48. Patient recruitment
and study randomization details have been previ-
ously published.[16‘18]

Serum specimen collection

Fasting blood samples for the external validation
study were collected at baseline and through week 48.
Specimen collection details were previously described
elsewhere.["®

Statistical analysis
Software

The statistical analysis was performed using R soft-
ware." Unless stated otherwise, cutoff of 0.05 was
used for significance.

Multiomics correlation

Mantel tests were performed on Bray-Curtis dissimilar-
ity for each pair of -omics data (e.g., 16S and metabo-
lites) using R function mantel.rtest() in package ade4.
Only samples with both available data types were used
in the analysis.

PCo analysis of community structure
Brays—Curtis dissimilarity principal coordinates analy-

sis (PCoA) on taxa relative abundance was used for
visualization of each omics features data beta diversity.

Association with demographic and
clinical covariates

The significance between individual -omics data types
and clinical covariates was evaluated using univariate
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PERMANOVA tests on Bray-Curtis dissimilarity?”
with R function adonis() in package vegan.

Identification of differentially
abundant features

Microbiome and metatranscriptome pathways: The
linear discriminant analysis effect size (LEfSe)?"
was used to identify enrichment in relative abun-
dance 16S taxa and functional metatranscriptomic
pathways between treatment groups (e.g., NAFL ver-
sus NASH, etc). The method uses the nonparametric
Kruskal-Wallis statistical test to compute differences
among treatment groups and then a linear discrimi-
nant analysis (LDA) model to provide an effect size
for the significantly different features. Alpha values of
0.05 were used for the Kruskal-Wallis rank-sum test,
and a threshold of >2.0 for logarithmic LDA score
significance. Metabolomics: Two sample Welsh t-
test was used to identify metabolites (log,, trans-
formed data) that were significantly different each
comparison group. The p values for bile acids were
adjusted for the false discovery rate using R function
qvalue.[22'23] Metatranscriptome genes: The univari-
ate taxa differential abundance in two groups of sam-
ples was tested using a negative binomial model for
the overdispersion and Poisson process intrinsic to
gene count data with the adjustment for the multiple
comparisons, as implemented in DESeq2 package
in R.[24]

Confounder adjustment analyses

The effect of confounding factors on the significance
of bile acids and 16S taxa were tested using logistic
regression and random forest classification models.
Details are available in the Supporting Materials.

Heatmaps of differentially abundant features

Heatmaps of differentially abundant features were con-
structed by taking the ratio of average expressions in
two groups.

ATLAS serum bile acid statistical analysis

Kruskal-Wallis test was used for analyses compar-
ing healthy subjects with F2, F3, and compensated
patients with cirrhosis. Wilcoxon rank-sum test was
used to compare the percent changes from baseline
in serum bile acid levels between different fibrosis re-
sponse groups.

RESULTS

Demographic characteristic of the patient
cohort

Multiomics fecal data (16S, gene expression and derived
pathways from meta-transcriptomics, metabolomics)
were obtained from patients with NAFLD (n = 23 for
NAFL and n = 34 for NASH) and related to 18 controls
(Figure 1A—C). The baseline demographics and clinical
characteristics of the cohort are provided in Table S1 and
graphically represented in Figure S1A-C. Most “Omics”
measures were significantly correlated with a correlation
coefficient between 0.185 and 0.729 (Figure 1B). Principal
components analysis of Bray-Curtis distances within
each omics type demonstrated significant separation be-
tween disease groups i.e., control, NAFL and NASH for
meta-transcriptomic and related pathway activation data
(p =0.001 for both) but not for 16S data (Figure 1A,C) in-
dicating that although there were overlapping distribution
of the bacterial taxa across the groups, microbial func-
tionality varied across these groups.

Association of omics measures with
patient demographic profile

A PERMANOVA test was used to identify character-
istics with overall distributions of microbial taxa, gene
expression, pathway activation and fecal metabolites
(Figure 1C). Differential foldchange distribution of sig-
nificantly expressed individual genes, pathways, and
metabolites are further presented in supplemental
figures (Figures S2—-S4). Multiple patient characteris-
tics were related to the 16S profile of microbial taxa
and microbial gene expression including demographic
features (e.g., age for metatranscriptomics and sex for
metatranscriptomics and 16S), laboratory parameters
(triglycerides and bilirubin for 16S) and severity of sev-
eral histological features (e.g., steatosis for metatran-
scriptomics and 16S, and NAFLD activity score (NAS)
for metatranscriptomics). Fibrosis stage 2 and higher
are known to be associated with poorer liver outcomes
with a substantial step up in risk in stages 3 (bridging fi-
brosis) and 4 (cirrhosis).?®! The distribution of taxa was
also significantly different within groups with or without
clinically significant fibrosis (stage 2 or higher) or ad-
vanced fibrosis (stages 3—4).

Changes in fecal bile acids and bile acid
dependent microbiome in NAFLD and with
increasing disease activity

We have previously reported a decrease in total circu-
lating secondary bile acids with NAFLD of increasing
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severity.“o] In contrast to these previously reported cir-

culating bile acid profiles, the proportion of secondary
bile acids in feces was increased in NAFLD (Figure 2A).
The proportion of unconjugated bile acids was lower in
NAFLD compared to controls and in those with NASH
compared to NAFL (Figure 2B). Although no overall dif-
ferences in glycine conjugates to taurine conjugates
were seen in NAFLD versus controls, a numerically
higher proportion of taurine conjugated bile acids was
seen in those with high NAFLD activity scores (NAS)
(Figure 2C).

Disease activity was determined by (1) presence of
NASH rather than NAFL and (2) by a high NAS (24).["*]
For each comparison group, the proportion of features
that were decreased was defined as the number of
taxa that were decreased in more severe stage of the
disease (e.g., NASH in the comparison of NAFL vs.
NASH) out of the total number of all taxa that were dif-
ferentially expressed in that group. Among all taxa that
were differentially expressed within each comparison
group, 70% of differentially expressed taxa in NAFLD
compared to controls were decreased, 80% of differen-
tially expressed taxa in NASH versus NAFL and 100%
of differentially expressed taxa in those with high NAS
versus low NAS were decreased (Figure 2D).

Despite a general decrease in bacterial diver-
sity, several bile acids derived from microbial me-
tabolism increased with increasing disease activity.

7,12-diketolithocholic acid (p = 0.035; g = 0.103), gly-
codeoxycholic acid (p = 0.028; g = 0.103), and litho-
cholic acid (p = 0.036; g = 0.103) were increased in
NASH compared to NAFL, whereas dehydrocholic acid
(p = 0.007; g = 0.160) and lithocholic acid (p = 0.027;
g = 0.278) were increased in those with a high NAS
versus low NAS indicative of specific changes in gut
modified fecal bile acids that were correlated with dis-
ease activity (Figure 2E).

To obtain additional insights on the mechanistic
basis for these findings, the expression of microbial
genes involved in bile acid transformations was de-
termined (Figure 2F—H). Bile salt hydrolase (BSH) is
the first and rate-limiting step in intestinal bile acid
metabolism and the expression of this gene was in-
creased in NAFLD versus controls (p = 0.001; p-
adjusted = 0.030). The major gut modification of bile
acids is 7-dehydroxylation, which is a multistep process
involving bile acid inducible operons (bai) that convert
primary to secondary bile acids. BaiB was increased in
NAFLD versus control (p<0.001; p-adjusted = 0.020),
whereas BaiH was increased in high NAS versus low
NAS (p = 0.033; p-adjusted = 0.176). The expression of
hydroxysteroid dehydrogenase (hdhA), which mediates
formation of dehydrocholic and 7,12-diketolithocholic
acid, was significantly increased in NAFLD versus con-
trols (p = 0.001; p-adjusted = 0.008). Together, these
demonstrate both changes in the fecal bile acid profile
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with increasing disease activity and the underlying
mechanistic changes in the gut microbiome responsi-
ble for these changes.

Changes in fecal bile acids and bile acid
dependent microbiome in NAFLD and with
disease severity

Both all-cause mortality and liver-related outcomes in-
crease in those with stage 2 disease with a further sig-
nificant step up with stages 3 and 4 respectively.[zsl The

changes in fecal bile acids and the bile acid dependent
microbiome were thus interrogated in those with fibro-
sis stage 2 or higher (clinically significant fibrosis) and
in those with stage 3 or 4 (advanced fibrosis).

The proportion of secondary bile acids in feces
was smaller in those with clinically significant and ad-
vanced fibrosis, whereas total unconjugated bile acids
were increased (Figure 3A,B). In contrast to changes
seen with increasing disease activity, there was a de-
crease in taurine conjugated bile acids in those with
clinically significant fibrosis (stage 2 and higher) as
well as in those with advanced fibrosis (stages 3 or 4)
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ant fibrosis, and (ii) advanced fibrosis. (A) Proportion of total

primary and total secondary bile acids. (B) Proportion of total conjugated and total unconjugated bile acids. (C) Proportion of total glycine
conjugated and total taurine conjugated bile acids. (D) Proportion of features that are significantly decreased among the total number of

significantly different features in individual comparisons in two fibrosis st

ages for the 16S data set. For each comparison group, proportions

were calculated by dividing the number of taxa that were significantly decreased in that comparison (e.g., high advanced fibrosis vs. no
advanced fibrosis) by a total number of taxa that were significantly different in that comparison group. (E) Boxplots of bile acid metabolites
that are significantly different in comparison of fibrosis stage groups. (F-G) comparison of expression of microbial genes involved in gut
biotransformation of bile acids across NAFLD disease states; bai, bile acid inducible operon; BSH, bile acid hydrolase; HDH, hydroxysteroid

dehydrogenase. Significantly expressed differences (p value<0.05) are i
controlled under the 11% the false discovery rate (FDR) are identified by

(Figure 3C). Among all taxa that were differentially ex-
pressed, 75% and 73% were decreased in those with
clinically significant and advanced fibrosis, respec-
tively (Figure 3D).

Multiple bile acids were also altered with disease
severity (Figure 3E). Several microbially-derived me-
tabolites of deoxycholate were increased with increas-
ing fibrosis. 12-dehydrocholate (p = 0.045; g = 0.159),
7-ketodeoxycholate (p = 0.045; g = 0.159), dehydro-
cholic acid (p = 0.047; g = 0.159), and glycodeoxycho-
lic acid (p = 0.039; g = 0.159) was increased in those
with clinically significant fibrosis. In patients with ad-
vanced fibrosis, glycodeoxycholic acid remained ele-
vated (p = 0.004; g = 0.097), indicative of significant
changes in the gut modified fecal bile acids with more
advanced disease. Interestingly, taurolithocholic acid
was decreased in advanced fibrosis. This secondary
bile acid has previously been reported to be increased
in alcoholic hepatitis.m]

dentified by a * symbol; bile acid and genes in panels D-G
a ** symbol.

The increase in the bile acids mentioned above was
accompanied by an increased expression of microbial
genes involved in bile acid transformation (Figure 3F,G).
hdhA was increased in patients with clinically sig-
nificant fibrosis (p = 0.002; p-adjusted = 0.105), and
was also increased in patients with advanced fibrosis
(p = 0.003; p-adjusted = 0.099). Additionally, patients
with advanced fibrosis had increased expression of
baiCD (p = 0.037; p-adjusted = 0.327), which is critical
for the formation of secondary bile acids especially de-
oxycholic acid.[2"28]

The fecal bile acid signature of NAFLD
and its relationship to the intestinal
microbiome

The levels of bile acids derived from the cytosolic Cyp7A
pathway (Figure 4A, 12-OH group) were increased to a
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FIGURE 4 Changes in bile acids with NAFLD progression to fibrosis. (A) Heat map of bile acids relative concentrations averaged
across all patients within each comparison group; 12a-OH: 12a hydroxylated bile acids; ox-BA/epimer: Bile acids with oxidation or
epimerization at 3, 7 or 12 position. Significantly expressed differences (p value<0.05) are identified by a * symbol. (B) Radar plot for
differentially expressed bile acids in control, NAFL, NASH and advanced fibrosis. Each pathway expression is normalized to the maximum
across control, NAFL, and NASH patient groups. Outer dashed circle corresponds to the maximum expression of each pathway, middle
dashed circle to the 0.5*maximum expression, and inner circle to the minimum expression. (C) Correlation heatmap of significantly
expressed taxa with bile acids increased in clinically significant and advanced fibrosis. Only correlations with |p|=0.3 are highlighted in
color. Correlations with p value<0.1 adjusted for the multiple comparisons are denoted by a * sign.

greater degree than those from the mitochondrial 27
hydroxylase pathway (Figure 4A,B). Glycodeoxycholate
was increased in patients with NASH as compared to
NAFL and was also increased in patients with both clin-
ically significant fibrosis and advanced fibrosis. These
are in line with previously published data on circulating
bile acids in NASH.!"% Oxidized bile acid epimers de-
rived from microbial modification of deoxycholate were
also increased with increasing disease activity and fi-
brosis. Together, these resulted in distinct bile acid pro-
files in NAFL versus NASH, NASH with high activity,
and in advanced fibrosis.

Next, to further evaluate the relationship of al-
tered fecal bile acids and the microbiome, the
concentrations of the key bile acids in those with
more severe disease activity and fibrosis were re-
lated to the abundance of specific taxa (Figure 4C).
Glycodeoxycholate was tightly correlated with multiple
families including Christensenellaceae, Clostridiaceae,
Coriobacteriaceae, Lachnospiraceae, Peptostrepto-
coccaceae and Ruminoccoceae, whereas dehydrocho-
late levels correlated with mainly Actinomycetaceae,
Bifidobacteriaceae, Coriobacteriaceae, Enterobacteri-
aceae, Erysipelotrichaceae, Eubacteriaceae, Lachno-
spiraceae, Mogibacteriaceae, Ruminococcaeae, and

Verrucomicrobiaceae. A more limited set of microbi-
ota were correlated with 7-ketodeoxycholate and 12-
dehydrocholate—7-ketodeoxycholate correlated with
Barnesiellaceae and Bifidobacteriaceae, whereas
12-dehydrocholate correlated with Peptostreptococ-
caceae and Porphyromonadaceae.

To further interrogate these relationships and their
relevance to NASH of increasing severity, microbial
taxa were compared across multiple disease pheno-
types (Figure 5A). The abundance of the majority of
differentially abundant taxa in NAFLD and in NASH ver-
sus NAFL was decreased. However, in those with clini-
cally significant fibrosis virtually all of whom had NASH,
several taxa were increased including Bacteroidaceae
Bacteriodes (p 0.015; LDA score 4.492) and
Lachnospiraceae, whereas most differentially abun-
dant taxa in the Ruminococcaceae family were de-

creased including Ruminococcus (p = 0.034; LDA
score = 4.091). Genera Sutterella (p = 0.023; LDA
score = 3.445) and Lachnospira (p = 0.041; LDA
score = 3.591) were further increased only in those

with advanced fibrosis, whereas Prevotella (p = 0.032;

LDA score = 3.759), Lactobacillus (p = 0.016; LDA
score 4.948), Ruminococcus (p = 0.031; LDA
score = 4.278) and Turicibacter (p = 0.040; LDA
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FIGURE 5 Analysis of changes in microbial genes and taxa related to bile acids within each comparison group. (A) Heatmap of

the average log?2 fold change for significantly expressed taxa in LEfSe pairwise comparisons of NAFLD to control and disease activity;
significantly expressed taxa are identified by a * symbol. (B) Heatmap of the average log2 fold change for taxa known to contain genes
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score = 2.987) were decreased. Thus, only a limited set
of microbiota were increased with increasing disease
severity both in terms of activity and fibrosis.

To further determine which of the differentially ex-
pressed microbiota in NASH had the ability to me-
tabolize bile acids and potentially able to contribute
to the alterations in the fecal bile acids observed,

the differentially expressed taxa were screened for
their ability to metabolize bile acids from existing lit-
erature (Figure 5B).”®! Multiple BSH expressing taxa
including the genera Lactobacillus (p = 0.020; LDA
score = 3.728) and Methanobrevibacter (p = 0.044; LDA
score = 2.932) were significantly enriched in NAFLD as
a whole, but the abundance of Lactobacillus (p = 0.016;
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LDA score = 3.948) decreased in those with advanced
fibrosis. Catenibacterium, which also expresses 12a-
OH steroid dehydrogenase, was enriched (although not
significantly) with increasing fibrosis. Eggerthella, con-
taining both 3a- and 12a-OH steroid dehydrogenases
and BaiCD, which is critical for deoxycholate genera-
tion was increased (although not significantly) in those
with more advanced fibrosis. Lachnospira (p = 0.041;
LDA score = 3.591 in advanced fibrosis) and several
unnamed genera within the Lachnospiraceae family
containing key genes necessary to produce the differ-
entially abundant bile acids were significantly increased
in both those with clinically significant fibrosis and ad-
vanced fibrosis.

Bile acids can modify the microbiome by reducing the
abundance of taxa that are sensitive to the antibiotic ef-
fects of bile acids and increasing the abundance of taxa
that are dependent on bile acids for their growth. The
loss of microbiota sensitive to the antibiotic effects of bile
acids was interrogated by evaluating the expression of
microbial genes that are in such taxa.?%3% These sug-
gested a general suppression of these genes in NAFLD
versus controls, NASH versus NAFL, and with increas-
ing fibrosis with a few exceptions. Gene expression of
Endonuclease 4 (nfo) (p = 0.083; p-adjusted = 0.410)
and Penicillin-binding protein 1A (mrcA) (p = 0.028;
p-adjusted = 0.270) were decreased in patients with
NASH versus NAFL. Gene expression of DNA ade-
nine methylase (dam) (p = 0.080; p-adjusted = 0.270),
single-stranded-DNA-specific exonuclease RecJ (recJ)
(p = 0.018; p-adjusted = 0.142), and outer membrane
protein TolC (tolC) (p = 0.022; p-adjusted = 0.144) were
decreased in patients with high activity. TolC was also
decreased in patients with clinically significant fibrosis
(p = 0.004; p-adjusted = 0.053). These indicate sub-
stantial remodeling of the microbiome with a decrease
in microbiota sensitive to bile acid—mediated growth in-
hibition (Figure 5C).

External validation and clinical
relevance of changes in serum bile acid
changes in NASH

The fecal bile acid profile demonstrated an increase in
deoxycholate and related metabolites with increasing
severity of disease (Figure 4B). We have previously also
demonstrated an increase in circulating deoxycholate in
those with increased fibrosis stage.“o] In those studies,
however the deoxycholate-metabolites such as dehy-
drocholate, 7-ketodeoxycholate and 3-dehydrocholate
were not measurable. These suggested that, of the in-
testinally modified bile acids whose levels change with
increasing fibrosis, deoxycholate rather than its down-
stream products is likely to be a key candidate related
to disease severity.

This possibility was tested in an independent cohort
of 72 patients with NASH stage 2—4 who participated
in a Selonsertib and Simtuzumab Phase 2b studies,
the primary results of which have been previously
published.'®"] Serum data at baseline was used for
analysis. Compared to healthy volunteers, patients
with NASH and clinically significant fibrosis had higher
serum deoxycholate (DCA) levels (Figure 6A). There
was also a stepwise increase in glycodeoxycholate
(GDCA) and taurodeoxycholate (TDCA) further con-
firming the relationship of increased deoxycholate
with increasing fibrosis. We further related the trajec-
tory of fibrosis change in patients who participated
in a placebo-controlled ATLAS clinical trial for NASH
(Figure 6B,C)."® Those who had cirrhosis were further
followed over time and bile acid levels measured at the
time of decompensation (Figure 6B). There was a step
up in both lithocholate and deoxycholate with decom-
pensation in these individuals which reached signifi-
cance for taurodeoxycholate (p<0.03).

In general, those who experienced a one or greater
fibrosis stage improvement had a trend for decreased
deoxycholate and its conjugates whereas those
who had worsening fibrosis had increased levels
(Figure 6C). Those with unchanged fibrosis stage had
relatively unchanged deoxycholate (both unconjugated
and conjugated forms) levels.

DISCUSSION

The current study provides insights on the role of the
bile acid dependent microbiome and changes in bile
acid profile with increasingly severe NAFLD and sug-
gests an important role for genesis of the microbially-
derived secondary bile acid deoxycholic acid in disease
severity. This has several implications for the field.

First and foremost, they provide evidence relating de-
oxycholic acid and its conjugates as biomarkers of ad-
vanced fibrosis and disease progression. They not only
increased progressively with clinically significant fibrosis
(=stage 2) to advanced fibrosis (=stage 3) but were fur-
ther increased at the time of clinical decompensation.
These data generated over independent patient cohorts
are further complemented by evidence from patients with
NASH who were in the placebo arm of the ATLAS trial'®
where those with fibrosis improvement had decreased
conjugated and unconjugated deoxycholic acid levels
and those with fibrosis progression had increased levels
(Figure 6). These data suggest the potential for the use
of deoxycholic acid and the bile acid profile as prognostic
biomarkers as well as disease-monitoring biomarkers and
support their future development for these indications.

It is known that both disease activity and fibrosis can
wax and wane over time in patients with NASH.[12:31-33]
The specific biological factors associated with regression



HEPATOLOGY 1821
Serum levels of DCA and its conjugates across di spectrum Changes in levels of DCA and its conjugates compared to baseli
(A) DCA GDCA TDCA €) Week 12 Week 24 Week 48
p=0.056
500
1000 ——p=00B °
o
lw)
@
>
500
400 )| g 8 H
O s=m=r éﬁ» ------------ e e | N e —_— -
800 ) ) ) ep=0012_ ]
£
% 2 600 p=0.073 *p=0017
E @ r ! T
EW el [¢]
» 300 5 400 P 8
= &= =0.078 o)
5 o
< =2 o o o 2=
g z 200 £ 2
2 ES é
k- I (R | [ S 1 SR W W AN I | NP D S W e T S, e
€ 0
>
]
v 200 600 p=0.094
. *p=0.048 t p=0.052
400
—
o @)
*p=004 <)
200 o () =
100 @
4 e E"-E% ------------------------ é ------
S w | S w | S w
Fibrosis improvement seen at week 48
0 [ ] - . E Fibrosis stable at week 48
HV F2 F3 F4 HV F2 F3 F4 HV F2 F3 F4 . . .
S| Fibrosis worsening seen at week 48
Changes in serum DCA and its conjugates with liver decompensation
(B) Total serum bile acids (ng/ml) Serum DCA (ng/ml) Serum GDCA (ng/ml) Serum TDCA (ng/ml)
80000 oo 2500 p=075 5000 =029 1500 p=0034
60000 2000 4000
1000
1500 3000
40000
1000 2000
500
20000
500 1000
= ——
Compensated Decompensated Compensated Decompensated

FIGURE 6 External data validation using serum biosamples. (A) Serum DCA and its conjugates across disease spectrum, seen

in healthy volunteers (HV) and NASH with fibrosis stages 2—4 (F2—F4) at baseline in an independent data set from Selonsertib and
Simtuzumab phase 2b studies."®"7] Significant increase in G-DCA and T-DCA in fibrosis stage 4 (F4). (B) Changes of serum DCA and
conjugates during liver decompensation in ATLAS study.“el (C) Changes in serum DCA levels and its conjugates 12, 24, and 48 weeks from

baseline over time in patients from placebo arm with improvement, stability, and worsening of fibrosis at week 48 in the ATLAS study.

are not clear. Specifically, in the NASH CRN cohort this
was not a function of changes in body weight."? Our ob-
servation linking GDCA levels with fibrosis severity and a
further step up to decompensation on one hand and in-
crease in GDCA with fibrosis progression and decrease
with fibrosis regression within the placebo arms of the
ATLAS ftrial provides evidence for deoxycholic acid and
its conjugates as drivers of disease severity and a ratio-
nale for targeting it to modify the course of the disease.
Several prior studies further provide additional
support for deoxycholic acid as a driver of disease
progression in NAFLD. Recent studies indicate that
deoxycholic acid increase collagen synthesis by he-
patic stellate cells via binding to TGR5 receptors.[34]
Further, deoxycholic acid is known to perturb mi-
tochondrial outer membranes in a concentration

8]

dependent manner which preceded mitochondrial
membrane transition triggering cell death pathways.[ss]
We and others have previously demonstrated mito-
chondrial injury in NASH®®~38! and mitochondrial fail-
ure is a key feature of advanced liver failure requiring
liver transplantation.[SQ] Deoxycholic acid also induced
mir21/PDCD4-mediated apoptosis in hepatocytes.*”
Given the plethora of data on the cellular mechanisms
of deoxycholic acid—mediated injury, the current study
focused primarily on generating evidence linking it to
histological severity and clinical outcomes. Taken to-
gether, they provide deoxycholic acid as a biologically
plausible and clinically relevant marker of NASH pro-
gression and potential regression.

The current study further provides a mechanistic
framework and insights into the alterations in the bile
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acid profile across increasingly severe disease phe-
notypes. Although Clostridium are major producers
of secondary bile acids under normal circumstances,
the abundance of Clostridium was not significantly
changed in advanced fibrosis (Figure 5B). On the other
hand, Lactobacillus, g4otu10116 (Lachnospiraceae
family) and Lachnospira emerged as major taxa that
are both differentially expressed with advanced fibrosis
and are known to express key bile acid metabolizing
enzymes that can generate the bile acid profiles noted
in this population. These data open the exciting possi-
bility of targeted intervention to modulate these taxa to
modify disease progression in a precision medicine—
based approach in future studies.

Several other taxa, not directly involved with bile acid
metabolism also changed with NASH progression to ad-
vanced fibrosis. The majority of these were decreased in-
cluding Prevotella, multiple generafrom Ruminococcaceae
and Clostridiaceae families, as well as Turicibacter which
have been linked to metabolic health benefits.*" Several
of these, e.g., Ruminococcaceae are sensitive to antibac-
terial effects of deoxycholic*? and their abundance was
inversely related to deoxycholic acid in this study. Further,
numerous genes commonly expressed in microbiota sen-
sitive to the antibacterial effects of bile acids were down-
regulated in advanced fibrosis as in steatohepatitis. These
data provide evidence for restructuring of the microbiome
with NASH development and in advanced fibrosis. The
potential implications of decreased abundance of these
taxa for overall metabolic health across various pheno-
types of NAFLD await further elucidation.

As with many studies, there are some limitations of
this work. The sample size of the multiomic study co-
hort was relatively modest; however, the key findings are
supported by methods to minimize false discovery. The
study cohorts were predominantly Caucasian and the
data may or may not be generalizable to all races and
ethnicities. Increased cholesterol intake is known to alter
bile acids production in the liver,**! however the detailed
dietary information was not collected, and we could not
characterize the role of nutrition on bile acid changes in
NAFLD. Although the confounder unadjusted analyses
were reported, a subanalysis adjusting for age, sex, BMI,
and diabetes revealed that the conclusions hold after
confounder adjustment (see Figures S5-S7). The pop-
ulation also had very few patients with cirrhosis and ad-
ditional studies to evaluate microbial dysfunction leading
to increased deoxycholic acid and its derivatives in cir-
rhosis due to NASH are warranted. Additionally, this was
mainly a cross-sectional study and serial changes in the
microbiome will require a longitudinal study. However, the
main finding of deoxycholic acid being related to fibrosis
progression, more advanced disease and clinical decom-
pensation was observed in the validation cohorts.

In summary, the current cross-sectional study
demonstrates both compositional and functional
changes in the bile acid dependent microbiome and

concordant changes in fecal bile acids with increas-
ingly severe activity and fibrosis stage in NAFLD. It pro-
vides mechanistic insights on the observed increase in
deoxycholic acid and its derivatives with disease sever-
ity, and lays foundation for future longitudinal studies of
NAFLD. Clinical data demonstrate a strong linkage not
only to development of advanced fibrosis but relate co-
ordinate changes in deoxycholic acid and the course of
fibrosis as well as with clinical decompensation. They
further identify specific taxa linked to these changes
and disease progression to advanced fibrosis. These
data strongly support a role for the bile acid dependent
microbiome in progressive NASH and set the stage to
leverage these findings both for biomarker and thera-
peutics development.
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