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Original Article

Microbiome and bile acid profiles in duodenal aspirates from
patients with liver cirrhosis: The Microbiome, Microbial
Markers and Liver Disease Study

Jonathan P. Jacobs,1,2,3 Tien S. Dong,3 Vatche Agopian,4 Venu Lagishetty,3 Vinay Sundaram,5

Mazen Noureddin,5 Walid S. Ayoub,5 Francisco Durazo,3,4 Jihane Benhammou,1

Pedram Enayati,5 David Elashoff,6 Marc T. Goodman,7 Joseph Pisegna1 and Shehnaz Hussain7,8

1Division of Gastroenterology, Hepatology and Parenteral Nutrition, VA Greater Los Angeles Healthcare System and
Department of Medicine and Human Genetics, 2UCLA Microbiome Center, and 3The Vatche and Tamar Manoukian
Division of Digestive Diseases, Department of Medicine, David Geffen School of Medicine at UCLA, 4Departments of
Surgery, and 8Department of Epidemiology, Fielding School of Public Health, University of California, 5Division of
Digestive and Liver Diseases, Department of Medicine, and 7Samuel Oschin Comprehensive Cancer Institute,
Cedars-Sinai Medical Center, and 6Department of Biostatistics, Fielding School of Public Health, University of
California , Los Angeles, Los Angeles, California, USA

Aim: Cirrhosis is a leading cause of death worldwide, yet there
are no well-established risk stratifying tools for lethal complica-
tions, including hepatocellular carcinoma (HCC). Patients with
liver cirrhosis undergo routine endoscopic surveillance, provid-
ing ready access to duodenal aspirate samples that could be a
source for identifying novel biomarkers. The aim of this study
was to characterize the microbiome and bile acid profiles in du-
odenal aspirates from patients with liver cirrhosis to assess the
feasibility of developing biomarkers for HCC risk stratification.

Methods: Thirty patients with liver cirrhosis were enrolled in
the Microbiome, Microbial Markers, and Liver Disease study
between May 2015 and March 2017. Detailed clinical and epide-
miological data were collected at baseline and at 6-monthly
follow-up visits. Duodenal aspirate fluid was collected at base-
line for microbial characterization using 16S ribosomal RNA se-
quencing and bile acid quantification using mass spectroscopy.

Results: Alcohol-related cirrhosis was associated with reduc-
tions in theBacteroidetes phylum, particularly Prevotella (13-fold

reduction), and expansion of Staphylococcus (13-fold increase),
compared to hepatitis C virus-related cirrhosis. Participants with
hepatic encephalopathy (HE) had less microbial diversity com-
pared to patients without HE (P< 0.05), and were characterized
by expansion of Mycobacterium (45-fold increase) and Gram-
positive cocci including Granulicatella (3.1-fold increase), unclas-
sified Planococcaceae (3.3-fold increase), and unclassified
Streptococcaceae (4.5-fold increase). Non-Hispanic White pa-
tients had reduced microbial richness (P< 0.01) and diversity
(P< 0.05), and increased levels of conjugated ursodeoxycholic
acid (glycoursodeoxycholic acid and tauroursodeoxycholic acid,
P< 0.05) compared to Hispanic patients.

Conclusion: Microbial profiles of duodenal aspirates differed
by cirrhosis etiology, HE, and Hispanic ethnicity.

Key words: bile acids, cirrhosis, microbiome

INTRODUCTION

LIVER CIRRHOSIS IS one of the leading causes of death
worldwide, accounting for over 49000 deaths in

2010.1 Although there are many serious complications
related to cirrhosis, hepatocellular carcinoma (HCC) is
one of the leading causes of death in this cohort. Hepato-
cellular carcinoma is the fifth most commonly diagnosed
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cancer worldwide in adult men, and is the second leading
cause of cancer-relatedmortality in the world.2 The burden
of HCC depends heavily on age and ethnicity. Older His-
panic men have the highest HCC incidence rate of any
major demographic group, and HCC risk overall is nearly
three times higher inHispanics compared to non-Hispanic
White people.3,4 Advanced HCC is essentially untreatable
with most patients surviving less than 6 months,
explaining the low 5-year survival rate of 18%.4 However,
given the long subclinical growth period for HCC, effective
early detection could allow for curative interventions.
Currently there is no well-established biomarker to pre-

dict which patients with cirrhosis will develop HCC.
However, recent advances in our understanding of gut
microbes, microbial products, and bile acids have pro-
vided insight into how imbalances in the gut–liver axis
influence the progression from cirrhosis to HCC.5 Lipo-
polysaccharide (also known as endotoxin, a potent immu-
nogenic component of certain bacterial cell membranes)
can promote hepatocyte damage and transformation by
activating immune cells, inducing cytokine secretion, and
inducing reactive oxygen species.6–8 Furthermore, one of
the major roles of the gut microbiome is to metabolize
primary bile acids into secondary bile acids to be
recirculated as part of the enterohepatic circulation.7 In
cirrhosis, inefficiency in capturing and secreting bile acids
results in bile acid accumulation in the liver where they
can act as carcinogens.6,8,9 Therefore, the gut microbiota
and bile acid analysis can provide the basis for potentially
novel biomarkers.
We hypothesize that small intestinal microbiota and

bile acids could serve as biomarkers for early diagnosis
of HCC. As an initial step into investigating these bio-
markers, we carried out this study to examine the feasibil-
ity of using duodenal aspirates during routine upper
endoscopy as a means of collecting and analyzing bile
acids and the gut microbiome. We show that there is an
association between the microbiome and bile acid com-
position of duodenal aspirate samples with cirrhosis
etiology, cirrhosis complications, and race/ethnicity. This
study is based in an ongoing cohort study of a diverse
population of participants with liver cirrhosis. Our results
indicate the feasibility of the duodenal aspirate sampling
strategy and the potential application of duodenal micro-
bial signatures as biomarkers.

METHODS

Study cohort

THIS STUDY WAS nested within an ongoing prospec-
tive cohort study of participants with liver cirrhosis

to investigate biomarkers for HCC development, the
Microbiome, Microbial Markers, and Liver Disease
(M3LD) study. Patients with a diagnosis of liver cirrhosis
confirmed by biopsy or imaging, who were 18 years of
age or older, were eligible for the study. Having a prior or-
gan transplant or diagnosis of HCCwere exclusion criteria.
Participants were recruited and consented at the time of a
standard of care upper gastrointestinal endoscopy screen-
ing procedure at Cedars-Sinai Medical Center or Ronald
Reagan UCLA Medical Center (both Los Angeles, CA,
USA). Cirrhosis-related clinical data (e.g. etiology, compli-
cations, and clinical laboratory tests) and medication
usage were captured from electronic medical records using
standardized case report forms. The etiology of each pa-
tient’s cirrhosis was obtained by chart review of their clin-
ical hepatology notes. Non-alcoholic fatty liver disease
patients had no history of heavy alcohol use defined per
standard clinical criteria based on the US Department of
Health and Human Services of >1 standard drink per
day for women and >2 standard drinks per day for
men.10 The present study cohort consists of 30 partici-
pants enrolled in 2016–2017.
The additional time and procedural risk with adding

duodenal aspiration to routine upper endoscopywere neg-
ligible. No patients had any adverse events due to the
added procedure. The study was approved by the Institu-
tional Review Boards at Cedars-Sinai Medical Center and
the University of California, Los Angeles. Verbal and
written informed consent for duodenal aspiration was
obtained from all patients.

Aspirate fluid collection and processing
Duodenal aspirates were collected during an
esophagogastroduodenoscopy through a sterile dispos-
able aspiration catheter passed through the working chan-
nel of the upper endoscope, its tip positioned in the 2nd
portion of the duodenum distal to the ampulla of Vater.
Upon reaching the area of interest, any fluid present was
aspirated and collected first into the aspirate container
attached to the catheter. If less than 15 mL fluid was col-
lected, 30 mL sterile water was flushed by syringe and
recollected immediately by aspiration. The aspirate fluid
was immediately transported over ice to the processing
laboratory where it was aliquoted into barcoded vials
and placed in a�80°C freezer for storage until biomarker
testing.

Standardization of aspirate samples
For data normalization and to compensate for the in vivo
dilution of the duodenal aspirate during collection, pro-
tein content, osmolality, and visual color grade of the
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sample were determined. Protein content in the duodenal
aspirate samples was determined using the Bradford
method.11 Samples were analyzed on a Spectramax EMax
(Molecular Devices, San Jose, CA, USA) microplate reader
with SoftMax Pro version 4.6 (Molecular Devices, San Jose,
CA, USA). Osmolality was analyzed on a Fiske Micro-
Osmometer model 210 (Advanced Instruments, Nor-
wood, MA, USA). Each sample was visually inspected
and assigned a color saturation grade: 0, clear; 1, light yel-
low; 2, moderate yellow; or 3, dark yellow. Coloration is a
surrogate for the concentration of bile pigments (mostly
bilirubin) in the sample.

Bile acid characterization
In total, 15 major bile acids were measured in human
duodenal aspirate samples by Metabolon, Morrisville, NC,
USA: cholic acid, chenodeoxycholic acid, deoxycholic acid,
lithocholic acid, ursodeoxycholic acid (UDCA), glycocholic
acid, glycochenodeoxycholic acid, glycodeoxycholic acid,
glycoursodeoxycholic acid (GUDCA), taurocholic
acid, taurochenodeoxycholic acid, taurodeoxycholic
acid, taurolithocholic acid, tauroursodeoxycholic acid
(TUDCA), and glycolithocholic acid.
Aliquots of 50.0 μL of each sample were extracted with an

acidified methanol solution. Following centrifugation, the
clear supernatant was diluted. For calibration and
assay optimization, several dilution levels of the study sam-
ples were tested: 10-fold, 1000-fold, 10000-fold, and
100000-fold. For quality control (QC), diluted human bile
samples were used to monitor method performance with
most bile acid concentrations at the endogenous level.
Study samples and QC samples were spiked with a solu-

tion of labeled internal standards and evaporated to dryness
in a gentle stream of nitrogen. The dried extracts were
reconstituted and injected onto anAgilent 1290 (Santa Clara,
CA, USA) /Sciex QTrap 6500 liquid chromatography–
tandem mass spectrometry system equipped with a C18 re-
verse phase high-performance liquid chromatography col-
umn. The mass spectrometer was operated in negative
mode using electrospray ionization. The peak area of each
bile acid parent (pseudo-MRM mode) or product ion was
measured against the peak area of the respective internal
standard parent (pseudo-MRM mode) or product ion.

Microbiome characterization: 16S ribosomal
RNA sequencing
Genomic DNA was extracted from 0.5 mL duodenal
aspirate using the Powersoil kit as per the manufacturer’s
instructions (MO BIO, Carlsbad, CA, USA). The V4 region
of 16S ribosomal RNA (rRNA) genes was amplified and
underwent paired end sequencing on an Illumina MiSeq

(San Diego, CA, USA) as previously described.12 The 253
base pair reads were processed using QIIME version 1.9.1
with default parameters.13 Sequence depth ranged from
49892 to 513103 sequences per sample. Operational tax-
onomic units (OTUs) were picked against the May 2013
version of the Greengenes database, prefiltered at 97%
identity. The OTUs were removed if they were present in
fewer than three samples. Alpha diversity (i.e. diversity
within a sample) and beta diversity (differences in compo-
sition across samples) were calculated in QIIME using
OTU-level data rarefied to 49892 sequences.

Statistical analyses
For bile acids, quantitation was carried out using a
weighted linear least squares regression analysis generated
from fortified calibration standards prepared immediately
prior to each run. Precision was evaluated using the corre-
sponding QC replicates in each sample run. Intra-run
precision (% CV) of all analytes met acceptance criteria
(only intra-run precision was evaluated as samples were
analyzed in a single batch). To examine the association
between total bile acid levels and measures of protein
content, osmolality, visual color grade, and patient and
clinical parameters, we used linear regression models
similar to prior published work.14

Microbiome data were analyzed for alpha diversity, beta
diversity, and association of taxa abundance with clinical
parameters. Alpha diversity refers to metrics of diversity
within a community (i.e. patient sample), which pertain
to the total number of species (richness), the total length
along a phylogenetic tree covered by a community
(phylogenetic diversity), or how evenly distributed the
members of a community are among the species present
(evenness).15 For this study, we used Faith’s phylogenetic
diversity (PD), Chao1 (ametric of richness), and Shannon
index (a metric of evenness) with 97% OTUs representing
the equivalent of species. The significance of differences in
alpha diversity was calculated by two-tailed t-test. Beta
diversity refers to comparison of microbial composition
across communities (i.e. patient samples) based upon
which species are present/absent or their relative abun-
dances.16 In this study, beta diversity was calculated using
unweighted UniFrac, a phylogenetic metric that compares
the fraction of a phylogenetic tree that is covered by the
species present in one sample compared to another, and
visualized by principal coordinates analysis.16 Adonis, a
permutational ANOVA, was carried out using 100000
permutations to test for differences in unweighted UniFrac
distances across the color grade and various clinical
features including cirrhosis etiology, cirrhosis complica-
tions, race/ethnicity, severity of cirrhosis, presence of
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diabetes, and certain medications associated with micro-
bial shifts (rifaximin, lactulose, proton pump inhibitor,
and UDCA).17 A Model for End-stage Liver Disease
(MELD) score ≥15 was used as a cut-off value to stratify se-
verity of cirrhosis consistent with practice guidelines.18 As-
sociation of microbial genera with color grade, clinical
features, andmedications as mentioned above were evalu-
ated using DESeq2 in R, which uses an empirical Bayesian
approach to shrink dispersion and fit non-rarified count
data to a negative binomialmodel.19 This method has pre-
viously been shown to be robust for detecting differences
in the abundances of microbes in 16S rRNA datasets.20 P-
values for differential abundance were converted to q-
values to correct for multiple hypothesis testing (<0.05
for significance).21

RESULTS

Patient demographics

THE STUDY COHORT included 30 participants with
a median age of 59.5 years (interquartile range,

56.7–62.2; Table 1). The majority of participants were
men (60%). Most were White (77%), 10% were Black,
10% were Asian, and 3% were of mixed race. Among the
White participants, 37% were Hispanic. The majority of
patients had hepatitis C virus (HCV), alcohol (ETOH), or
non-alcoholic steatohepatitis (NASH) as the underlying
etiology of their cirrhosis (50%, 27%, and 13%, respec-
tively). Complications of cirrhosis included varices, ascites,
or hepatic encephalopathy (HE) (77%, 57%, and 43%,
respectively). Active treatment for HE was with lactulose
(23%) and/or rifaximin (33%).

Standardization of aspirate sample
Most samples fell below the limit of quantitation for
protein content and osmolality, and these measures were
weakly associated with total bile acid levels (Fig. S1A,B).
Color grade was most strongly associated with total bile
acid levels (P<0.001; Fig. S1C).

Microbial differences based on color grade
To investigate whether sample color reflected microbial
heterogeneity of samples obtained by duodenal aspira-
tion, an initial analysis was carried out of microbial diver-
sity for all the samples stratified by color grade, based on
16S rRNA sequence data. As color grade increased, there
was a decrease inmicrobial richnessmeasured by the num-
ber of types of organisms (Chao1, P<0.05), PDmeasured
by the evolutionary distance between organisms (Faith’s
PD, P<0.05), and species evenness measured by the
abundance of organisms across species (Shannon index,

P<0.001; Fig. 1a). Overall microbial composition as rep-
resented by UniFrac, a measure of phylogenetic similarity
between samples, showed highly statistically significant
differences in the microbiome of samples with color grade
0 compared to the other three color grades (P<0.0001;
Fig. 1b). Total measured bile acids were markedly lower
in color grade 0 samples compared to color grade 1 (P <

0.01), grade 2 (P< 0.001), or grade 3 (P< 0.001), consis-
tent with bile pigments such as bilirubin conferring color
to the samples (Fig. 1c). Analysis of relative abundance

Table 1 Selected characteristics of study participants

Characteristic n =30

Male sex, n (%) 18 (60)
Age, years; median (IQR) 59.5 (56.7–62.2)
Race, n (%)
White 23 (77)
Black 3 (10)
Asian 3 (10)
Mixed 1 (3)
Ethnicity, n (%)
Hispanic 11 (37)
Non-Hispanic White 13 (43)
Other 6 (20)
Cirrhosis etiology, n (%)
HCV 15 (50)
ETOH 8 (27)
NASH 4 (13)
HBV 1 (3)
PSC 1 (3)
AIH 1 (3)
Laboratory data, mean (SE)
International normalized ratio 1.27 (0.04)
Total bilirubin 2.39 (0.62)
Creatinine 1.37 (0.27)
Sodium 140.1 (0.67)
MELD-Na 14 (1.0)

Prior cirrhosis complications, n (%)
Varices 23 (77)
Ascites 17 (57)
Encephalopathy 13 (43)
Current lactulose use,† n (%) 7 (23)
Current rifaximin use,† n (%) 10 (33)
History of diabetes, n (%) 5 (17)
Current proton pump inhibitor use,† n (%) 17 (57)
Current ursodeoxycholic acid use,† n (%) 2 (7)

†At time of duodenal specimen collection.
AIH, autoimmune hepatitis; ETOH, alcohol; HBV, hepatitis B virus;
HCV, hepatitis C virus; IQR, interquartile range; MELD-Na, Model
for End-stage Liver Disease + serum sodium; NASH, non-alcoholic
steatohepatitis; PSC, primary sclerosing cholangitis; SE, standard error.
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of microbes at the phylum and genus levels confirmed
taxonomic shifts by color grade categories (Fig. 1d,e). As
the color grade increased, there were relatively fewer
Bacteroidetes and more Firmicutes (P=0.0005 for the
trend in the Bacteroidetes : Firmicutes ratio), associated
with expansion of Streptococcus compared to grade 0 sam-
ples. There was no association of cirrhosis etiology, com-
position, or race/ethnicity with color grade 0 as opposed
to the other three color grades grouped together (data
not shown).

Microbial differences based on etiology of
cirrhosis
The observed microbial differences between color grades,
particularly between color grade 0 and grades 1–3, and
very low bile acid levels in samples with color grade 0,
prompted us to limit further analyses to samples with
color grades 1–3. Initial analysis focused on the relation-
ship between duodenal aspirate microbial profiles and

cirrhosis etiology. There were no significant differences in
microbial diversity metrics among the three primary
etiologies of cirrhosis: HCV (including all those who had
additional contributing factors), ETOH, and NASH. How-
ever, there was a suggestive difference inmicrobial compo-
sition (P=0.055) between cirrhosis patients with HCV
compared to ETOH or NASH etiologies (Fig. 2a). In ETOH
cirrhotic patients, there were relatively fewer Bacteroidetes
and more Cyanobacteria and Firmicutes than those with
HCV cirrhosis or NASH cirrhosis (Fig. 2b). Differential
abundance testing was carried out at the genus level to
identify microbes that distinguish HCV from ETOH
cirrhosis, the two most common etiologies. Figure 2(c)
shows log2 fold changes for genera with differential abun-
dance between ETOH cirrhosis and HCV cirrhosis in
DESeq2 models at q<0.05. Alcohol-associated cirrhosis
had enrichment of Staphylococcus (13-fold increase) and
depletion of multiple genera within the Bacteroidetes
and Firmicutes phyla including Prevotella (13-fold

Figure 1 Aspirate color grade predicts specimen microbiome and bile acid profiles in cirrhotic patients. (a) Microbial diversity was
assessed by richness (Chao1 index), phylogenetic diversity (Faith’s PD), and evenness (Shannon index) for all duodenal aspirate sam-
ples stratified by color grade: 0, clear; 1, light yellow; 2, moderate yellow; or 3, dark yellow. Bars represent mean ± SEM. *P< 0.05;
**P<0.01; ***P< 0.001. (b) Overall microbial composition is represented in a principal coordinates (PC) analysis plot derived from
unweightedUniFrac distances. Each symbol represents one patient, with color and shape representing color grade. P-value for difference
in UniFrac distance across groups is shown. (c) Total bile acid concentration is shown, stratified by color grade. (d) Bar graphs represent
mean phyla abundances by color grade. Each color within the bar graphs represents a phylum, with area of the color proportional to
relative abundance. (e) Genus level taxonomic summary by color grade. [Color figure can be viewed at wileyonlinelibrary.com]
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reduction), [Prevotella] (493-fold reduction; distinguished
from Prevotella by being in the Paraprevotellaceae family),
Dialister (11-fold reduction), and Parvimonas (10-fold re-
duction). There were no statistically significant differences
in any of the 15 measured bile acids among the three cir-
rhosis etiologies (data not shown).

Microbial differences based on cirrhosis
complications
There were no differences inmicrobial diversity or compo-
sition between patients with or without varices or between
patients with or without ascites (data not shown). Com-
pared to patients without HE, patients with HE had re-
duced PD (P<0.05) and a non-significant trend towards
reduced microbial richness and evenness (Fig. 3a). There
was a trend towards an overall difference in microbial
composition by UniFrac analysis, although it was not sig-
nificant (P=0.13) (Fig. 3b). This corresponded to taxo-
nomic shifts within the Firmicutes phylum evident at the
genus level, characterized by expansion in HE patients of
Mycobacterium (45-fold) and Gram-positive cocci includ-
ing Granulicatella (3.1-fold), unclassified Planococcaceae
(3.3-fold), and unclassified Streptococcaceae (4.5-fold)
as well as depletion of genera including Ruminococcus
(4.5-fold), Faecalibacterium (5.4-fold), unclassified

Lachnospiraceae (5.3-fold), and unclassified Clostridiales
(5.4-fold) (Fig. 3c,d). There were no significant differences
in the levels of any of the 15 bile acids between HE and
non-HE patients (data not shown).

Microbial and bile acid differences by Hispanic
ethnicity
Finally, we tested for associations between duodenal
microbes and bile acids with race/ethnicity. There were
no differences in microbial diversity or composition
between races, likely due to the small number of non-
White patients in this cohort, but differences were found
between Hispanics and non-Hispanic Whites (NHW).
The latter had reduced microbial richness (P<0.01)
and PD (P<0.05) compared to Hispanics (Fig. 4a).
Although there were no significant shifts in overall
microbial composition at the phylum level, at the genus
level, Hispanic patients had increased abundance of
three genera in the Lachnospiraceae family – Blautia
(12-fold), Lachnospira (15-fold), and Coprococcus
(15-fold) – as well as increased abundance of unclassi-
fied Lachnospiraceae (4.4-fold) (Fig. 4b–d). Bile acid
profiles were shifted in Hispanic compared to NHW
patients, characterized by lower levels of two conjugated
forms of UDCA, GUDCA and TUDCA.

Figure 2 Alcohol (ETOH) cirrhosis is associated with reduced duodenal Prevotella compared to hepatitis C virus (HCV) and non-
alcoholic steatohepatitis (NASH) cirrhosis. (a) Principal coordinates (PC) analysis plot of microbial composition. Each color/shape
combination represents a different cirrhosis etiology. P-value is shown for the difference in UniFrac distance between ETOH cirrhosis
and all HCV-related cirrhosis. HBV, hepatitis B virus. (b) Phylum summary for NASH, HCV, and ETOH cirrhosis. Note that patients with
HCVwere included in the HCV category, irrespective of the existence of other etiologies. (c) Log2 fold changes (FC) are shown for genera
with differential abundance between ETOH cirrhosis and HCV cirrhosis in DESeq2 models at q<0.05. Dot size is proportional to the
abundance of the genus and color corresponds to phylum as depicted in (b). [Color figure can be viewed at wileyonlinelibrary.com]
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Figure 4 Hispanic ethnicity is associatedwith increasedmicrobial diversity and decreased conjugated ursodeoxycholic acid in duodenal
aspirates. (a)Microbial richness, phylogenetic diversity, and evenness are compared between non-HispanicWhite (NHW) andHispanic
(Hisp) cirrhosis patients. *P<0.05; **P<0.01. (b) Principal coordinates analysis plot of microbial composition comparing NHW
(red) and Hispanic (blue) cirrhosis patients. (c) Phylum summary for NHW and Hispanic patients. (d) Log2 fold changes (FC) are
shown for genera with differential abundance between NHW and Hispanic patients at q<0.05. Dot size is proportional to the abun-
dance of the genus and color corresponds to phylum. (e) Concentrations of glycoursodeoxycholic acid (GUDCA) and
tauroursodeoxycholic acid (TUDCA) in duodenal aspirates are compared between Hispanic and NHW patients. [Color figure can be
viewed at wileyonlinelibrary.com]

Figure 3 Hepatic encephalopathy (HE) is characterized by reduced diversity and altered composition of the duodenal microbiome. (a)
Microbial richness, phylogenetic diversity, and evenness comparing patients with HE and those without (Non). *P<0.05. (b) Principal
coordinates (PC) analysis plot of microbial composition in samples with color grade 1–3. Red dots indicate patients with HE, blue in-
dicates those without. (c) Phylum summary for HE and non-HE patients. (d) Log2 fold changes (FC) are shown for genera with differ-
ential abundance between HE patients and non-HE patients at q< 0.05. Dot size is proportional to the abundance of the genus and
color corresponds to phylum. [Color figure can be viewed at wileyonlinelibrary.com]
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There were no microbial or bile acid differences with
any other measured covariates, including the presence of
diabetes, MELD-Na score≥15, the use of proton pump
inhibitors, or the use of UDCA.

DISCUSSION

THIS IS ONE of the first studies to examine the foregut
microbiome in cirrhotic patients. We show that the

duodenal microbiome profile and bile acid composition
of cirrhotic patients vary by cirrhosis etiology, the presence
of HE, and Hispanic ethnicity. All cirrhotic patients
are recommended to undergo routine screening upper
endoscopies for esophageal and gastric varices, which pro-
vides an ideal time for foregut microbiome sampling.
Studies investigating the microbiome of the small bowel
have relied on duodenal biopsy, scraping, or aspiration
of duodenal content after saline injection.22–24 In this
study, we utilized duodenal aspiration as this would also
allow for measurement of bile acids, which are of great
interest given the preclinical reports implicating bile acids
in hepatocarcinogenesis.
Our observation that the duodenal microbiome differs

between HCV-associated cirrhosis and ETOH-associated
cirrhosis is supported by previous studies observingmicro-
bial differences in duodenal biopsies according to cirrhosis
etiology.25,26 We found that, on a genus level, Prevotella
was the dominant genus that was underrepresented in
ETOH cirrhosis when compared to HCV cirrhosis. This
finding is similar to other studies that showed a relative in-
crease in Prevotella in the stool of HCV cirrhotic patients.27

The distinct dysbiosis associated with alcoholic cirrhosis
might be linked to a downregulation of certain bactericidal
proteins, Reg3b and Reg3g.28,29 Furthermore, Provetella has
been associated with a decrease in HCC growth in mice.30

Whether this association is true in humans is still under
investigation.
We also observed differences in the duodenal

microbiome according to the presence of HE, which is typ-
ically a late complication of cirrhosis. Although prior stud-
ies have shown that small intestinal bacterial overgrowth is
associated with HE, we additionally found that patients
with HE also have lower microbial richness and diversity
in the duodenum compared to patients without HE.31,32

Potentially related to this observation are prior reports that
have linked lower diversity of the fecal microbiome to cir-
rhosis severity.33,34 Lactulose, a non-absorbable sugar, and
rifaximin, a minimally absorbed antibiotic, are typically
used as first-line treatments for HE and were used by 7
and 10 participants in our study, respectively. Prior reports
suggest that, although these treatments can have effects on

bacterial metabolites and function, they have minimal
effects on microbial composition.35–37

Our study also showed that the small intestinal
microbiome of cirrhotics varies across ethnicity, with
NHW study participants having lower richness and diver-
sity than Hispanic participants. Hispanics also had lower
levels of two conjugated forms of UDCA, a secondary
bile acid with chemopreventive and anti-inflammatory
properties, which is increasingly used for the treatment
of cholestatic liver diseases. Recent studies have suggested
that UDCA can suppress HCC in vitro and in vivo, raising
the possibility that bile acid differences could mediate
differential susceptibility of Hispanic and NHW individ-
uals to HCC.38–40 Dietary factors can have important
contributions to the microbiome and composition of
the bile acid pool,41,42 and dietary differences by ethnic-
ity could be contributing to these observed associations.
We are currently collecting diet information through
food frequency questionnaires on M3LD participants
to facilitate more in-depth analyses of the role of diet
in these microbiome and bile acid associations in the
future.
We observed significant heterogeneity in the

microbiome by color of the aspirate samples. The colora-
tion of the aspirate is directly linked to the amount of spec-
imen present in the duodenum prior to injection with
water: the dark samples came from participants who had
fluid that was naturally pooling in the duodenum at the
time of the endoscopy, who did not require flushing of
the duodenum to obtain aspirate specimen. These dark
samples are more likely to be characteristic of the luminal
gut microbiome and of the naturally occurring concentra-
tion of bile acids present at the time of endoscopy. In
contrast, a color grade 0 is more likely reflecting mucosal
content due to the water injections releasing mucosal or
adherent bacteria from the mucosal surface. A similar
observation has been reported with respect to colonic
lavage.43 Such samples would unsurprisingly have a lower
concentration of bile acids as these are present primarily in
the luminal secretions rather than on the mucosal surface.
This preliminary study shows several novel findings in

patients with cirrhosis, but there are several limitations. It
is a cross-sectional study of only 30 patients, and many
analyses excluded patients with color grade 0 samples
due to their distinct microbial composition and low bile
acid concentrations. Despite the modest number of
patients, we found significant changes in the duodenal
microbiome profile by important HCC risk factors. These
results provide support for future investigations into duo-
denal aspirate biomarkers and risk of HCC in those with
liver cirrhosis.
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In conclusion, we present a novel approach using duo-
denal aspirates to evaluate the foregut microbiome and
bile acid profiles of cirrhotic patients. With this method,
we detected differences in duodenal microbiome profiles
by etiology, presence of hepatic encephalopathy, and by
Hispanic ethnicity. These observations provide prelimi-
nary data to further develop microbial biomarkers for
risk prediction of cirrhosis-related complications. Further
long-term studies should be undertaken to correlate these
microbiome changes with disease outcomes such as HCC
and associated morbidity/mortality.
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SUPPORTING INFORMATION

ADDITIONAL SUPPORTING INFORMATION may be
found online in the Supporting Information section

at the end of the article.

Figure S1 Correlation between total bile acids and protein
concentration, osmolality, and visual color grade of duo-
denal aspirates in patients with liver cirrhosis. Total acid
levels (black bars) and (A) protein concentration (gray
boxes), (B) osmolality (gray boxes), and (C) visual color
grade (gray boxes): 0 (clear), 1 (light yellow), 2 (moderate
yellow), or 3 (dark yellow), for each study participant.
Table S1. Analytical ranges and intra-run precision for 15
major bile acids in human duodenal aspirate samples
from participants with liver cirrhosis
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