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INTRODUCTION: Several complications of decompensated cirrhosis are believed to result from increased intestinal

permeability. However, little is known about the relationship between mucosal bacteria and epithelial

permeability in cirrhosis. We aimed to assess epithelial permeability and associations with mucosal

bacteria in patients with compensated cirrhosis.

METHODS: We obtained duodenal tissue biopsies from patients with compensated cirrhosis and controls. Patients

were excluded if they used antibiotics or immunosuppression. The composition of mucosal microbiota

was determined by 16S rRNA gene sequencing and epithelial permeability by transepithelial electrical

resistance (TEER) and tight junction protein expression.

RESULTS: We studied 24 patients with compensated cirrhosis and 20 controls. Patients with cirrhosis were older than

controls (62 vs 52 years, P 5 0.02) but had a similar number of extrahepatic comorbidities (2.2 vs

1.4, P5 0.13). Patients with compensated cirrhosis had lower duodenal TEER (i.e., increased epithelial

permeability; 13.3V/cm263.4 vs 18.9V/cm267.1;P50.004). Patientswith compensated cirrhosis

trended toward a distinct mucosal microbiota community structure relative to controls (P5 0.09).

Clusteringanalysis identified twouniqueenterotypes. Theseenterotypesdiffered inbacterial composition

and also TEER. A beta-binomial model found 13 individual bacteria associated with TEER, including

Lactobacillus and Bifidobacterium taxa. Thirty-six taxa were associated with tight junction protein

expression, including Lactobacillus and Bifidobacterium.

DISCUSSION: Compensated cirrhosis is characterized by increased duodenal epithelial permeability with a distinct

mucosal microbial community. Intriguingly, bacteria previously associated with health were protective

of duodenal permeability.

SUPPLEMENTARY MATERIAL accompanies this paper at http://links.lww.com/CTG/A855, http://links.lww.com/CTG/A856, http://links.lww.com/CTG/A857,

http://links.lww.com/CTG/A858
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INTRODUCTION
Decompensated cirrhosis is characterized by symptomatic com-
plications of liver dysfunction, poor quality of life, and high mor-
tality (1,2). Several manifestations of decompensated cirrhosis are
believed to result from increased intestinal permeability including
systemic infections, spontaneous bacterial peritonitis, hepatic en-
cephalopathy, and acute-on-chronic liver failure.

There is no consensus on which gut segment is the most per-
meable in cirrhosis. However, prior research suggests that patients
with cirrhosis have increased duodenal epithelial permeability (3).
Tight junctions connect adjacent intestinal epithelial cells and
regulate paracellular permeability. Patients with cirrhosis have

diminished expression of some duodenal tight junction proteins,
which in turn results in increased epithelial permeability (3–5).

Although there is evidence for increased duodenal epithelial
permeability in cirrhosis, there are limiteddata regarding the roleof
microbiota. Microbiota influence intestinal epithelia and barrier
function in several keyways including shared metabolism and
immune regulation (6,7). The duodenum is where dietary nutri-
ents, bile acids, pancreatic enzymes, and bacteria first coincide and
engage in important metabolic activities, making it plausible that
duodenal mucosal bacteria serve important functions. In patients
with cirrhosis, fecalmicrobiota transplant using oral capsules led to
a shift in duodenal mucosal microbiota composition, diminished
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proinflammatory cytokines, and increased intestinal barrier pro-
teins (8).

The first step in assessing whether microbiota has a causative
role in the pathogenesis of increased intestinal permeability is to
establish whether intestinal microbiota is associated with per-
meability. In this study, we aimed to assess associations between
duodenal mucosal bacteria and duodenal epithelial permeability
in patients with compensated cirrhosis.

METHODS
Study design

We conducted a cross-sectional study collecting clinical, mucosal
microbiome, and intestinal permeability data from human sub-
jects at a single time point. We collected duodenum tissue bi-
opsies from patients with compensated cirrhosis and controls
undergoing routine outpatient endoscopies fromOctober 2020 to
December 2021. The clinical indication for upper endoscopy in
patients with cirrhosis was esophageal variceal screening. The
clinical indications for upper endoscopy in controls were globus
sensation, prebariatric surgery, and anemia without iron de-
ficiency. Four duodenal biopsy samples and duodenal aspirate
were obtained from each patient. This study was approved by the
University of Michigan Institutional Review Board, and all pa-
tients provided informed written consent for this study.

Patient selection

Patients and controls were excluded if they had inflammatory
bowel disease or used an antibiotic (including rifaximin) or im-
munosuppressive medications in the preceding 4 weeks. Patients
with a platelet count of,50/nL or international normalized ratio
.1.5 were excluded to minimize bleeding risk, in accordance with
an established research protocol. Cirrhosis was diagnosed by a
hepatologist based on biopsy, imaging, or elastography. Compen-
sated cirrhosis was defined as Child-Pugh class A and no recent
symptomatic decompensation including variceal bleeding, ascites,
or hepatic encephalopathy. Controls had no evidence of liver dis-
ease andnogastrointestinal symptoms.Wealso includeddata from
apreviouslypublished cohort of 10 controls, collectedandanalyzed
with the same protocols and instruments as described here (9).
Controls were heterogeneous for nonhepatic comorbidities. We
divided controls into 2 groups based on the Charlson Comorbidity
Index (CCI): healthy controls (CCI 0–1) and comorbid controls
(CCI$ 2).

Clinical data collection

Patients were asked about proton pump inhibitor, antibiotic, and
probiotic use before endoscopy. Other clinical data including age,
sex, model for end-stage liver disease score, Child-Pugh score,
comorbidities, lactulose use, and etiology of liver disease were
collected from a chart review.

Microbiome assessment

One duodenal biopsy sample per patient was analyzed formucosal
microbiota composition by 16S rRNA-encoding gene sequence
analysis. Mucosal biopsies underwent DNA isolation using a
Qiagen MagAttract PowerMag Microbiome DNA Isolation Kit
(Germantown, MD). Barcoded dual-index primers specific to the
V4 region of the 16S rRNAgenewere used to amplifyDNAusing a
“touchdown polymerase chain reaction” protocol given that duo-
denal mucosa is potentially of low biomass (10). Multiple negative
controls were run in parallel. Libraries were prepared and

sequenced using the Illumina 500-cycle MiSeq Reagent Kit V2
(San Diego, CA) (11). The mothur software package v1.45.3 was
used to trim, screen, and align sequences; calculate distances;
remove chimeras; assign sequences with $97% similarity to op-
erational taxonomic units; and calculate alpha and beta diversities
(11,12). Taxonomic classification was based on the Ribosomal
Database Project (version 6/2020) (13). The SILVA rRNA refer-
ence alignment (release v132) was used to align the V4 region (14).
The overall sequencing error rate, based on a comparison with a
mock community, was 0.0017%.

Microbiome sequencing occurred in 2 separate runs. A
Pseudomonas taxon was found in negative control samples in the
first run. This same Pseudomonas was found in the second se-
quencing run in patients and not in negative controls—in other
words, not as a contaminant in the second run. There was no
difference in the abundance of this Pseudomonas taxon between
the 2 sequencing runs (P 5 0.98).

Epithelial permeability assessment

Two duodenal biopsies per patient were evaluated for epithelial
permeability by transepithelial electrical resistance (TEER), a
measure of paracellular permeability. After temperature and pH
stabilization, duodenal biopsies underwent TEER analysis within
30 minutes of collection with a micro-Snapwell system with an
EndOhm sural sensory nerve action potential electrode attached
to an EVOM2 epithelial volt-ohm meter (World Precision In-
struments) following published protocols (9). The results were
reported as an average of the 2 biopsies and expressed in ohms per
square centimeter (V/cm2).

One duodenal biopsy per patient was evaluated for tight junc-
tion protein gene expression. Each biopsy underwent real-time
polymerase chain reaction to evaluate tight junction proteins
claudin-1, occludin, and zonulin-1 as well as control gene glycer-
aldehyde-3-phosphate dehydrogenase expression using published
protocols (CFX Connect Real-Time PCR Detection System, SYBR
Green detection, Bio-Rad Laboratories, Hercules, CA) (9). Primers
were obtained from Qiagen. Tight junction gene expression was
normalized to that of glyceraldehyde-3-phosphate dehydrogen-
ase (15).

Statistical analysis

Descriptive statistics were reported as median and interquartile
range for continuous variables and percentage for categorical
variables. Wilcoxon rank-sum tests were used to compare con-
tinuous variables between 2 groups, and the Fisher exact test was
used to compare 2 categorical variables. Unadjusted regression
was used to identify covariates that influenced TEER. For
microbiome data analysis, alpha diversity was assessed with in-
verse Simpson, as generated in mothur (12). Comparisons of the
microbiota community structure between groups were based on
analysis of molecular variance (AMOVA) of the Yue and Clayton
dissimilarity index (uYC) and displayed as principal coordinate
analysis of uYC distances (16). The partitioning around medoids
(PAM) clustering algorithm was used to cluster samples into
community clusters based on uYC distances (17). Beta-binomial
regression models were used to associate the relative abundance
of individual taxon with TEER, patient type, and microbiome
community cluster. Unlike other modeling techniques, beta-
binomial models allow for jointly assessing relative abundance
and differential variability, the latter of which is valuable because
some disease states manifest increased variability in bacterial
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abundance (18). R packages were used to analyzemothur outputs
and other data and for figure creation (R Foundation for Statis-
tical Computing, Vienna, Austria) (19).

Based on previous studies showing reduced TEER in patients with
cirrhosis (17.0 [SD 0.8]) comparedwith controls (21.4 [SD 1.1]) (3), a
sample size of 10 samples per patient group would be sufficient to
provide 90%power, with an alpha of 0.05.Owing to a lack of available
dataonduodenalmucosalmicrobiota composition,wewereunable to
base power calculations on microbiome feature differences.

RESULTS
We sampled 24 patients with compensated cirrhosis and 10 con-
trols and included data from a previously published cohort of 10
controls, without gastrointestinal symptoms (see Supplementary

Figure 1, Supplementary Digital Content, http://links.lww.com/
CTG/A855) (9). Therefore, we analyzed data from24 patients with
compensated cirrhosis and 20 controls (12 healthy controls with
CCI 0–1 and 8 comorbid controls with CCI$2).

Clinical characteristics of patients studied

Patients with compensated cirrhosis were older than controls
(median age 62 vs 52 years, P5 0.02) and had a similar number of
extrahepatic comorbidities (CCI without points for liver disease;
2.2 vs 1.4, P5 0.13, Table 1). Patients with compensated cirrhosis
were more likely to be male (62% vs 21%, P 5 0.01). There was a
trend toward a greater use of proton pump inhibitors in controls
(41% vs 12%, P 5 0.06). Six (25%) patients with cirrhosis and 7
(35%) controls underwent bowel preparation and colonoscopy on
the same day as their upper endoscopy.

Duodenal epithelial permeability

We evaluated the direct association between cirrhosis and duodenal
epithelial permeability. Patients with compensated cirrhosis had
lower duodenal TEER than controls (i.e., increased epithelial per-
meability; 13.3 V/cm2 6 3.4 vs. 18.9 V/cm2 6 7.1; P 5 0.004;
Figure 1a). Removing patients on proton pump inhibitors did
not change this finding (cirrhosis: 13.7 vs controls: 20.5V/cm2,
P 5 0.03). In unadjusted regression, duodenal TEER did not
vary by age (r2 5 0.002, P 5 0.79), sex (r2 5 0.04, P 5 0.10),
alcohol etiology of cirrhosis (r2 5 0.06, P 5 0.31), presence/
absence of colonoscopy preparation (r25 0.07, P5 0.09), model
for end-stage liver disease (r2 5 0.01, P 5 0.47), platelet count
(r2 5 0.15, P5 0.47), or proton pump inhibitor use (r2 5 0.003,
P 5 0.77). Controls were heterogeneous for nonhepatic
comorbidities. Patients with compensated cirrhosis had lower duo-
denalTEER thanhealthy controls (13.3V/cm263.4 vs 18.9V/cm26
7.2; P 5 0.03; see Supplementary Figure 2, Supplementary Digital
Content, http://links.lww.com/CTG/A856) and trended toward lower
duodenal TEER than comorbid controls (13.3 V/cm2 6 3.4 vs 19.0
V/cm267.3; P5 0.07). Tight junction proteins claudin-1 (P5 0.14)
and occludin (P5 0.09), although not zonulin-1 (P5 0.31), trended
toward lower normalized gene expression in compensated cirrhosis
compared with controls (Figure 1b).

Next, we evaluated the association between tight junction proteins
and duodenal epithelial permeability. Tight junction protein expres-
sion was divided into high vs low by the median value. TEER was
associated with occludin expression (r2 5 0.16, P 5 0.03)—but not

Table 1. Patient characteristics

Variable

Patient group

Compensated cirrhosis,

N5 24a
Control,

N 5 20a

Age 62 (56, 65) 52 (38, 60)

Sex

Female 9 (38%) 15 (79%)

Male 15 (62%) 4 (21%)

Recent PPI 3 (12%) 7 (41%)

Recent probiotic 3 (12%) 2 (29%)

Recent lactulose 2 (8.3%) 0 (0%)

MELD 7 (7,10)

Viral cirrhosis 5 (21%)

NASH cirrhosis 15 (62%)

Alcohol cirrhosis 6 (25%)

Hepatocellular carcinoma 1 (4.2%)

Double refers to combined upper endoscopy and colonoscopy in 1 session;
these patients received bowel preparation fluid. Probiotic use was self-reported
and referred to over-the-counter or prescribed probiotic supplements; specific
probiotics were not recorded. Patients with 2 etiologies of liver disease are listed
in both categories. Recent refers to the preceding 4 wk.
IQR, interquartile range; MELD, model for end-stage liver disease; NASH,
nonalcoholic steatohepatitis; PPI, proton pump inhibitor.
aMedian (IQR); n (%).

Figure 1. Duodenal epithelial permeability measures in patients with cirrhosis and noncirrhotic Controls. (a) Duodenal TEER between controls and
compensated cirrhosis. (b) Tight junction protein gene expression between controls and compensated cirrhosis. TEER, transepithelial electrical resistance.
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claudin-1 (r2 5 0.05, P5 0.17) or zonulin-1 (r2 5 0.04, P5 0.18)—
although the direction of the association was positive in all 3 cases.

Duodenal mucosal microbiota

We evaluated the association between cirrhosis and duodenal
mucosal microbiota composition. Duodenal microbiota analyses
were performed in 23 patients with cirrhosis and 5 controls. Pa-
tients with compensated cirrhosis trended toward lower alpha
diversity (median inverse Simpson: 4.6 vs13.1, P 5 0.14;
Figure 2a) and may have a distinct mucosal microbiota com-
munity structure relative to controls based onAMOVAof the uYC
dissimilarity index (P 5 0.09; Figure 2b). Duodenal mucosa in
compensated cirrhosis had the highest relative abundance of
Proteobacteria, followed by Firmicutes and Bacteroides phyla,
while controls had the highest relative abundance of Firmicutes,
followed by Proteobacteria andBacteroides (Figure 2c). Duodenal
mucosa microbiota composition did not vary by sex or age.

Enterotypes and association with duodenal

epithelial permeability

We evaluated for the presence of enterotypes and their associa-
tion with epithelial permeability. When duodenal mucosal
microbiota data in patients with cirrhosis and controls were
combined, PAMclustering analysis identified 2 unique clusters or
enterotypes (Figure 3a) with distinct bacterial family composition
(Figure 3b). Patients with cluster 1 enterotype had significantly
lower TEER (12.3 V/cm2 6 3.3, vs 15.8 V/cm2 6 3.0, P 5 0.01;
Figure 3c). Cluster 1 included 15 patients with cirrhosis and 1
control while cluster 2 included 8 patients with cirrhosis and 4
controls (Fisher exact test: P 5 0.13). The control patient with a
cluster 1 enterotype was 70 years old, had a CCI of 4, and was the
same outlier patient for alpha diversity (see Figure 3b). A beta-
binomial model found 48 taxa that significantly differed between
clusters 1 and 2 with a false discovery rate of 0.05.

We looked specifically at the Pseudomonas bacteria, which
contaminated negative controls in the first sequencing run but
appeared in patients in both sequencing runs. These Pseudomo-
nas taxa were more abundant in cluster 1 than cluster 2 enter-
otypes (median: 52% vs 6%,P, 0.001). However, sequencing run
did not significantly associate with cluster (P 5 1.00) or Pseu-
domonas taxa abundance (P 5 0.98), indicating that cluster
identity was not driven by Pseudomonas contamination in the
first sequencing run.

Association between duodenal microbiota and permeability

in cirrhosis

We evaluated whether specific taxa associated with epithelial
permeability. A beta-binomial model found that 13 taxa associ-
ated with TEER with a false discovery rate of 0.05 (Figure 4; see
Supplementary Table 1, Supplementary Digital Content, http://
links.lww.com/CTG/A857). Relative abundance of Lactobacillus
and Bifidobacterium bacteria positively associated with higher
TEER, indicating that these 2 taxa are associated with a less
permeable duodenal epithelium. Eight of these 13 taxa associated
with TEER were also differentially abundant in cirrhosis, in-
cluding Enterobacteriaceae Escherichia/Shigella, Lachnospiraceae
Anaerobutyricum, Lactobacillaceae Lactobacillus, and Bifido-
bacteriaceae Bifidobacterium.

Next, we evaluated whether specific taxa associated with tight
junction protein expression. A beta-binomial model found that
20 taxa associated with claudin-1, 13 taxa with occludin, and 20

taxa with zonulin-1, with a false discovery rate of 0.05. Four taxa
positively associated with all 3 tight junction proteins, including
Lachnospiraceae Blautia, Lactobacillaceae Lactobacillus, and
Bifidobacteriaceae Scardovia.

Duodenal aspirate vs mucosal microbiota in cirrhosis

In patients with cirrhosis, duodenal aspirate microbiota composi-
tiondiffered from that induodenalmucosa inAMOVA(P,0.001;
Figure 5). A beta-binomialmodel found that 6 taxa fromduodenal
aspirate associated with TEER, when using a false discovery rate of
0.05 (see Supplementary Table 2, Supplementary Digital Content,
http://links.lww.com/CTG/A858). Two of these 6, Enterobacteriaceae
Escherichia/Shigella andBifidobacteriaceae Bifidobacterium, were also
associated with higher TEER in the model with duodenal mucosal
microbiota and were more abundant in controls vs patients with
cirrhosis.

DISCUSSION
In this study, we investigated relationships between mucosal
bacteria and epithelial permeability in patients with cirrhosis
(Figure 6). We focused on the duodenum because previous lit-
erature shows diminished duodenal tight junction protein ex-
pression and high permeability in cirrhosis, and the duodenum is
where enteric bacteria first engage in important metabolic ac-
tivities. We confirmed that even patients with early-stage or
compensated cirrhosis have increased permeability of their du-
odenal epithelia—in other words, leaky gut. We found that pa-
tients with compensated cirrhosis may have distinct duodenal
mucosal bacterial community structure and that these bacterial
communities and specific taxa are associated with intestinal
permeability.

Figure 6 shows the causal framework we used when
approaching the analyses for this study. Each arrow represents a
hypothesized causal interaction, and the relationship between the
variables at the base and tip of each arrow was evaluated through
statistical analyses in the following sections. The figure demon-
strates the results of these analyses.

Our study confirms and expands on previous studies. Several
previous studies have demonstrated increased intestinal perme-
ability in cirrhosis through increased serum lipopolysaccharide
(LPS), but LPS is influenced by Gram-negative bacterial abun-
dance and not just intestinal permeability alone (3,4,20,21). One
previous study demonstrated low duodenal TEER (i.e., high ep-
ithelial permeability) in cirrhosis, but that study included both
compensated and decompensated patients with cirrhosis (3). Our
study found high duodenal epithelial permeability in patients
with compensated cirrhosis, indicating that small intestinal bar-
rier function degrades even in early stages of cirrhosis, even when
compared with older controls with comorbidities.

Our study also confirms previous studies demonstrating that
intestinal microbial composition differs between cirrhosis and
controls (22–24). This difference has been demonstrated in stool
and sigmoid colon mucosa previously. Our study is the first to
suggest that duodenal mucosal microbiota differs between con-
trols and compensated cirrhosis. In our study, duodenal mucosa
in cirrhosis was dominated by taxa in the phylum Proteobacteria
while controls were dominated by Firmicutes. These alterations
match those previously found in stool samples (22).

The novel findings of this study are the associations between
mucosal bacteria and intestinal permeability. ThePAMclustering
algorithm was used to group patients into clusters (or
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Figure 2. Duodenal mucosal microbiota may differ between patients with cirrhosis and noncirrhotic controls. (a) Alpha diversity as measured by inverse
Simpson between controls and compensated cirrhosis. Higher inverse Simpson signifies greater alpha diversity. (b) PCoA comparing duodenal mucosal
microbiota in controls vs compensated cirrhosis. (c) Comparison of relative abundance of phyla (those. 2% abundance) between compensated cirrhosis
and controls. PCoA, principal coordinate analysis.
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Figure3.Duodenalmucosalmicrobiomeenterotypes vary by epithelial permeability in the combinedcohort of patientswith cirrhosis and controls. (a) PCoA
of uYC distances comparing duodenal mucosal microbiota in cluster 1 with cluster 2 enterotypes. (b) Comparison of relative abundance of families (those
with.2% abundance) between cluster 1 and 2 enterotypes. (c) Duodenal transepithelial electrical resistance between those with a cluster 1 vs cluster 2
enterotype. PCoA, principal coordinate analysis.
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enterotypes) based on similar bacterial composition. Two unique
patient clusters were found. Cluster 1 contained more Pseudo-
monas, a genera with almost uniformly pathogenic qualities (25),
whereas cluster 2 contained more Lactobacillus, Bifidobacterium,
and Clostridial taxa, each known to have potentially beneficial
effects on the host (26–31). Patients with the cluster 1 enterotype
had significantly higher epithelial permeability (“leaky” gut) than
patients with the cluster 2 enterotype. All controls except for 1
outlier were in cluster 2, lending further credence to this being the
enterotype more associated with intestinal epithelial health.
Several taxa including Lactobacillus and Bifidobacterium were
differentially abundant and dispersed between the 2 clusters and
also associated with TEER. Some Lactobacillus and Bifidobacte-
rium strains are known to decrease intestinal permeability either
through increased tight junction protein production or by pro-
viding short-chain fatty acids (SCFAs) as a nutritional source to
intestinal epithelia (26–31). While SCFAs are known for their
importance to colonic epithelial health, SCFAs are also produced
in the small bowel (32,33), and SCFAs have decreased duodenal
permeability in an animal model (34,35). It is unclear whether
Lactobacillus and Bifidobacterium directly influence intestinal

permeability in cirrhosis or simply represent a biomarker of in-
testinal health, but there is clearly an association between duo-
denal mucosal bacteria and intestinal permeability in
compensated cirrhosis.

Tight junction protein expression may be one of the ways in
which mucosal microbiota can influence intestinal permeability.
Published data to date are mixed on claudin-1, occludin, and
zonulin-1 expression in the cirrhosis duodenum (3–5). Our study
found that occludin, in particular, trended toward lower ex-
pression in cirrhosis and was associated with TEER.We found 36
taxa which significantly associated with tight junction protein
expression, including Lactobacillus whose abundance positively
associated with the expression of all 3 tight junction proteins.
Several Lactobacillus strains have been shown to increase tight
junction protein production (26–28).

This study focused on the duodenum, which has biological and
practical implications. Most prior investigations into intestinal
microbiota and permeability in cirrhosis focused on the colon, in
part, because this is the gut segment with the largest burden of
intestinal bacteria. However, at least 1 previous study has found
that manipulating the microbiome with oral fecal microbiota

Figure 4. Duodenal mucosal bacteria that associate with epithelial permeability. Thirteen taxa were significantly associated with TEER in a beta-binomial
model with a false discovery rate of 0.05. TEER, transepithelial electrical resistance.
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transplant capsules also influences the duodenal mucosal micro-
biome and antimicrobial peptides and is associated with cognitive
improvement (e.g., systemic changes) in patients with cirrhosis (8).
The duodenum is the place where enteral nutrients, pancreatic
enzymes, and bile acids first coincide and engage in important
metabolic activities. It is, therefore, biologically plausible that mu-
cosal bacteria in the duodenum have important metabolic func-
tions, which in turn influence the intestinal barrier. On a practical
note, patients with cirrhosis frequently undergo routine upper en-
doscopy for gastroesophageal varices surveillance, so duodenal
sampling is readily available for future clinical research.

Our results must be interpreted within the context of the study
design. We were limited to ex vivo techniques (TEER and tight
junction protein gene expression) for assessing epithelial

permeability. We may, therefore, have missed some contribution of
portal hypertension or other influenceswhich could only be assessed
in vivo. Thiswas a cross-sectional study, andwewereunable to assess
stability of our findings over time or a cause-and-effect relationship.
Bacterial composition may be a biomarker of liver disease, diet,
environment,metabolism, or immune function, as opposed todirect
influencers of barrier function. Owing to the small sample size, we
werenot able to compare the ability of duodenalmucosalmicrobiota
with that of duodenal aspirate to predict TEER.With only 5 control
microbiota samples, we were unable to draw conclusions about
differences between control and cirrhosis duodenal microbiota. Fi-
nally, a limitation of this work was the Pseudomonas contamination
in negative controls in the first sequencing run. Further analysis
found that this Pseudomonas was also abundant in the second

Figure 5.Duodenal mucosa and aspiratemicrobiota differ in cirrhosis. PCoA of uYC distances comparingmicrobiota composition in duodenal mucosa and
aspirate from patients with cirrhosis. PCoA, principal coordinate analysis.

Figure 6. Proposed causal diagram of how cirrhosis leads to increased duodenal permeability. Each arrow represents a hypothesized causal interaction,
and the relationship between the variables at the base and tip of each arrow was evaluated through statistical analyses in the following sections. The figure
summarizes the results of these analyses. Solid arrows represent analyses which found a P value of,0.05 while dashed arrows represent analyses which
found a P value of,0.10.
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sequencing run (without contamination); this taxon did not predict
TEER; and sequencing run did not determine PAM clustering.

In conclusion, this study confirms that duodenal epithelial per-
meability is increased (“leaky”) in compensated cirrhosis. It also
suggests that the duodenal mucosal microbiome in cirrhosis differs
from controls and is associated with intestinal permeability. This
work moves beyond typical techniques in human studies to assess
microbiota composition (stool samples) and intestinal permeability
(serum LPS). The next step is to perform a longitudinal study to
investigate the role of microbiota, especially Lactobacillus, Bifido-
bacterium, and occludin, in influencing intestinal permeability and
the development of subsequent decompensating events, such as he-
patic encephalopathy and spontaneous bacterial peritonitis. Specific
pathogenic pathways will need to be confirmed in model systems to
confirm a causal relationship. These findings may lead to microbial
interventions such as therapy to prevent or treat decompensating
events in patients with cirrhosis.
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Study Highlights

WHAT IS KNOWN

3 Cirrhosis is associated with increased intestinal permeability.
3 Patients with cirrhosis have a different stool microbiome than

healthy people.

WHAT IS NEW HERE

3 Patients with compensated cirrhosis have increased
duodenal permeability.

3 Compensated cirrhosis is characterized by a distinct
duodenal mucosal microbial community.

3 Bacteria previously associated with health were protective of
duodenal permeability.
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