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ABSTRACT
Portal hypertension (PH) in liver cirrhosis leads to increased gut permeability and the translocation 
of bacteria across the gut–liver axis. Microbial DNA has recently been detected in different blood 
compartments; however, this phenomenon has not been thoroughly analyzed in PH. This study 
aimed to explore circulating bacterial DNA signatures, inflammatory cytokines, and gut perme-
ability markers in different blood compartments (peripheral and hepatic veins) of patients with 
cirrhosis and PH. The 16S rRNA blood microbiome profiles were determined in 58 patients with liver 
cirrhosis and 46 control patients. Taxonomic differences were analyzed in relation to PH, liver 
function, inflammatory cytokines, and gut permeability markers. Circulating plasma microbiome 
profiles in patients with cirrhosis were distinct from those of the controls and were characterized by 
enrichment of Comamonas, Cnuella, Dialister, Escherichia/Shigella, and Prevotella and the depletion 
of Bradyrhizobium, Curvibacter, Diaphorobacter, Pseudarcicella, and Pseudomonas. Comparison of 
peripheral and hepatic vein blood compartments of patients with cirrhosis did not reveal differen-
tially abundant taxa. Enrichment of the genera Bacteroides, Escherichia/Shigella, and Prevotella was 
associated with severe PH (SPH) in both blood compartments; however, circulating microbiome 
profiles could not predict PH severity. Escherichia/Shigella and Prevotella abundance was correlated 
with IL-8 levels in the hepatic vein. In conclusion, we demonstrated a distinct circulating blood 
microbiome profile in patients with cirrhosis, showing that specific bacterial genera in blood are 
marginally associated with SPH, Model for End-Stage Liver Disease score, and inflammation bio-
markers; however, circulating microbial composition failed to predict PH severity.
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Introduction

Portal hypertension (PH) is a common hemody-
namic abnormality in cirrhosis that is associated 
with the development of severe complications, 
including variceal bleeding, ascites, and hepatic 
encephalopathy.1,2 PH leads to increased gastroin-
testinal permeability, translocation of bacteria, and 
endotoxin levels and is associated with infection 
risk, which remains the major cause of mortality 
for patients with cirrhosis.3–5 Diminished clearance 
by cirrhotic liver and portosystemic shunting can 
further activate inflammatory cascades, both in the 
liver and systemically.6,7

Overwhelming evidence indicates the gut micro-
biome plays a significant role in liver diseases.8–10 

Interestingly, studies have shown that microbial 
DNA can be detected in human blood with circu-
lating cell-free DNA analysis identifying numerous 
highly divergent microbes.11,12 Over the last years, 
several attempts have been made to define changes 
in the circulating microbiome of patients with liver 
diseases.13–15 For instance, a Japanese study 
demonstrated that circulating Enterobacteriaceae 
levels are significantly higher in patients with 
cirrhosis.15 In addition, alcohol consumption has 
been shown to be the primary driver of changes in 
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the circulating microbiome of patients with alco-
holic hepatitis.14 The level of circulating bacterial 
DNA also significantly increases in hepatitis 
B-related acute-on-chronic liver failure.13 More 
recently, circulating microbiome profiles have 
been explored in several other conditions, includ-
ing chronic kidney disease,16 rheumatoid arthritis, 
and cancer.16–18

Invasive hepatic venous pressure gradient 
(HVPG) measurements currently remain the gold 
standard method for assessing portal pressure in 
patients with liver cirrhosis.1 However, the poten-
tial value of the circulating microbiome for predic-
tion of PH has not been previously reported.

Due to the presence of shunts that develop with 
liver cirrhosis, blood from mesenteric veins directly 
enters the systemic circulation, avoiding the liver 
barrier.1 Furthermore, endotoxins in healthy indi-
viduals are cleared from portal blood by Kupffer 
cells; however, liver injury that occurs in cirrhosis 
results in leakage and higher endotoxin levels in the 
hepatic and peripheral circulations.7 Endotoxemia, 
with or without viable bacterial translocation, is 
a common event in cirrhosis.19 Several studies 
have reported altered endotoxin levels in the portal 
circulation versus those in the peripheral circula-
tion, indicating a potential intestinal origin for 
these bacterial products.7 Different levels of inflam-
matory cytokines have also been shown in systemic, 
portal, and hepatic circulation.7,20 A small recent 
study by Schierwagen et al.21 reported distinct 
microbiome compositions in different blood com-
partments of patients with cirrhosis; however, 
further data regarding this are needed. Analysis of 
the circulating microbiome in different blood com-
partments in patients with liver cirrhosis is impor-
tant for several reasons. First, it is important to 
determine whether the severity of disease is linked 
to the reduced ability of the liver to clear microbes 
in hepatic blood outflow. Second, it is important to 
understand if the degree of PH is associated with 
circulating microbiome alterations as higher levels 
of PH may lead to increased microbial burden in 
the peripheral circulation due to shunting and 
increased gut permeability.21

Our aim in the current study was to use 16S 
rRNA sequencing of plasma specimens to deter-
mine the circulating microbiome signatures in 

different blood compartments of patients with cir-
rhosis and PH. We also wanted to determine 
whether circulating bacterial DNA levels and spe-
cific bacterial taxa were correlated with the degree 
of PH, liver function tests, inflammatory cytokines, 
and gut permeability markers. In addition, we 
aimed to assess whether the circulating microbiome 
profile in peripheral blood could be used as 
a noninvasive biomarker for the prediction of PH 
severity.

Results

Circulating blood microbiome composition in 
healthy control individuals and patients with 
cirrhosis

Compositional analysis revealed that the circulating 
microbiome in the peripheral circulation com-
prised four phyla in healthy controls and patients 
with cirrhosis, with Proteobacteria being the most 
dominant, followed by Bacteroidetes, 
Actinobacteria, and Firmicutes (Figure 1(a)). The 
relative abundance of Firmicutes was increased in 
patients with cirrhosis compared to that in healthy 
individuals (9.7% vs. 5.8%, p = .034), while the 
relative abundance of Proteobacteria (49.2% vs. 
55.9%), Bacteroidetes (29.1% vs. 25%), and 
Actinobacteria (12% vs. 13.3%) showed no signifi-
cant differences between the groups. 
Compositional variation at the phylum level of the 
circulating microbiome in individual patients with 
cirrhosis and controls is presented in 
Supplementary Figures S1 and S2. Bacterial diver-
sity (α-diversity), as assessed by the Shannon diver-
sity index, did not reveal significant differences 
between patients with cirrhosis and healthy con-
trols (Figure 1(b)). However, significant blood 
microbial community clusters (β-diversity), as 
assessed by the Bray-Curtis dissimilarity index, 
were identified (p < .001; Figure 1(c)).

Bacterial community clustering between 
patients with cirrhosis and healthy controls 
could be explained by the significant differences 
in the circulating microbiome composition. 
Compared to the controls, patients with cirrho-
sis showed an increase in the relative abun-
dance of Enterobacteriaceae, Methylococcaceae, 
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and Prevotellaceae and a decline in abundance 
of members of the families Burkholderiaceae, 
Cytophagaceae, Comamonadaceae, 
Coriobacteriaceae, Nocardiaceae, and 
Pseudomonadaceae. At the genus level, patients 
with cirrhosis had higher relative levels of 
Cnuella, Comamonas, Dialister, Escherichia/ 
Shigella, and Prevotella and lower levels of 
Bradyrhizobium, Curvibacter, Diaphorobacter, 
Pseudarcicella, and Pseudomonas (Figures 1 
(d-e)). These results indicate a distinct circulat-
ing microbiome profile for patients with cirrho-
sis. Abundance levels of the differentially 
abundant genera in the peripheral veins of 
patients with cirrhosis and the controls are 
shown in Supplementary Figure S3.

Circulating microbiome in different blood 
compartments of patients with cirrhosis

We analyzed the circulating microbiome in the hepa-
tic veins of patients with cirrhosis. The same four 
phyla of the peripheral circulation microbiome com-
prised the hepatic vein microbiome, with 
Proteobacteria at 44%, Bacteroidetes at 27.7%, 
Actinobacteria at 18.4%, and Firmicutes at 9.9% 
(Figure 2(a)). There were no significant differences 
in the within-sample diversity (α-diversity) or com-
munity structure (β-diversity) between the hepatic 
vein blood and peripheral vein blood compartments 
(Figures 2(b-c)). Pairwise differential abundances 
between the different compartments of the study 
patients showed a tendency or the genera 

Figure 1. Circulating microbiome comparison between controls and liver cirrhosis patients. a) Bar plot representing different phylum 
relative abundances in peripheral blood of liver cirrhosis patients and controls. b) Shannon diversity index (α-diversity) stratified by 
diagnosis. c) Blood microbiome community composition (β-diversity) assessed by non-multidimensional scaling on Bray-Curtis 
dissimilarity, with significant clustering according to diagnosis. d and e) Differential relative abundance testing between liver cirrhosis 
patients and controls: Taxa with significantly different relative distribution on Family (D) and Genus (E) levels are displayed by volcano 
plots. The x-axis shows the log2 fold change, y-axis displays the – log 10 transformed P-value. Taxa were considered differentially 
abundant when reaching a Padj <0.05 and absolute log 2-fold change > 1
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Acidovorax and Microbacterium to be enriched in the 
peripheral veins and Alpinimonas, Polynucleobacter, 
Prevotella, and Undibacterium to be enriched in the 
hepatic veins of patients with cirrhosis; however, these 
findings did not withstand multiple testing correc-
tions (Figure 2(d)).

Circulating microbiome and gut permeability

Expression levels of the gut permeability mar-
ker fatty acid-binding protein 2 (FABP2) were 
higher in the peripheral veins of patients with 
cirrhosis than in those in the healthy controls 

Figure 2. Circulating microbiome in different compartments of liver cirrhosis. a) Bar plot representing different phylum relative 
abundances in different compartments of liver cirrhosis patients’ blood. b) Shannon diversity index (α-diversity) stratified by different 
compartments. c) Blood microbiome community composition (β-diversity) between different compartments in cirrhosis assessed by 
non-multidimensional scaling on Bray-Curtis dissimilarity. d) Differential relative abundance testing between different compartments 
of liver cirrhosis: Genera with significantly different relative distribution are showed by volcano plots. The x-axis shows the log2 fold 
change, y-axis displays the – log 10 transformed P-value. Colored are genera with P < .05, which, however, did not withstand multiple 
comparison testing.
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(Supplementary Figure S4). Moreover, periph-
eral levels of FABP2 were correlated with 
HVPG values (Supplementary Table S1). To 
assess whether intestinal permeability affected 
the circulating microbiome composition, we 
evaluated correlations between FABP2 and the 
circulating microbiome members; however, 

none of the genera demonstrated significant 
associations FABP2 expression (Figures 3 
(a-b)). Moreover, we did not identify any sig-
nificant correlations between the circulating 
taxa and HVPG values in any compartment 
that withstood multiple comparison testing 
(Figures 3(c-d)).

Figure 3. Correlation analysis between circulating microbiome, gut-permeability markers, inflammatory cytokines and clinical 
parameters of cirrhosis severity. a) Spearman’s rank correlation coefficients between abundances of different genera, inflammatory 
cytokines (LPS, IL-6 and IL-8) and gut permeability markers (FABP2) in hepatic vein blood b) – in peripheral vein blood of patients with 
cirrhosis. c) Spearman’s rank correlation coefficients between abundances of different genera and cirrhosis parameters in hepatic vein 
blood; d) – in peripheral vein blood of patients with cirrhosis. Genera are presented on the x-axis, whereas inflammatory cytokines, gut 
permeability markers and clinical parameters of cirrhosis are presented on the y-axis. Colors represent the Spearman rank correlation 
coefficients at P value < .05, while numbers – at Benjamini–Hochberg corrected P value < .05. Circles without correlation coefficients 
did not withstand multiple corrections. Abbreviations: HVPG – hepatic venous pressure gradient; CHILD – Child-Turcotte-Pugh; MELD – 
Model for End-Stage Liver Disease
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Circulating microbiome and PH severity

While we did not identify any correlations between 
HVPG values and the circulating microbiome taxa, 
we proceeded with differential abundance testing 
between groups of patients with different PH sever-
ity. Most differentially abundant genera failed to 
withstand multiple comparison testing. However, 
in the comparison of patients with clinically signif-
icant portal hypertension (CSPH) and non- 
significant PH, Bacteroides, Escherichia/Shigella, 
Prevotella, and Tepidimonas in hepatic veins and 
Bacteroides, Enhydrobacter, Escherichia/Shigella, 
and Prevotella in peripheral veins all withstood 
multiple comparison testing with the genera being 
more abundant in the patients with severe portal 
hypertension (SPH) (Figure 4). Moreover, 
Bacteroides Escherichia/Shigella, and Prevotella 

were enriched in both compartments of patients 
with a Model For End-Stage Liver Disease 
(MELD) score >15. However, after multiple com-
parison corrections, the results remained signifi-
cant only in the hepatic vein blood (Figure 5). 
Abundances of Bacteroides, Escherichia/Shigella, 
and Prevotella in subgroups of patients with differ-
ent PH severity and MELD scores in the different 
compartments are shown in Supplementary 
Figure S5.

To assess the ability of the circulating micro-
biome to discriminate patients with CSPH or 
SPH, we performed receiver operating characteris-
tic (ROC) curve analysis based on the relative abun-
dances of the differentially abundant genera. This 
sub-analysis revealed no statistically significant dif-
ferences, giving an area under curve (AUC) of 0.586 
(95% CI: 0.435–0.736, p = .44) for CSPH and an 

Figure 4. Circulating microbiome and portal hypertension. Differential relative abundance testing according to the degree of portal 
hypertension. A volcano plot a) represents genera with significantly different relative distribution between patients with significant 
(HVPG > 10) and non-significant (HVPG < 10) portal hypertension in hepatic vein blood; b) – in peripheral blood. Plot c) – represents 
differentially abundant genera between patients with severe (HVPG > 12) and non-severe portal hypertension in hepatic vein blood; 
d) – in peripheral blood. The x-axis shows the log2 fold change, y-axis displays the – log 10 transformed P-value. Taxa were considered 
differentially abundant when reaching a Padj <0.05 and absolute log 2-fold change >1. Positive log 2-fold changes indicate genera 
with higher abundance in clinically significant or severe portal hypertension groups. Genera which did not withstand multiple 
comparison testing are above the horizontal line and marked ns. Abbreviations: HVPG – hepatic venous pressure gradient; PH – 
portal hypertension, ns – not significant.
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AUC of 0.583 (95% CI: 0.432–0.734, p = .17) for 
SPH, indicating a limited potential for using the 
circulating microbiome to predict PH in patients 
with cirrhosis (Figure 6).

Circulating microbiome and systemic inflammation

To assess the relationship between members of the 
circulating microbiome and systemic inflammation, 
we measured the levels of lipopolysaccharide (LPS), 
interleukin (IL)-6, and IL-8 in both compartments of 
patients with cirrhosis and in the peripheral veins of 
the healthy controls. Levels of LPS, IL-6, and IL-8 
were higher in patients with cirrhosis than in the 
healthy controls. Furthermore, IL-6 and IL-8 levels 
in the peripheral blood were correlated with MELD 
and Child-Pugh-Turcotte (CTP) scores (Table 1 and 
Table 2, Supplementary Figure S4). We identified no 
significant correlations between circulating micro-
biome genera and cytokines in the peripheral veins; 
however, the relative abundance of Alistipes, 
Barnesiella, Coprobacter, Escherichia/Shigella, 
Faecalibacterium, Fusicatenibacter, Parasutterella, 
Prevotella, Roseburia, Ruminococcus, and Satturella 
was correlated with IL-8 levels in the hepatic vein 
(Figures 3(a-b)).

Discussion

In this study, we aimed to evaluate circulating 
bacterial DNA signatures, inflammatory cytokine 
levels, and gut permeability markers in different 
blood compartments of patients with cirrhosis 
and PH. We identified significant clustering of 
circulating microbiome profiles between patients 
with cirrhosis and those of healthy controls. The 
differences could be explained by the differential 
abundance of several families and genera of 

Figure 5. Circulating microbiome and MELD score. Differential relative abundance testing according to the severity of cirrhosis. 
A volcano plot a) represents genera with significantly different relative distribution between patients with MELD score >15 and <15 in 
hepatic vein blood; b) – in peripheral blood. The x-axis shows the log2 fold change, y-axis displays the – log 10 transformed P-value. 
Taxa were considered differentially abundant when reaching a Padj <0.05 and absolute log 2-fold change >1. Positive log 2-fold 
changes indicate genera with higher abundance in patients with MELD score >15. Genera which did not withstand multiple 
comparison testing are above the horizontal line, non-colored and marked as ns. Abbreviations: MELD – Model for End-Stage Liver 
Disease, ns – not significant

Figure 6. Circulating microbiome and prediction of portal hyper-
tension. Circulating microbiome ability to discriminate patients 
with clinically significant and severe portal hypertension. Genera 
used in prediction model were selected based on DESeq2 results: 
Relative abundances of Bacteroides+Enhydrobacter+Escherichia/ 
Shigella+Corynebacterium were used to discriminate patients 
with clinically significant portal hypertension, while Prevotella 
+Bacteroides+Enhydrobacter+Escherichia/Shigella 
+Corynebacterium+Alistipes – patients with severe portal hyper-
tension. The values in brackets indicate the 95% confidence 
interval. AUC – area under the receiver operating characteristic 
curve; PH – portal hypertension.
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bacteria, indicating a circulating microbiome 
shift in patients with cirrhosis. The relative 
abundance of Escherichia/Shigella and Prevotella 
was discriminant for liver cirrhosis versus that of 
the healthy controls, and together with 
Bacteroides, they were more abundant in patients 
with MELD scores >15 and in those with SPH. 
However, we did not find significant differences 
between the hepatic vein blood and peripheral 
vein blood microbiome profiles. Escherichia/ 
Shigella and Prevotella showed significant corre-
lations with clinical parameters and IL-8 concen-
trations in the hepatic vein. The circulating 
microbiome profile could not predict CSPH or 
SPH in our cohort of patients with cirrhosis.

Several previous studies have reported circulat-
ing microbiome profiles in patients with various 
liver diseases.13–15,21,22 Blood levels of 
Enterobacteriaceae are increased in the liver of 
patients with cirrhosis15 and are linked with mor-
tality in hepatitis B-related liver failure.13 

Consistent with these previous findings, we 
observed increased abundances of 
Enterobacteriacea, Escherichia/Shigella, and 
Prevotella in patients with cirrhosis. Schierwagen 
et al. recently reported discriminant microbial pro-
files in different human circulatory compartments 
of seven patients with liver cirrhosis, suggesting 
distinct genera in peripheral, hepatic, portal, and 
atrial blood.21 We detected no significant 

Table 1. Demographic and clinical characteristics of subject groups.

Variable
Controls 
(n = 46)

Patients 
(n = 58) P value

Age, mean ± SD 40.5 ± 14.1 51.6 ± 8 < 0.001
Gender (Female) 36 (75%) 23 (39.7%) < 0.001
Etiology (Alcohol/HCV) 28/30 (48.3%/51.7%)
On lactulose 44 (75.9%)
On PPI 23 (39.7%)

Parameters of cirrhosis
CTP class, mean ± SD 

Class A/B/C
6.7 ± 2.1 

62.1%/24.1%/13.8%
MELD, mean ± SD 

MELD Score > 15
11.2 ± 4.8 
12 (20.7%)

HVPG, mean ± SD 
NCSPH/CSPH/SPH

13.1 ± 6.1 
20/38/33 (34.5%/65.5%/56.9%)

Presence of ascites 
Degree of ascites (Grade 1/Grade 2/Grade 3)

28 (48.3%) 
20/8/0 (71.4%/28.6%/0%)

Presence of esophageal varices 
(F1/F2/F3)

29 (50%) 
15/10/4 (51.7%/34.5%/13.8%)

Previous history of cirrhosis related events
History of SBP 3 (5.2%)
History of variceal bleed 6 (10.3%)
History of hepatorenal syndrome 2 (3.4%)

Biochemical tests
Total/Direct bilirubin, mean ± SD (µmol/l) 33.9 ± 33/12.8 ± 17.5
Albumin, mean ± SD (g/l) 36 ± 5.9
INR, mean ± SD 1.3 ± 0.4
Creatinine, mean ± SD (µmol/l) 74.3 ± 15.7
Ammonia, mean ± SD (µmol/l) 41.5 ± 17.8

Cytokine levels
FABP2 peripheral (pg/ml) 334.5 ± 107 422.9 ± 192.3 0.0382
LPS peripheral (pg/ml) 61.3 ± 46.5 172.3 ± 89.3 < 0.001
IL-6 peripheral (pg/ml) 0.4 ± 0.5 9.1 ± 13.6 < 0.001
IL-8 peripheral (pg/ml) 17.1 ± 3.6 31.4 ± 19.4 < 0.001
FABP2 hepatic vein (pg/ml) 565.8 ± 428.6
LPS hepatic vein (pg/ml) 99 ± 63
IL-6 hepatic vein (pg/ml) 9.9 ± 18.9
IL-8 hepatic vein (pg/ml) 13 ± 19.5

SD – Standard deviation; HCV – Hepatitis C virus; MELD – Model of End-Stage Liver Disease; HVPG – Hepatic venous pressure gradient; NCSPH – Not clinically 
significant portal hypertension; CSPH – Clinically significant portal hypertension; SPH – Severe portal hypertension; PPI – Proton pump inhibitors; FABP2 – 
Fatty acid-binding protein 2; LPS – Lipopolysaccharides; IL- Interleukin. 

All of the included patients were on a regular diet. None of the patients with alcohol-induced cirrhosis were active drinkers for at least one month prior to the 
inclusion in the study. Previous history of cirrhosis-related events represents events in the last six months; none of the included patients had any cirrhosis- 
related events for at least a month prior to inclusion in the study. 

Wilcoxon ranked-sum and Chi square tests were used to compare groups.
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differences between hepatic vein blood and periph-
eral vein blood microbiome profiles, as measured 
by α-diversity or β-diversity; however, discrepan-
cies between the study results need further 
evaluation.

We were unable to correlate intestinal and cir-
culating taxa in the patients with cirrhosis, as fecal 
samples were not available for our cohort. 
Nevertheless, the relative similarity of previously 
reported stool microbial sequencing data in liver 
cirrhosis and the circulating microbial profiles in 
our current study suggest that the origin of the 
circulating microbiome may be linked to bacterial 
translocation from the gut.23–26 Previous studies 
that analyzed fecal samples showed that patients 
with cirrhosis display enrichment of gram- 
negative taxa, including members of the family 
Enterobacteriaceae and the genus Bacteroides,26 

while Prevotella is associated with worse liver 
function.23–26 Furthermore, increased gut perme-
ability and bacterial translocation in our cohort 
may have been indirectly supported by higher 
FABP2 levels, which have also been previously 
reported in liver cirrhosis.27 Changes in gut perme-
ability may occur via different pathogenic path-
ways, including impaired mucous barrier, 
disruption of intestinal cells, damage of tight junc-
tions, and altered innate pattern recognition recep-
tors, among others.28 However, there is currently 
no effective biomarker for changes in gut perme-
ability. Fatty acid-binding proteins (FABPs) are 
small cytosolic proteins found in mature entero-
cytes that are released after cell damage and serve 

as a biomarker of endothelial cell integrity.29 

Unfortunately, FABPs are not ideal markers of 
intestinal permeability and may not reflect other 
permeability pathways, such as endothelial dys-
function or disruption of tight junctions between 
endothelial cells, which also occur in cirrhosis.30 

This might explain why we failed to observe sig-
nificant correlations between circulating micro-
biome signatures and FABP2.

Levels of proinflammatory cytokines IL-6 and 
IL-8, and LPS were significantly higher in our 
patients with cirrhosis than in the healthy controls, 
which is consistent with previous studies suggesting 
roles for endotoxemia and proinflammatory states 
in the development and progression of cirrhosis.19 

Few previous studies have compared cytokine levels 
in different blood compartments and have reported 
somewhat contradicting results.7,20,31 For instance, 
the highest concentrations of IL-6 are found in the 
portal circulation, while hepatic vein levels increase 
in more decompensated patients, indicating dimin-
ished liver clearance of cytokines.20 The same study 
also reported that peripheral levels of IL-6 are 
higher than those found in the hepatic vein, possi-
bly due to hemodynamic disturbances, such as 
portosystemic shunting.20 However, another study 
comparing the portal and hepatic blood compart-
ments showed no differences in IL-6 or IL-8 
levels.31 In our current study, we found signifi-
cantly higher levels of LPS and IL-8 in the periph-
eral circulation when comparing compartments of 
patients with cirrhosis, but we observed no differ-
ence in IL-6 levels. The differences reported among 

Table 2. Subgroup characteristics of patients with liver cirrhosis.
Variable HVPG HVPG MELD

≥12 
(n = 33)

<12 
(n = 25)

P value ≥10 
(n = 38)

<10 
(n = 20)

P value ≥15 
(n = 12)

<15 
(n = 46)

P value

Age, mean ± SD 53 ± 7 49.4 ± 8.7 0.125 52.2 ± 7.4 50.3 ± 8.9 0.583 51.5 ± 7.9 51.6 ± 8 0.992
Gender (Female) 17 (51.5%) 6 (24%) 0.034 18 (47.4%) 5 (25%) 0.098 6 (50%) 17 (37%) 0.41
Etiology (Alcohol) 20 (60.6%) 8 (32%) 0.031 22 (57.9%) 6 (30%) 0.043 10 (83.3%) 18 (39.1%) 0.006
On lactulose 33 (100%) 11 (44%) <0.001 38 (100%) 6 (30%) <0.001 12 (100%) 32 (69.6%) <0.001
On PPI 16 (48.5%) 7 (28%) 0.114 17 (44.7%) 6 (30%) 0.275 7 (58.3%) 16 (34.8%) 0.137

Cytokine levels
FABP2 peripheral (pg/ml) 486.1 ± 186.8 339.6 ± 169.1 0.003 480.5 ± 194 313.6 ± 135.7 0.001 518.1 ± 167.2 398.1 ± 192.2 0.039
LPS peripheral (pg/ml) 176 ± 84 167.4 ± 97.3 0.712 181.7 ± 87 154.4 ± 93 <0.001 224.2 ± 95.3 158.7 ± 83.5 0.03
IL-6 peripheral (pg/ml) 10.9 ± 15.6 6.7 ± 10.3 0.451 11 ± 15.9 5.5 ± 6.9 <0.001 28.8 ± 17.5 4 ± 5.5 <0.001
IL-8 peripheral (pg/ml) 38.6 ± 21.3 24.5 ± 14.1 0.003 35.7 ± 20.5 23.1 ± 14.2 <0.001 58.2 ± 21.1 24.4 ± 11.1 <0.001
FABP2 hepatic vein (pg/ml) 698.2 ± 470.2 391 ± 292.7 0.002 689.7 ± 475.7 330.4 ± 146.6 0.001 665.6 ± 424.6 539.8 ± 430.5 0.249
LPS hepatic vein (pg/ml) 104 ± 68.6 92.3 ± 55.5 0.525 101 ± 67.5 95.2 ± 54.9 0.793 115.7 ± 77.1 94.7 ± 59.1 0.291
IL-6 hepatic vein (pg/ml) 11.6 ± 22.6 7.8 ± 12.7 0.759 11.2 ± 21.2 7.5 ± 13.9 0.377 22.7 ± 33.3 6.6 ± 11.4 0.011
IL-8 hepatic vein (pg/ml) 16.1 ± 23.5 8.9 ± 11.6 0.517 15.3 ± 22.2 8.8 ± 12.2 0.454 23.3 ± 28.3 10.3 ± 15.8 0.053

SD – Standard deviation; MELD – Model of End-Stage Liver Disease; HVPG – Hepatic venous pressure gradient; PPI – Proton pump inhibitors; FABP2 – Fatty acid- 
binding protein 2; LPS – Lipopolysaccharide; IL – Interleukin. 

Wilcoxon ranked-sum and Chi square tests were used to compare groups.
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the various studies need to be addressed in future 
large-scale studies that consider the entire spectrum 
of clinical variables.

We detected several bacteria in the hepatic vein 
blood that correlated with the inflammatory cyto-
kine levels. Escherichia/Shigella and Prevotella 
exhibited the strongest correlations with IL-8. 
This may be explained by the ability of these genera 
of bacteria to produce LPS and promote inflamma-
tion via toll-like receptor (TLR) or inflammasome 
cascades.32–34 We also found a significant correla-
tion between hepatic venous levels of IL-8 and 
Ruminococcus. In earlier studies, IL-8 receptor 
CXCR1 was found to be associated with hepatic 
inflammation,35 while Ruminococcus has been 
linked to liver fibrosis.36 Previously reported 
deregulated autochthonous taxa Faecalibacterium 
and Roseburia37 were also associated with increased 
levels of IL-8 in the hepatic blood of patients in our 
cohort. As Escherichia/Shigella and Prevotella were 
enriched in patients with SPH and those with 
MELD scores > 15 and correlated with IL-8 levels, 
we hypothesize that specific bacterial strains con-
tribute to the development of cirrhosis by acting as 
proinflammatory triggers. Inflammasomes have 
been extensively studied in the pathogenesis of 
various diseases, including cirrhosis, but the micro-
biome, per se, cannot explain all inflammatory cas-
cades associated with liver disease.38,39 Due to 
increased intestinal permeability and bacterial 
translocation in liver cirrhosis, an increased expo-
sure to microbe-derived pathogen-associated mole-
cular patterns may also play an important role in 
disease pathogenesis via the inflammasome activa-
tion cascade.34,38–40At the same time, the levels of 
circulating microbes appear to be very low in dif-
ferent blood compartments and the extent of this 
phenomenon might be very limited. Since gut 
microbes are detected at several-fold higher con-
centrations than those of the circulating micro-
biome, we can speculate that the gut microbiome 
may still be the leading source of microbiome- 
mediated inflammatory triggers in cirrhosis.41

The concept and diagnosis of CSPH is HVPG- 
driven, which cannot be completely replaced with 
noninvasive tools;1 however, different imaging and 
blood-based approaches have been evaluated as 
potential noninvasive biomarkers for the evalua-
tion of PH in various clinical settings.42 While we 

were unable to find studies utilizing microbiome- 
based diagnostic tools as predictors of PH severity, 
recent studies have proposed the use of gut micro-
biome profiles as novel noninvasive biomarkers for 
liver diseases, such as NAFLD-cirrhosis, early stage 
hepatocellular carcinoma, and primary sclerosing 
cholangitis.43–45 A recent study published in Nature 
reported a circulating microbiome-based diagnos-
tic tool that is able to discriminate cancer cases 
based on plasma-derived microbial profiles.18 In 
the current study, we could not identify a direct 
link between circulating microbiome profiles and 
PH as none of the bacterial genera in the hepatic or 
peripheral veins of patients with cirrhosis corre-
lated with HVPG. This observation is indirectly in 
line with an important previous study that demon-
strated that the treatment of patients with cirrhosis 
with rifaximin does not reduce the HVPG.46 

Although Bacteroides, Escherichia/Shigella, and 
Prevotella were more abundant in patients with 
SPH in our current study, the absence of correla-
tion between any genera and HVPG and poor AUC 
values challenge the value of the circulating micro-
biome to be used as a potential biomarker for PH.

Our data show that bacterial DNA can be 
detected in human plasma samples from healthy 
individuals. This suggests that certain gut bacteria 
may translocate via blood at any given time. We 
speculate that the immune system of healthy indi-
viduals is able to contain the translocating bacteria 
without causing any systemic effect. It is well 
known that symbiosis with intestinal microorgan-
isms is important for tissue and immunity 
development47 and metabolic functions,48 and it 
provides protection against various pathogens.49 

While several studies have linked circulating micro-
biome with diseases, such as alcoholic hepatitis,14 

rheumatoid arthritis,17 and cardiovascular 
disorders,50 it remains difficult to define potentially 
risky strains in the circulating microbiome as only 
a limited number of studies have explored micro-
biome compositional changes in the blood.12 Based 
on the results of our current study and those of 
previously reported pathophysiological 
mechanisms,51 genera such as Escherichia/Shigella 
or Prevotella may act as TLR4 agonists or ligands 
for inflammasome activation and activate pathways 
leading to a pro-inflammatory state of 
cirrhosis.34,40,52
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Our study had several limitations. First, we did 
not have paired fecal samples for our cohort and 
were unable to correlate the gut and circulating 
blood microbiome data. We were only able to com-
pare our data with 16S sequencing data of fecal 
samples from previous liver cirrhosis studies. 
Having paired fecal samples would have been extre-
mely valuable, and this important aspect of the 
puzzle needs to be addressed in future studies. 
Second, some of the patients in our cohort were 
on proton pump inhibitor (PPI) treatment at the 
time of inclusion in our study, which may have 
created a certain bias. It is not known whether 
PPIs can affect the circulating microbiome, but it 
has been shown that they have an important effect 
on the gut microbiome.53 Third, half of the patients 
in our cohort had alcohol-induced liver cirrhosis, 
but none had been active drinkers for at least 1 
month prior to inclusion in the study. It is impor-
tant to note that alcohol consumption may also 
have a modifying effect on microbial signatures.54

We also want to note that our study was a cross- 
sectional study with samples collected at a single 
time point. To the best of our knowledge, no data 
on circulating microbiome stability has currently 
been provided; however, it has been shown that the 
gut microbiome composition is prone to perturba-
tions, especially during disturbing events such as 
infections.55 Nevertheless, longitudinal studies have 
also shown the compositional and functional stabi-
lity of the gut microbiome over months and years; 
thus, evaluation of the microbiome at a single time 
point can also provide valuable information.55,56 

A recent study demonstrated a relatively stable 
fecal microbiome in patients with stable cirrhosis, 
but the microbiome can be disturbed in cases of 
deteriorating disease.57 Although it would be extre-
mely difficult to collect samples from different 
blood compartments at several time points, addi-
tional sample collection, especially during episodes 
of decompensation, would provide additional 
important information about the potential role of 
the circulating microbiome.

A major challenge in studies analyzing circu-
lating microbiome DNA profiles is related to the 
potential contamination of low biomass samples 
at various stages of sample processing.58,59 

However, accumulating data suggest that specific 
microbiome profiles are present in different 

human microenvironments.59 While approaches 
have been suggested to address contamination, 
currently available methods are unable to iden-
tify all contaminating taxa.60 To minimize the 
pitfalls related to the issue noted above, we 
determined any taxa sequences generated in ster-
ile water control samples that underwent DNA 
extraction and PCR amplification prior to 
sequencing and eliminated those sequences 
from our analysis. The circulating microbiome 
signatures identified in our study appear to 
reflect prior results from stool microbiome stu-
dies regarding cirrhosis and indirectly indicate 
the biological relevance and potential intestinal 
origin of the circulating microbiome.23–26 

However, methods for future analyses of circu-
lating blood microbiome should be improved 
and better standardized.

In conclusion, we demonstrated a distinct circu-
lating blood microbiome profile in patients with 
cirrhosis. We also showed that specific bacterial 
genera in the blood were marginally associated 
with SPH, MELD score, and inflammatory biomar-
kers. However, circulating microbial composition 
did not predict the severity of PH and probably will 
not be an efficient noninvasive marker for detecting 
CSPH or SPH.

Materials and methods

The study included 58 consecutive outpatients 
with stable hepatitis C or alcohol-induced cir-
rhosis who were scheduled for a HVPG mea-
surement. In addition, 46 healthy individuals 
were enrolled as controls. Demographic and 
clinical characteristics of the patients with cir-
rhosis, including CTP scores, MELD scores, 
PPIs, and lactulose use are shown in Table 1 
and Table 2. All patients with cirrhosis under-
went a scheduled HVPG measurement at the 
Department of Gastroenterology at the 
Lithuanian University of Health Sciences from 
September 2014 to December 2019. None of 
the patients with alcohol-induced cirrhosis had 
been active drinkers for at least 1 month prior to 
inclusion in the study. Cirrhosis was diagnosed 
according to standard clinical, laboratory, and 
radiologic criteria. Exclusion criteria for patients 
with liver cirrhosis were as follows: the presence 
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of any other medical condition, including dia-
betes mellitus, cardiovascular disease, neurode-
generative conditions, acute kidney injury, 
hepatorenal syndrome, or cancer; active infec-
tion, including spontaneous bacterial peritonitis 
(SBP); portal vein or hepatic vein thrombosis; 
current use of beta-blockers or other vasoactive 
drugs; and use of antibiotics within 1 month 
prior to inclusion. Healthy control individuals 
were free of any chronic medical condition and 
had not received any medications during the 
previous 3 months prior to inclusion in the 
study. Demographic data, clinical parameters, 
liver function tests, and clinical chemistry data 
were collected from all participants at the time 
of inclusion in the study. The study protocol was 
approved by the Kaunas Region Biomedical 
Research Ethics Committee (2015–08-24, No. 
BE-2-28, Kaunas, Lithuania). All participants 
provided written informed consent prior to par-
ticipating in the study. The study was conducted 
in accordance with the Declaration of Helsinki. 
A schematic of the workflow of the study is 
shown in Figure 7.

HVPG measurement

All HVPG measurements were performed by the 
same experienced interventional radiologist accord-
ing to the protocol described by Groszmann and 
Wongcharatrawee.61 At least three repeated mea-
surements were performed for each patient to 

determine free and wedged hepatic vein pressures. 
HVPG values of 1–5 mmHg were considered to 
represent normal portal pressures, whereas PH was 
diagnosed at an HVPG ≥ 6 mmHg. An HVPG ≥ 
10 mmHg was considered to be CSPH and an 
HVPG ≥ 12 mmHg was considered to be SPH.

Blood sample collection, immunohistochemistry, 
isolation of nucleic acids, and sequencing

Peripheral blood samples were drawn from all 
subjects at the time of enrollment in the study. 
Blood samples were collected from the hepatic 
vein during the HVPG measurement procedure. 
Within 1 hour after drawing, the blood samples 
were placed at −80°C and stored until further 
processing.

A Human FABP2/I-FABP Quantikine ELISA Kit 
(DFBP20; R&D Systems), Human IL-6 Quantikine 
ELISA Kit (D6050; R&D Systems), Human IL-8/ 
CXCL8 Quantikine ELISA Kit (D8000C, R&D 
Systems), and Human Lipopolysaccharides (LPS) 
ELISA Kit (CSB-E09945h; Cusabio) were used to 
quantify serum levels of FABP2, IL-6, IL-8, and LPS 
in cirrhosis patients and the healthy control 
subjects.

Circulating nucleic acids were extracted from 
blood plasma using a column-based QIAamp 
Circulating Nucleic Acid Isolation Kit (55114; 
Qiagen) according to the manufacturer’s protocol. 
Specific primer pair sets 27 F and 338 R targeting 
the hypervariable region V1-V2 were used in the 

Figure 7. Workflow of the study.
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polymerase chain reaction (PCR) process. 
Sequencing of the 16S ribosomal RNA gene was 
performed using the Illumina MiSeq platform 
(Illumina Inc.) and a dual-indexing approach. The 
acquired sequencing data were assigned into ampli-
con sequencing variants and taxonomically anno-
tated against the RDP v16 database using the 
‘dada2’ software package in R. A detailed descrip-
tion of the methods used for quantification of the 
FABP2, IL-6, IL-8, LPS, and 16S rRNA gene 
sequencing is provided in the Supplementary 
Materials.

Statistical analysis

All statistical analyses were performed using the 
R programming environment. Nonparametric 
tests, including the Wilcoxon rank-sum test 
and the Kruskal-Wallis test, were used for rou-
tine statistical analysis where appropriate. 
Specific statistical analysis of the microbiome 
data was performed using freely accessible 
R packages, including phyloseq, vegan, DESeq2, 
and zinbwave.62–65 Only taxa meeting the cri-
teria of a minimum abundance of two in one 
sample and present in at least 10% of the sam-
ples were included in the downstream analysis. 
The taxa present at >20% were included in dif-
ferential abundance analysis. The Shannon index 
was used to measure α-diversity. Permutational 
analysis of variance (PERMANOVA) using the 
vegan package was used to detect significant 
changes in Bray-Curtis dissimilarity, as 
a measure of β-diversity. Differential abundance 
analysis was performed using the DESeq2 pack-
age, incorporating zero-inflation weights 
assessed by the zinbwave package. The results 
were controlled for age and gender as covariates. 
The discriminative power of the circulating 
microbiome profile was assessed using ROC 
curve analysis. Correlations between taxa abun-
dances, clinical parameters of cirrhosis, inflam-
matory cytokines, and intestinal permeability 
markers were evaluated using Spearman’s corre-
lation test. P-values were adjusted for multiple 
testing following the Benjamini–Hochberg pro-
cedure and p-values <0.05 were considered sta-
tistically significant.
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FABP2 – Fatty acid-binding protein 2

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This work has received funding from the Research Council of 
Lithuania (LMTLT) (National Research Programme 'Healthy 
Ageing',“Circulating blood microbiome signatures and gut 
microbiome modification in liver cirrhosis”, under Grant 
S-SEN-20-8).

ORCID

Jasmohan S Bajaj http://orcid.org/0000-0003-4928-3681
Andre Franke http://orcid.org/0000-0003-1530-5811
Juozas Kupcinskas http://orcid.org/0000-0002-8760-7416

Author Contributions

Rolandas Gedgaudas: Conceptualization; Data curation; Formal 
Analysis; Investigation; Visualization; Writing – original draft.
Jasmohan S Bajaj: Conceptualization; Supervision; Writing – 
review and editing.
Jurgita Skieceviciene: Conceptualization; Formal Analysis; 
Funding acquisition; Investigation; Methodology; Resources; 
Writing – review and editing.
Greta Varkalaite: Investigation; Methodology; Visualization.
Gabija Jurkeviciute: Investigation.
Sigita Gelman: Data curation; Investigation.
Irena Valantiene: Data curation; Investigation.
Romanas Zykus: Data curation; Investigation.
Andrius Pranculis: Methodology; Resources.
Corinna Bang: Methodology; Resources.
Andre Franke: Methodology; Resources; Supervision; 
Validation; Writing – review and editing.
Christoph Schramm: Conceptualization; Supervision; 
Writing – review and editing.
Juozas Kupcinskas: Conceptualization; Funding acquisition; 
Project administration; Writing – original draft; Writing – 
review and editing.

GUT MICROBES e2029674-13



Data availability statement

Illumina reads of the 16S rRNA gene amplicon that support the 
findings of this study are available from the Open Science 
Framework repository at https://doi.org/10.17605/OSF.IO/ 
T2ED7.

References

1. De Franchis R, Abraldes JG, Bajaj J, Berzigotti A, 
Bosch J, Burroughs AK, D’Amico G, Dell’Era A, Garcia- 
Pagàn JC, Garcia-Tsao G, et al. Expanding consensus in 
portal hypertension report of the Baveno VI consensus 
workshop: stratifying risk and individualizing care for 
portal hypertension. J Hepatol. 2015;63(3):743–752. 
doi:10.1016/j.jhep.2015.07.001. PMID: 26047908.

2. Current G-TG. Management of the complications of 
cirrhosis and portal hypertension: variceal hemorrhage, 
ascites, and spontaneous bacterial peritonitis. Dig Dis. 
2016 May 1;34(4):382–386. doi:10.1159/000444551. 
PMID: 27170392.

3. Nahon P, Lescat M, Layese R, Bourcier V, Talmat N, 
Allam S, Marcellin P, Guyader D, Pol S, Larrey D, et al. 
Bacterial infection in compensated viral cirrhosis 
impairs 5-year survival (ANRS CO12 CirVir prospec-
tive cohort). Gut. 2017;66(2):330–341. doi:10.1136/ 
gutjnl-2015-310275. PMID: 26511797.

4. Bartoletti M, Giannella M, Caraceni P, Domenicali M, 
Ambretti S, Tedeschi S, Verucchi G, Badia L, Lewis RE, 
Bernardi M, et al. Epidemiology and outcomes of blood-
stream infection in patients with cirrhosis. J Hepatol. 
2014;61(1):51–58. doi:10.1016/j.jhep.2014.03.021. 
PMID: 24681345.

5. Reiberger T, Ferlitsch A, Payer BA, Mandorfer M, 
Heinisch BB, Hayden H, Lammert F, Trauner M, Peck- 
Radosavljevic M, Vogelsang H. Non-selective beta-
blocker therapy decreases intestinal permeability and 
serum levels of LBP and IL-6 in patients with 
cirrhosis. J Hepatol. 2013 May;58(5):911–921. 
doi:10.1016/j.jhep.2012.12.011. PMID: 23262249.

6. Wree A, Marra F. The inflammasome in liver disease. 
J Hepatol. 2016 Nov 1;65(5):1055–1056. doi:10.1016/J. 
JHEP.2016.07.002. PMID: 27660175.

7. Tachiyama G, Sakon M, Kambayashi J, Iijima S, 
Tsujinaka T, Mori T. Endogenous endotoxemia in 
patients with liver cirrhosis -A quantitative analysis of 
endotoxin in portal and peripheral blood. Jpn J Surg. 
1988 Jul;18(4):403–408. doi:10.1007/BF02471464. 
PMID: 3172582.

8. Tilg H, Cani PD, Mayer EA. Gut microbiome and liver 
diseases. Gut. 2016;65(12):2035–2044. doi:10.1136/ 
gutjnl-2016-312729. PMID: 27802157.

9. Bajaj JS, Salzman NH, Acharya C, Sterling RK, 
White MB, Gavis EA, Fagan A, Hayward M, 
Holtz ML, Matherly S, et al. Fecal microbial transplant 
capsules are safe in hepatic encephalopathy: a Phase 1, 

Randomized, placebo-controlled trial. Hepatology. 
2019;70(5):1690–1703. doi:10.1002/hep.30690. PMID: 
31038755.

10. Bajaj JS, Kassam Z, Fagan A, Gavis EA, Liu E, Cox IJ, 
Kheradman R, Heuman D, Wang J, Gurry T, et al. Fecal 
microbiota transplant from a rational stool donor 
improves hepatic encephalopathy: a randomized clini-
cal trial. Hepatology. 2017 Dec 1;66(6):1727–1738. 
doi:10.1002/hep.29306. PMID: 28586116.

11. Kowarsky M, Camunas-Soler J, Kertesz M, De 
Vlaminck I, Koh W, Pan W, Martin L, Neff NF, 
Okamoto J, Wong RJ, et al. Numerous uncharacterized 
and highly divergent microbes which colonize humans 
are revealed by circulating cell-free DNA. Proc Natl 
Acad Sci U S A. 2017;114(36):9623–9628. doi:10.1073/ 
pnas.1707009114. PMID: 28830999.

12. Castillo DJ, Rifkin RF, Cowan DA, Potgieter M. The 
healthy human blood microbiome: fact or fiction? Front 
Cell Infect Microbiol. 2019;9(MAY):148. doi:10.3389/ 
fcimb.2019.00148. PMID: 31139578.

13. Zhang Y, Zhao R, Shi D, Sun S, Ren H, Zhao H, Wu W, 
Jin L, Sheng J, Shi Y. Characterization of the circulating 
microbiome in acute-on-chronic liver failure associated 
with hepatitis B. Liver Int. 2019;39(7):1207–1216. 
doi:10.1111/liv.14097. PMID: 30864226.

14. Puri P, Liangpunsakul S, Christensen JE, Shah VH, 
Kamath PS, Gores GJ, Walker S, Comerford M, 
Katz B, Borst A, et al. The circulating microbiome 
signature and inferred functional metagenomics in 
alcoholic hepatitis. Hepatology. 2018;67(4):1284–1302. 
doi:10.1002/hep.29623. PMID: 29083504.

15. Kajihara M, Koido S, Kanai T, Ito Z, Matsumoto Y, 
Takakura K, Saruta M, Kato K, Odamaki T, Xiao JZ, 
et al. Characterisation of blood microbiota in patients 
with liver cirrhosis. Eur J Gastroenterol Hepatol. 
2019;31(12):1577–1583. doi:10.1097/ 
MEG.0000000000001494. PMID: 31441799.

16. Shah NB, Allegretti AS, Nigwekar SU, Kalim S, Zhao S, 
Lelouvier B, Servant F, Serena G, Thadhani RI, Raj DS, 
et al. Blood microbiome profile in CKD: a pilot study. 
Clin J Am Soc Nephrol. 2019;14(5):692–701. 
doi:10.2215/CJN.12161018. PMID: 30962186.

17. Hammad DBM, Hider SL, Liyanapathirana VC, 
Tonge DP. Molecular characterization of circulating 
microbiome signatures in rheumatoid arthritis. Front 
Cell Infect Microbiol. 2020;9:440. doi:10.3389/ 
fcimb.2019.00440. PMID: 32039040.

18. Poore GD, Kopylova E, Zhu Q, Carpenter C, 
Fraraccio S, Wandro S, Kosciolek T, Janssen S, 
Metcalf J, Song SJ, et al. Microbiome analyses of blood 
and tissues suggest cancer diagnostic approach. Nature. 
2020;579(7800):567–574. doi:10.1038/s41586-020- 
2095-1. PMID: 32214244.

19. Fukui H. Gut-liver axis in liver cirrhosis: how to manage 
leaky gut and endotoxemia. World J Hepatol. 2015;7 
(3):425–442. doi:10.4254/wjh.v7.i3.425. PMID: 
25848468.

e2029674-14 R. GEDGAUDAS ET AL.

https://doi.org/10.17605/OSF.IO/T2ED7
https://doi.org/10.17605/OSF.IO/T2ED7
https://doi.org/10.1016/j.jhep.2015.07.001
https://doi.org/10.1159/000444551
https://doi.org/10.1136/gutjnl-2015-310275
https://doi.org/10.1136/gutjnl-2015-310275
https://doi.org/10.1016/j.jhep.2014.03.021
https://doi.org/10.1016/j.jhep.2012.12.011
https://doi.org/10.1016/J.JHEP.2016.07.002
https://doi.org/10.1016/J.JHEP.2016.07.002
https://doi.org/10.1007/BF02471464
https://doi.org/10.1136/gutjnl-2016-312729
https://doi.org/10.1136/gutjnl-2016-312729
https://doi.org/10.1002/hep.30690
https://doi.org/10.1002/hep.29306
https://doi.org/10.1073/pnas.1707009114
https://doi.org/10.1073/pnas.1707009114
https://doi.org/10.3389/fcimb.2019.00148
https://doi.org/10.3389/fcimb.2019.00148
https://doi.org/10.1111/liv.14097
https://doi.org/10.1002/hep.29623
https://doi.org/10.1097/MEG.0000000000001494
https://doi.org/10.1097/MEG.0000000000001494
https://doi.org/10.2215/CJN.12161018
https://doi.org/10.3389/fcimb.2019.00440
https://doi.org/10.3389/fcimb.2019.00440
https://doi.org/10.1038/s41586-020-2095-1
https://doi.org/10.1038/s41586-020-2095-1
https://doi.org/10.4254/wjh.v7.i3.425


20. Wiest R, Weigert J, Wanninger J, Neumeier M, Bauer S, 
Schmidhofer S, Farkas S, Scherer MN, Schäffler A, 
Schölmerich J, et al. Impaired hepatic removal of 
interleukin-6 in patients with liver cirrhosis. Cytokine. 
2011 Feb;53(2):178–183. doi:10.1016/j. 
cyto.2010.06.013. PMID: 20637651.

21. Schierwagen R, Alvarez-Silva C, Madsen MSA, 
Kolbe CC, Meyer C, Thomas D, Uschner FE, 
Magdaleno F, Jansen C, Pohlmann A, et al. Circulating 
microbiome in blood of different circulatory 
compartments. Gut. 2019 Mar 1;68(3):578–580. 
doi:10.1136/gutjnl-2018-316227. PMID: 29581241.

22. Cho EJ, Leem S, Kim SA, Yang J, Bin LY, Kim SS, 
Cheong JY, Cho SW, Kim JW, Kim SM, et al. 
Circulating microbiota-based metagenomic signature 
for detection of hepatocellular carcinoma. Sci Rep. 
2019;9(1):1–8. doi:10.1038/s41598-019-44012-w. 
PMID: 31101866.

23. Giannelli V, Di Gregorio V, Iebba V, Giusto M, 
Schippa S, Merli M, Thalheimer U. Microbiota and the 
gut-liver axis: bacterial translocation, inflammation and 
infection in cirrhosis. World J Gastroenterol. 2014;20 
(45):16795–16810. doi:10.3748/wjg.v20.i45.16795. 
PMID: 25492994.

24. Chen Y, Ji F, Guo J, Shi D, Fang D, Li L . Dysbiosis of 
small intestinal microbiota in liver cirrhosis and its 
association with etiology. Sci Rep. 2016;6(1):1–9. 
doi:10.1038/srep34055.

25. Qin N, Yang F, Li A, Prifti E, Chen Y, Shao L, Guo J, Le 
Chatelier E, Yao J, Wu L, et al. Alterations of the human 
gut microbiome in liver cirrhosis. Nature. 2014;513 
(7516):59–64. doi:10.1038/nature13568. PMID: 
25079328.

26. Ponziani FR, Bhoori S, Castelli C, Putignani L, 
Rivoltini L, Del Chierico F, Sanguinetti M, Morelli D, 
Paroni Sterbini F, Petito V, et al. Hepatocellular carci-
noma is associated with gut microbiota profile and 
inflammation in nonalcoholic fatty liver disease. 
Hepatology. 2019;69(1):107–120. doi:10.1002/ 
hep.30036. PMID: 29665135.

27. Bellot P, Francés R, Such J. Pathological bacterial trans-
location in cirrhosis: pathophysiology, diagnosis and 
clinical implications. Liver Int. 2013;33(1):31–39. 
doi:10.1111/liv.12021. PMID: 23121656.

28. Wells JM, Brummer RJ, Derrien M, MacDonald TT, 
Troost F, Cani PD, Theodorou V, Dekker J, 
Méheust A, De Vos WM, et al. Homeostasis of the 
gut barrier and potential biomarkers. Am J Physiol 
- Gastrointest Liver Physiol. 2017 Mar 1;312(3): 
G171–93. doi:10.1152/ajpgi.00048.2015. PMID: 
27908847.

29. Pelsers MMAL, Namiot Z, Kisielewski W, Namiot A, 
Januszkiewicz M, Hermens WT, Glatz JFC. Intestinal- 
type and liver-type fatty acid-binding protein in the 
intestine. Tissue distribution and clinical utility. Clin 
Biochem. 2003;36(7):529–535. doi:10.1016/S0009- 
9120(03)00096-1. PMID: 14563446.

30. Tsiaoussis GI, Assimakopoulos SF, Tsamandas AC, 
Triantos CK, Thomopoulos KC. Intestinal barrier dys-
function in cirrhosis: current concepts in pathophysiol-
ogy and clinical implications [Internet]. Vol. 7, World 
Journal of Hepatology. World J Hepatol. 
2015;7:2058–2068. doi:10.4254/wjh.v7.i17.2058. PMID: 
26301048.

31. Mortensen C, Karlsen S, Grønbæk H, Nielsen DT, 
Frevert S, Clemmesen JO, Møller S, Jensen JS, 
Bendtsen F. No difference in portal and hepatic venous 
bacterial DNA in patients with cirrhosis undergoing 
transjugular intrahepatic portosystemic shunt 
insertion. Liver Int. 2013 Oct 1;33(9):1309–1315. 
doi:10.1111/liv.12205. PMID: 23763259.

32. Ngkelo A, Meja K, Yeadon M, Adcock I, Kirkham PA. 
LPS induced inflammatory responses in human periph-
eral blood mononuclear cells is mediated through 
NOX4 and G iα dependent PI-3kinase signalling. 
J Inflamm. 2012;9(1):1–7. doi:10.1186/1476-9255-9-1.

33. Larsen JM. The immune response to Prevotella bacteria 
in chronic inflammatory disease. Immunology. 2017;151 
(4):363–374. doi:10.1111/imm.12760. PMID: 28542929.

34. Monteiro S, Grandt J, Uschner FE, Kimer N, 
Madsen JL, Schierwagen R, Klein S, Welsch C, 
Schäfer L, Jansen C, et al. Differential inflammasome 
activation predisposes to acute-on-chronic liver fail-
ure in human and experimental cirrhosis with and 
without previous decompensation. Gut. 2021 Feb 
1;70(2):379–387. doi:10.1136/GUTJNL-2019-320170. 
PMID: 32241903.

35. Zimmermann HW, Seidler S, Gassler N, Nattermann J, 
Luedde T, Trautwein C, Tacke F, . Interleukin-8 is 
activated in patients with chronic liver diseases and 
associated with hepatic macrophage accumulation in 
human liver fibrosis. PLoS One. 2011;6(6):e21381. 
doi:10.1371/journal.pone.0021381. PMID: 21731723.

36. Steib CJ, Schewe J, Gerbes AL. Infection as a trigger for 
portal hypertension. Dig Dis. 2015 Jul 22;33 
(4):570–576. doi:10.1159/000375352. PMID: 26159275.

37. Bajaj JS, Hylemon PB, Ridlon JM, Heuman DM, 
Daita K, White MB, Monteith P, Noble NA, 
Sikaroodi M, Gillevet PM. Colonic mucosal micro-
biome differs from stool microbiome in cirrhosis and 
hepatic encephalopathy and is linked to cognition and 
inflammation. Am J Physiol - Gastrointest Liver 
Physiol. 2012 Sep 15;303(6):G675–85. doi:10.1152/ 
ajpgi.00152.2012. PMID: 22821944.

38. Szabo G, Petrasek J. Inflammasome activation and func-
tion in liver disease. Nat Rev Gastroenterol Hepatol. 
2015 Jun 9;12(7):387–400. doi:10.1038/ 
nrgastro.2015.94.

39. Praktiknjo M, Schierwagen R, Monteiro S, Ortiz C, 
Uschner FE, Jansen C, Claria J, Trebicka J. Hepatic 
inflammasome activation as origin of Interleukin-1α 
and Interleukin-1β in liver cirrhosis. Gut. 2021 Sep 
1;70(9):1799–1800. doi:10.1136/GUTJNL-2020-322621. 
PMID: 33087491.

GUT MICROBES e2029674-15

https://doi.org/10.1016/j.cyto.2010.06.013
https://doi.org/10.1016/j.cyto.2010.06.013
https://doi.org/10.1136/gutjnl-2018-316227
https://doi.org/10.1038/s41598-019-44012-w
https://doi.org/10.3748/wjg.v20.i45.16795
https://doi.org/10.1038/srep34055
https://doi.org/10.1038/nature13568
https://doi.org/10.1002/hep.30036
https://doi.org/10.1002/hep.30036
https://doi.org/10.1111/liv.12021
https://doi.org/10.1152/ajpgi.00048.2015
https://doi.org/10.1016/S0009-9120(03)00096-1
https://doi.org/10.1016/S0009-9120(03)00096-1
https://doi.org/10.4254/wjh.v7.i17.2058
https://doi.org/10.1111/liv.12205
https://doi.org/10.1186/1476-9255-9-1
https://doi.org/10.1111/imm.12760
https://doi.org/10.1136/GUTJNL-2019-320170
https://doi.org/10.1371/journal.pone.0021381
https://doi.org/10.1159/000375352
https://doi.org/10.1152/ajpgi.00152.2012
https://doi.org/10.1152/ajpgi.00152.2012
https://doi.org/10.1038/nrgastro.2015.94
https://doi.org/10.1038/nrgastro.2015.94
https://doi.org/10.1136/GUTJNL-2020-322621


40. Kayagaki N, Wong MT, Stowe IB, Ramani SR, 
Gonzalez LC, Akashi-Takamura S, Miyake K, 
Zhang J, Lee WP, Muszynśki A, et al. 
Noncanonical inflammasome activation by intracel-
lular LPS independent of TLR4. Science (80-). 
2013;341(6151):1246–1249. doi:10.1126/ 
science.1240248. PMID: 23887873.

41. Roderburg C, Luedde T. The role of the gut microbiome 
in the development and progression of liver cirrhosis 
and hepatocellular carcinoma. Gut Microbes. 2014 Jul 
9;5(4):441–445. doi:10.4161/GMIC.29599. PMID: 
25006881.

42. Mandorfer M, Hernández-Gea V, García-Pagán JC, 
Reiberger T. Noninvasive diagnostics for portal hyper-
tension: a comprehensive review. Semin Liver Dis. 2020 
Aug 1;40(3):240–255. doi:10.1055/s-0040-1708806. 
PMID: 32557480.

43. Oh TG, Kim SM, Caussy C, Fu T, Guo J, Bassirian S, 
Singh S, Madamba EV, Bettencourt R, Richards L, et al. 
A universal gut-microbiome-derived signature predicts 
cirrhosis. Cell Metab. 2020 Nov 3;32(5):878–888.e6. 
doi:10.1016/J.CMET.2020.06.005/ATTACHMENT/ 
6285C2D0-2560-42D1-89FA-ABA2915BE9A1/MMC1. 
PDF. PMID: 32610095.

44. Ren Z, Li A, Jiang J, Zhou L, Yu Z, Lu H, Xie H, Chen X, 
Shao L, Zhang R, et al. Gut microbiome analysis as 
a tool towards targeted non-invasive biomarkers for 
early hepatocellular carcinoma. Gut. 2019;68 
(6):1014–1023. doi:10.1136/gutjnl-2017-315084. 
PMID: 30045880.

45. Rühlemann MC, Heinsen FA, Zenouzi R, Lieb W, 
Franke A, Schramm C. Faecal microbiota profiles as 
diagnostic biomarkers in primary sclerosing 
cholangitis. Gut. 2017;66(4):753–754. doi:10.1136/ 
gutjnl-2016-312180. PMID: 27216937.

46. Kimer N, Pedersen JS, Busk TM, Gluud LL, Hobolth L, 
Krag A, Møller S, Bendtsen F. Rifaximin has no effect on 
hemodynamics in decompensated cirrhosis: 
a randomized, double-blind, placebo-controlled trial. 
Hepatology. 2017 Feb 1;65(2):592–603. doi:10.1002/ 
HEP.28898/SUPPINFO. PMID: 27775818.

47. Kamada N, Núñez G. Regulation of the immune system 
by the resident intestinal bacteria. Gastroenterology. 
2014;146(6):1477–1488. doi:10.1053/J. 
GASTRO.2014.01.060. PMID: 24503128.

48. Kinross JM, Darzi AW, Nicholson JK. Gut 
microbiome-host interactions in health and disease. 
Genome Med. 2011 Mar 14;3(3):1–12. doi:10.1186/ 
GM228/TABLES/1. PMID: 21392406.

49. Buffie CG, Pamer EG. Microbiota-mediated coloniza-
tion resistance against intestinal pathogens. Nat Rev 
Immunol. 2013 Nov;13(11):790. doi:10.1038/NRI3535. 
PMID: 24096337.

50. Dinakaran V, Rathinavel A, Pushpanathan M, 
Sivakumar R, Gunasekaran P, Rajendhran J. Elevated 
levels of circulating DNA in cardiovascular disease 

patients: metagenomic profiling of microbiome in the 
circulation. PLoS One. 2014 Aug 18;9(8):e105221. 
doi:10.1371/journal.pone.0105221. PMID: 25133738.

51. Petrasek J, Csak T, Szabo G. Toll-Like Receptors in 
Liver Disease. Adv Clin Chem. 2013 Jan 1;59:155–201. 
doi:10.1016/B978-0-12-405211-6.00006-1. PMID: 
23461136.

52. Seki E, Brenner DA. Toll-like receptors and adaptor 
molecules in liver disease: update. Hepatology. 2008 
Jul 1;48(1):322–335. doi:10.1002/hep.22306. PMID: 
18506843.

53. Imhann F, Vich Vila A, Bonder MJ, Lopez 
Manosalva AG, Koonen DPY, Fu J, Wijmenga C, 
Zhernakova A, Weersma RK. The influence of proton 
pump inhibitors and other commonly used medication 
on the gut microbiota. Gut Microbes. 2017 Feb 4;8 
(4):1–8. doi:10.1080/19490976.2017.1284732. PMID: 
28118083.

54. Bjørkhaug ST, Aanes H, Neupane SP, Bramness JG, 
Malvik S, Henriksen C, Skar V, Medhus AW, Valeur J. 
Characterization of gut microbiota composition and 
functions in patients with chronic alcohol 
overconsumption. Gut Microbes. 2019 Nov 2;10 
(6):663–675. doi:10.1080/19490976.2019.1580097. 
PMID: 30894059.

55. Schlomann BH, Parthasarathy R. Timescales of gut 
microbiome dynamics. Curr Opin Microbiol. 2019 
Aug 1;50:56–63. doi:10.1016/j.mib.2019.09.011. PMID: 
31689582.

56. Mehta RS, Abu-Ali GS, Drew DA, Lloyd-Price J, 
Subramanian A, Lochhead P, Joshi AD, Ivey KL, 
Khalili H, Brown GT, et al. Stability of the human faecal 
microbiome in a cohort of adult men. Nat Microbiol. 
2018 Jan 15;3(3):347–355. doi:10.1038/s41564-017- 
0096-0. PMID: 29335554.

57. Bajaj JS, Heuman DM, Hylemon PB, Sanyal AJ, 
White MB, Monteith P, Noble NA, Unser AB, 
Daita K, Fisher AR, et al. Altered profile of human gut 
microbiome is associated with cirrhosis and its 
complications. J Hepatol. 2014 May 1;60(5):940–947. 
doi:10.1016/j.jhep.2013.12.019. PMID: 24374295.

58. Eisenhofer R, Minich JJ, Marotz C, Cooper A, Knight R, 
Weyrich LS. Contamination in low microbial biomass 
microbiome studies: issues and recommendations. 
Trends Microbiol. 2019;27(2):105–117. doi:10.1016/j. 
tim.2018.11.003. PMID: 30497919.

59. Schierwagen R, Alvarez-Silva C, Servant F, Trebicka J, 
Lelouvier B, Arumugam M. Trust is good, control is 
better: technical considerations in blood microbiome 
analysis. Gut. 2020;69(7):1362–1363. doi:10.1136/ 
gutjnl-2019-319123. PMID: 31203205.

60. Davis NM, DiM P, Holmes SP, Relman DA, 
Callahan BJ. Simple statistical identification and 
removal of contaminant sequences in marker-gene 
and metagenomics data. Microbiome. 2018;6(1):1–14. 
doi:10.1186/s40168-018-0605-2. PMID: 30558668.

e2029674-16 R. GEDGAUDAS ET AL.

https://doi.org/10.1126/science.1240248
https://doi.org/10.1126/science.1240248
https://doi.org/10.4161/GMIC.29599
https://doi.org/10.1055/s-0040-1708806
https://doi.org/10.1016/J.CMET.2020.06.005/ATTACHMENT/6285C2D0-2560-42D1-89FA-ABA2915BE9A1/MMC1.PDF
https://doi.org/10.1016/J.CMET.2020.06.005/ATTACHMENT/6285C2D0-2560-42D1-89FA-ABA2915BE9A1/MMC1.PDF
https://doi.org/10.1016/J.CMET.2020.06.005/ATTACHMENT/6285C2D0-2560-42D1-89FA-ABA2915BE9A1/MMC1.PDF
https://doi.org/10.1136/gutjnl-2017-315084
https://doi.org/10.1136/gutjnl-2016-312180
https://doi.org/10.1136/gutjnl-2016-312180
https://doi.org/10.1002/HEP.28898/SUPPINFO
https://doi.org/10.1002/HEP.28898/SUPPINFO
https://doi.org/10.1053/J.GASTRO.2014.01.060
https://doi.org/10.1053/J.GASTRO.2014.01.060
https://doi.org/10.1186/GM228/TABLES/1
https://doi.org/10.1186/GM228/TABLES/1
https://doi.org/10.1038/NRI3535
https://doi.org/10.1371/journal.pone.0105221
https://doi.org/10.1016/B978-0-12-405211-6.00006-1
https://doi.org/10.1002/hep.22306
https://doi.org/10.1080/19490976.2017.1284732
https://doi.org/10.1080/19490976.2019.1580097
https://doi.org/10.1016/j.mib.2019.09.011
https://doi.org/10.1038/s41564-017-0096-0
https://doi.org/10.1038/s41564-017-0096-0
https://doi.org/10.1016/j.jhep.2013.12.019
https://doi.org/10.1016/j.tim.2018.11.003
https://doi.org/10.1016/j.tim.2018.11.003
https://doi.org/10.1136/gutjnl-2019-319123
https://doi.org/10.1136/gutjnl-2019-319123
https://doi.org/10.1186/s40168-018-0605-2


61. Groszmann RJ, Wongcharatrawee S. The hepatic 
venous pressure gradient: anything worth doing should 
be done right. Hepatology. 2004;39(2):280–283. 
doi:10.1002/hep.20062. PMID: 14767976.

62. McMurdie PJ, Holmes S, Watson M. Phyloseq: an 
R package for reproducible interactive analysis and gra-
phics of microbiome census data. PLoS One. 2013;8(4): 
e61217. doi:10.1371/journal.pone.0061217. PMID: 
23630581.

63. Oksanen J, Blanchet FG, Friendly M, Kindt R, 
Legendre P, Mcglinn D, Minchin PR, O’hara RB, 
Simpson GL, Solymos P, et al. vegan: community 

ecology package, version 2.5-7. https://github.com/ 
vegandevs/vegan.RPackagversion340 Retrieved 17 Sept 
2021. 2020;

64. Love MI, Huber W, Anders S. Moderated estimation of 
fold change and dispersion for RNA-seq data with 
DESeq2. Genome Biol. 2014;15(12). doi:10.1186/ 
s13059-014-0550-8. PMID: 25516281.

65. Risso D, Perraudeau F, Gribkova S, Dudoit S, 
Vert JP. A general and flexible method for signal 
extraction from single-cell RNA-seq data. Nat 
Commun. 2018;9(1). doi:10.1038/s41467-017-02554- 
5. PMID: 29348443.

GUT MICROBES e2029674-17

https://doi.org/10.1002/hep.20062
https://doi.org/10.1371/journal.pone.0061217
https://github.com/vegandevs/vegan.RPackagversion340
https://github.com/vegandevs/vegan.RPackagversion340
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1038/s41467-017-02554-5
https://doi.org/10.1038/s41467-017-02554-5

	Abstract
	Introduction
	Results
	Circulating blood microbiome composition in healthy control individuals and patients with cirrhosis
	Circulating microbiome in different blood compartments of patients with cirrhosis
	Circulating microbiome and gut permeability
	Circulating microbiome and PH severity
	Circulating microbiome and systemic inflammation

	Discussion
	Materials and methods
	HVPG measurement
	Blood sample collection, immunohistochemistry, isolation of nucleic acids, and sequencing
	Statistical analysis

	List of abbreviations
	Disclosure statement
	Funding
	ORCID
	Author Contributions
	Data availability statement
	References

