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Abstract
Purpose Evaluating whether changes in gut microbiota induced by a bifidobacterial strain may have an effect on the hepatic 
vascular function in portal hypertensive cirrhotic rats.
Methods Bile duct ligation (BDL) was performed in rats. A subgroup of animals received B. pseudocatenulatum CECT7765 
 (109 cfu/daily ig.) for 1 week prior to laparotomy. Hemodynamic, biochemical and inflammatory markers were evaluated. 
Ileal microbiota composition was identified. Statistical analysis was performed.
Results Sham-operated (n = 6), BDL (n = 6) and BDL treated with bifidobacteria (n = 8) rats were included. B. pseudo-
catenulatum CECT7765 significantly decreased proteobacteria (p = 0.001) and increased Bacteroidetes (p = 0.001) relative 
abundance. The bifidobacteria decreased the Firmicutes/Bacteroidetes ratio in the BDL model (p = 0.03). BDL with bifido-
bacteria vs BDL rats showed: significantly reduced portal vein area, portal flow, congestion index, alkaline phosphatase and 
total bilirubin, significantly increased serum cytokines and nitric oxide levels, gene expression levels of bile acids receptor 
FXR and endothelial nitric oxide synthase. Quantitative changes in the Clostridiales and Bacteroidales orders were inde-
pendently associated with variations in portal vein area and portal flow, while changes in the Proteobacteria phylum were 
independently associated with congestion. Variations in all liver function markers significantly correlated with total OTUs 
mainly in the Firmicutes, but only changes in the Clostridiales were independently associated with alkaline phosphatase in 
the ANCOVA analysis.
Conclusion Hemodynamic alterations and liver dysfunction induced by BDL in rats are partially restored after oral adminis-
tration of B. pseudocatenulatum CECT7765. Results provide a proof-of-concept for the beneficial effect of this bifidobacterial 
strain in reducing complications derived from portal hypertension in cirrhosis.

Keywords Liver damage · Bile duct ligation · Liver hemodynamics · Liver function · Bifidobacterium · Microbiota

Introduction

Cirrhosis is an advanced liver disease resulting from a 
chronic liver injury, characterized by generalized progres-
sive vasodilatation, related to portal hypertension, mainly 
due to increased intrahepatic resistance [1]. Patients with 
decompensated liver cirrhosis have a poor prognosis [2] 
and an increased mortality, most often attributed to direct 
complications resulting from the loss of liver function, 
portal hypertension and the development of hepatocellular 
carcinoma.

Patients with cirrhosis and portal hypertension may 
develop hyperdynamic circulatory syndrome due to splanch-
nic arterial vasodilation [3]. These patients are at higher risk 
of developing esophageal varices. The use of prophylactic 
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antibiotics in the setting of acute variceal bleeding is stand-
ard practice because it is known to decrease the rate of bacte-
rial infection, risk of early rebleeding, and mortality [4, 5].

There is emerging evidence that the gut microbiome plays 
an important role in the progression of the complications of 
cirrhosis such as hepatic encephalopathy and others [6–8]. 
Studies have found a gut microbiota dysbiosis in patients 
with cirrhosis. Intestinal bacterial overgrowth (IBO) has 
been associated with advanced liver dysfunction [9–11] and 
may predispose patients to bacterial translocation. In fact, 
spontaneous bacterial peritonitis is more likely to develop 
in patients with IBO [9, 12].

Portal hypertension management could benefit from 
chronic manipulation of the gut microbiota [13–15]. B. 
pseudocatenulatum CECT7765 has previously shown to 
help in improving gut barrier integrity and reducing bac-
terial antigen translocation in experimental cirrhosis [16], 
and its capacity to repolarize cirrhotic patients’ macrophages 
towards an anti-inflammatory M2 phenotype [17]. The aim 
of the present study was to evaluate whether changes in gut 
microbiota composition induced by this bifidobacterial strain 
have an effect on the vascular function in a bile duct ligated 
rat model of liver damage.

Animals and methods

Study design

Study flowchart is represented in Supplementary Fig. 1. 
Male Sprague–Dawley rats [18] (Harlan, Barcelona, Spain) 
weighing 100–150 g were included in this study. Rats were 
individually caged at a constant room temperature of 21 °C 
and exposed to a 12:12 light/dark cycle. The animals were 
fed standard rodent chow along the study protocol. After 
1 week for quarantine, animals were subjected to bile duct 
ligation (BDL) surgery. Briefly, rats were anesthetized 
with ketamine and xylazine. After midline laparotomy, we 
ligated the common bile duct at two different levels with 5-0 
silk sutures, and sectioned the duct between the ligatures. 
Abdominal wall was closed with 5-0 silk sutures. A sub-
group of animals acted as controls and was sham-operated.

After surgeries, animals started then a 4-week proto-
col to develop experimental cirrhosis. In week 3, animals 
intragastrically received B. pseudocatenulatum CECT7765 
 (109 cfu daily) or placebo (vehicle). In week 4, ultrasound 
Doppler images were performed to all sham or BDL ani-
mals. Laparotomies were performed under anesthesia with 
ketamine and xylazine after the ultrasound measurements. 
Animals remained fasting the night before laparotomies. 
The skin was sterilized with iodine and a short incision 
in the abdominal wall was performed. Blood (2 mL) from 
the vena cava were inoculated under aseptic conditions in 

sterile, rubber-sealed Vacutainer SST II tubes (BD Diagnos-
tics, Belgium) that were never exposed to free air. The liver 
was perfused in situ with HBSS without  Ca2

+ and  Mg2
+ 

at 37 °C. This was followed by perfusion with HBSS con-
taining 100 mM  CaCl2 solution at the same perfusion rate. 
The liver was then removed and rinsed with HBSS. Liver 
biopsy specimens, 10–15 mm in size, were collected and 
conserved in RNA later (Sigma-Aldrich, Madrid, Spain). 
Intestinal content from the ileum (10 cm) proximal to the 
ileocecal valve were collected in a sterile cryotube, and the 
corresponding intestinal wall was washed with warm saline 
three times to minimize bacterial attachment [19] and stored 
in RNA later (Sigma). Animals were then euthanized by 
overdose of anesthesia.

The study was approved by the Animal Research Com-
mittee of Universidad Miguel Hernandez (Alicante, Spain).

B. pseudocatenulatum CECT7765 culture conditions

The strain B. pseudocatenulatum CECT7765 was obtained 
from the Spanish Type Culture Collection (CECT). The 
strain was grown in MRS broth (Scharlau, Barcelona, 
Spain) supplemented with 0.05% (w/v) cysteine (MRS-C 
Sigma, St. Louis, MO, USA) and incubated at 37 °C for 
22 h (at stationary growth phase) under anaerobic conditions 
(AnaeroGen, Oxoid, Basingstoke, UK). Cells were harvested 
by centrifugation (6.000×g for 15 min), washed twice in 
phosphate-buffered saline (PBS, 130 mM sodium chloride, 
10 mM sodium phosphate, pH 7.4) and re-suspended in 10% 
skimmed milk for oral administration to rats. Aliquots of 
these suspensions were frozen in liquid nitrogen and stored 
at − 80 °C until used. The number of live cells was deter-
mined by colony-forming unit (CFU) counting on MRS-C 
agar (Biomerieux) after 48-h incubation at 37 °C. For the 
strains tested, more than 90% cells were alive upon thaw-
ing and no significant differences were found during storage 
time (2 months). One fresh aliquot was thawed for every new 
experiment to avoid variability in the viability of cultures.

Microbiota composition analyses

gDNA from intestinal content from the ileum was extracted 
using a Fast DNA Stool Mini Kit (Qiagen) according to 
the manufacturer’s instructions with minor variations. 
180–220 mg aliquots of intestinal content were placed in 
sterile tubes filled with glass beads and 1 mL of Inhibitex 
buffer (Qiagen). Samples were homogenized in a beadbeater 
for two successive rounds for 1 min with intermittent cooling 
on ice. Samples were then heated to 95 °C for 10 min and 
DNA extraction was carried out according to the manufac-
turer’s standard protocol. Samples were amplified in tripli-
cate via PCR using primers (S-D-Bact-0563-a-S-15/S-D-
Bact-0907-b-A-20) that target the V4–V5 variable regions 
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of the 16S rDNA [20]. Triplicate reactions consisted of final 
concentrations of Buffer HF (1×), dNTPs (0.11 µM), prim-
ers (0.29 µM each) and Taq Phusion High Fidelity (0.007 U/
µL) in final volumes of 35 µL. Cycling conditions consisted 
of 98 °C for 3 min, followed by 25 cycles of 95 °C for 20 s, 
55 °C for 20 s, and 72 °C for 20 s, followed by a final exten-
sion step of 72 °C for 5 min. Each sample was tagged with 
a barcode to allow multiplexing during the sequencing 
process. Triplicate sample amplicons were combined and 
purified using the Illustra GFX PCR DNA and Gel Band 
Purification Kit (GE Healthcare) according to the manufac-
turer’s instructions and combined in equimolar concentra-
tions before carrying out sequencing on a MiSeq instrument 
(Illumina).

Bioinformatic processing of data was carried out using 
the software Mothur [21] following the MiSeq standard 
operating procedure in Mothur for analyzing paired-end 
Illumina reads [22]. Forward and reverse Illumina reads 
were joined into contigs, poor-quality reads were removed, 
and barcodes and primers were removed. Sequences were 
aligned using the Mothur-provided SILVA-based bacterial 
reference alignment [23]. Chimeras were then removed using 
the Mothur implementation of UCHIME algorithm [24]. A 
distance matrix was created using the processed sequences 
and then sequences were clustered into operational taxo-
nomic units (OTUs) at 97% identity. OTUs were classified 
using the Mothur-formatted version of the RDP training set 
(v.9) [25]. Samples were subsampled to the lowest number 
of sequences among samples and alpha diversity richness 
estimators and diversity indices (observed OTUs, Chao 1, 
Shannon’s diversity index, Simpson’s diversity index) were 
calculated. A phylogenetic tree was generated using Moth-
ur’s implementation of the software program Clearcut using 
a relaxed neighbor joining algorithm [26].

Bifidobacteria were also quantified using 16S rRNA 
gene-specific primers for this genus [27, 28] by qPCR using 
LightCyclerH 480 SYBR Green I Master (Roche, USA) 
with an ABI PRISM 7000- PCR sequence detection system 
(Applied Biosystems, UK), as described previously [29].

Ultrasound imaging and analysis

All animals were anesthetized using isoflurane (1.5–2.5% 
in oxygen, titrated to maintain stable heart rate, respiration 
rate, and body temperature). The upper abdomen was shaved 
and depilatory cream applied below the xiphoid process. 
Animals were positioned supine on a heated platform [Vevo 
2100 Imaging Station (integrated rail system); Visualson-
ics, Toronto, Canada]. Body temperature was monitored 
continuously, via a rectal probe, and maintained at 37 °C 
throughout the experiment using the heated table and when 
necessary, a supplemental heat lamp. The height of the trans-
ducer was set to apply minimal pressure to the abdomen 

while still allowing adequate views of the abdominal ves-
sels of interest. Once the transducer was positioned, the x–y 
knobs of the platform were used to move the transducer 
small increments in the cranial and caudal directions to dis-
play the major abdominal vessels significant to this study: 
abdominal aorta, inferior vena cava, and portal vein (PV) in 
the same view [30]. Ultrasound recordings from individual 
rats during chronic studies were collected at the same time 
each day and feeding schedule remained consistent through-
out the studies.

All vessel diameter measurements were made by the 
same ultrasonographer, using image frames from periods of 
cardiac systole and during exhalation obtained with a Vevo 
Imaging system (Visualsonic). Cine loops of the images 
were viewed on a desktop station using Vevo LAB 1.7.1 
software (Visualsonic). Both vertical and horizontal diame-
ters (vessel height and vessel width) of vessel cross-sections 
were measured and then averaged to obtain final values from 
each time point.

Liver and metabolic function biochemical markers

Serum levels of alkaline phosphatase (ALP), alanine trans-
ferase (ALT), urea, albumin (ALB), total protein (TP), glu-
cose, cholesterol, total bile acids (TBA) and total bilirubin 
were determined in 200 µL of total blood using an automatic 
liquid biochemistry analyzer (Skyla Vb1, CVM practice, 
Navarra, Spain).

Tissue lysates and gene expression analysis

Total cellular RNA was isolated from 20 to 30 mg of liver 
disrupted by sonication. Oligonucleotides for selected genes 
were designed according to the Roche software. Quantitative 
real-time PCR (qRT-PCR) was performed in an IQ5 Real-
Time PCR (BioRad, Hercules, CA, USA). B2-microglobulin 
was used as housekeeping gene in all gene expression analy-
ses. Assays were made in triplicate and results normalized 
according to the expression level of the reference gene. 
Results were expressed using the ∆∆CT method for quan-
titation. Genes determined were cyclooxygenase (COX)-2 
(forward 5′-CAG CCA TGC AGC AAA TCC TT-3′; reverse 
5′-AAG TGG TAA CCG CTC AGG TG-3′); farnesoid X-acti-
vated receptor (FXR) (forward 5′-CCA CGA CCA AGC TAT 
GCA G-3′; reverse 5′-TCT CTG TTT GCT GTA TGA GTCCA-
3′) ; endothelial nitric oxide synthase (eNOS) (forward 
5′-TCC TCA GGC TTG GGT CTT GT-3′; reverse 5′-ATC CTG 
TGT TGT TGG GCT GG-3′); inducible nitric oxide synthase 
(iNOS) (forward 5′-CAG CGC TGA TGG AAA TGT CG-3′; 
reverse 5′-ATT GTG GCT CGG GTG GAT TT-3′); collagen 
1 alpha 1 (Col1a1) (forward 5′-TGC TAA AGG TGC CAA 
TGG TG-3′; reverse 5′-GGG ACC TTG TAC ACC ACG TT-3′); 
metallopeptidase inhibitor 1(TIMP1) (forward 5′-CGC TAG 
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AGC AGA TAC CAC GA-3′; reverse 5′-AGC GTC CGA ATC 
CTT TGA GCA-3′) and transforming growth factor, beta 1 
(Tgfb1) (forward 5′-GCT GAA CCA AGG AGA CGG AA-3′; 
reverse 5′-CCA CGT AGT AGA CGA TGG GC-3′).

ELISAs

Enzyme-linked immunosorbent assays (ELISA) from R&D 
Systems (Minneapolis, MN, USA) were performed in serum 
samples according to the manufacturers’ instructions, for 
determining quantitative levels of TNF-α, IL-6 and total 
nitric oxide. All samples were tested in duplicate and read 
in a Sunrise Microplate Reader (Tecan, Mannedorf, Switzer-
land). Lower limits of detection of all cytokine assays were 
between 10 and 20 pg/mL. Standard curves were generated 
for each plate, and the average zero standard optical densi-
ties were subtracted from the rest of standards, controls, and 
samples to obtain a corrected concentration for all cytokines.

Statistical analysis

For indirect management of the plots was carried out an 
analysis of multidimensional non-metric scaling, NMDS 
(non-metric multidimensional scaling distance) that 
uses the matrix of dissimilarity between plots. We clus-
tered separately the three different groups of rats. The 
first axis (NMDS1) separated treatment with Bifidobac-
teria CECT7765 from the other groups. The second axis 
(NMDS2) separated control from cirrhotic rats with BDL. 
This analysis was performed with phyloseq package of R 
(version 3.2.2).

The diversity índices of intestinal microbiota, the relative 
abundance of OTUs, biochemistry values and hemodynamic 
parameters were compared between three treatment groups 
by Kruskall–Wallis test. Mann–Whitney U test was used for 
paired comparisons between treatment groups with the Bon-
ferroni correction for multiple comparisons. An ANCOVA 
analysis was performed to study the variability components 
of hemodynamic and liver function variables according to 
treatment group and relative abundance of OTUs. Signifi-
cant level was 0.05. Statistical analyses were performed with 
SPSS (version 22.0).

Results

A total of 25 rats were initially included in the study. Mor-
tality rate in BDL groups was 26.3% (5 out of 19 animals). 
The five deaths occur prior to bifidobacterial administration. 
None of the sham-operated rats (n = 6) died before laparoto-
mies. BDL rats were randomly distributed to receive (n = 8) 
or not (n = 6) B. pseudocatenulatum CECT7765 for 1 week 
previous to laparotomy. Fibrotic liver damage was confirmed 

in BDL rats by measuring gene expression levels of profi-
brogenic markers (Supplementary Fig. 2).

Gut microbiota analysis and sample clustering

We first evaluated the composition of the microbiota com-
munity in sham-operated rats, BDL rats and BDL rats 
treated with B. pseudocatenulatum CECT7765 (Fig. 1). The 
BDL protocol decreased total mean OTUs of main phyla 
compared with sham-operated animals, whereas the bifido-
bacterial treatment in BDL rats significantly increased total 
mean OTUs of these phyla compared with the other two 
groups (Fig. 1a). When relative abundance is considered, 
the BDL treatment increased Firmicutes, Proteobacteria and 
Actinobacteria phyla while decreased Bacteroidetes phylum 
compared with sham-operated animals. Differences in Act-
inobacteria (p = 0.02) and Bacteroidetes (p = 0.01) reached 
statistical significance. Bifidobacteria treatment significantly 
increased bacteroidetes (p = 0.01) and reduced Proteobacte-
ria phyla (p < 0.001) compared to BDL-untreated animals 
(Fig. 1b). Figure 1c shows the main differences in total 
median OTUs at genus level between bifidobacteria-treated 
BDL and sham-operated control rats, and Fig. 1d shows the 
main differences between B. pseudocatenulatum CECT7765 
treated vs non-treated BDL rats. Table 1 shows the statisti-
cally significant differences in the amount of identified genus 
between the three groups of rats.

Figure  2a shows the Chao1, Shannon and Simpson 
scores for microbial diversity. Median Shannon (p = 0.002) 
and Simpson (p = 0.002) scores were significantly different 
between sham-operated rats and BDL rats. Median values 
for all scores in BDL rats treated with bifidobacteria showed 
partial restoration of the microbial diversity modified by 
BDL treatment, although this trend was not statistically sig-
nificant compared with BDL animals. The NMDS analysis 
of the three different groups of animals is represented in 
Fig. 2b. The analysis clustered BDL rats treated with the 
bifidobacterial strain separately from the rest of groups, as 
determined by the first axis (NMDS1). On the other hand, 
BDL surgery in rats was not clustered separately from sham-
operated rats, as distributed by second axis (NMDS2).

The Firmicutes/Bacteroidetes ratio was significantly 
increased in BDL animals compared with sham-operated 
rats (1.20 vs 3.18, p = 0.003). The administration of the bifi-
dobacterial strain significantly decreased this ratio (2.21, 
p = 0.03) compared with BDL rats not receiving B. pseudo-
catenulatum CECT7765.

Hemodynamic, biochemical and inflammatory 
parameters in studied animals

When the experimental groups were compared, cirrhosis 
induction by BDL significantly worsened hemodynamics 

Author's personal copy



1651European Journal of Nutrition (2019) 58:1647–1658 

1 3

parameters, as evaluated by ultrasound Doppler imaging, 
showing an increased portal vein area and portal flow lead-
ing to a significantly increased congestion index. The oral 
administration of the Bifidobacterium strain to BDL rats 
significantly reduced the portal vein area and the portal 
flow, resulting in a significantly decreased congestion 
index (Table 2).

Biochemical markers of liver and metabolic function 
were analyzed in blood of all included animals between 
experimental groups and are represented in Table 3. As 
expected, a significantly reduced liver function is observed 
in BDL vs sham-operated rats. The administration of B. 
pseudocatenulatum CECT7765 to BDL rats significantly 
improved total bilirubin and alkaline phosphatase levels. 
B. pseudocatenulatum CECT7765 was not able to recover 
hepatocyte capacity to produce ALT after the induced liver 
damage. The actual improvement in the rest of param-
eters did not reach statistical significance. No significant 
changes in glucose and cholesterol levels were observed 
in BDL rats after bifidobacterial administration. Bile acids 
levels were significantly increased in BDL rats compared 
to controls. The administration of B. pseudocatenulatum 

CECT7765 did not show a significant reduction in serum 
bile acid levels.

Regarding systemic inflammatory mediators, serum levels 
of TNF-α, IL-6 and nitric oxide were significantly increased 
in BDL compared to sham-operated rats. The bifidobacterial 
administration to BDL rats significantly reduced all three 
variables (Fig. 3).

Liver gene expression levels of FXR and eNOS were 
significantly reduced in BDL vs sham-operated rats, while 
iNOS and COX-2 were significantly upregulated. The 
administration of B. pseudocatenulatum CECT7765 signifi-
cantly increased FXR and eNOS gene expression levels in 
the liver of studied animals, while iNOS and COX-2 were 
reduced, although this reduction did not reach statistical sig-
nificance (Fig. 4).

Correlation between changes in gut microbiota induced 
by B. pseudocatenulatum CECT7765 and hemodynamic and 
liver function parameters in BDL rats.

The congestion index correlated with the total OTUs 
of Lactobacillus (r = 0.800; p = 0.01) and Proteobacteria 
(r = 0.725; p = 0.03) when comparing sham-operated vs 
BDL rats. When BDL rats were compared according to the 

(A) (C)

(B) (D)

Fig. 1  Gut microbiota composition in study groups. a Total mean 
OTUs of main phyla in the three groups of study. b Relative abun-
dance of main phyla in the three groups of study. c Main differ-
ences in total median OTUs at genus level between bifidobacteria-
treated BDL and sham-operated control rats. d Main differences in 

total median OTUs at genus level between B. pseudocatenulatum 
CECT7765 treated vs non-treated BDL rats. *p = 0.01 between sham-
operated and BDL rats; $p ≤ 0.01 between BDL and BDL adminis-
tered with B. pseudocatenulatum CECT7765. BDL bile duct ligation, 
OTUs operational taxonomic units
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Table 1  Microbiota genus showing statistically significant differences between study groups

Median and percentiles of total OTUs are represented
BDL bile duct ligation, OTUs operational taxonomic units, CECT7765 Bifidobacterium pseudocatenulatum CECT7765
1 p < 0.016 compared with sham-operated rats
2 p < 0.016 compared with BDL + CECT7765 rats

Sham-operated rats (n = 6) BDL rats (n = 6) BDL + CECT7765 rats (n 
= 8)

Kruskall–Wallis

Median (P25–P75) Median (P25–P75) Median (P25–P75)

Alistipes 1778.5 (279.0–2373.0) 31.0 (23.0–39.0)1 269.0 (214.0–462.0) 0.012
Clostridium XI 44.5 (24.0–63.0) 558.5 (434.0–851.0)1 83.0 (47.5–2388.5) 0.021
Odoribacter 311.0 (25.0–2734.0) 7.0 (6.0–12.0)1 24.5 (16.5–119.0) 0.011
Turicibacter 14.5 (6.0–21.0) 281.0 (168.0–353.0)1 25.0 (7.0–162.0) 0.013
Parabacteroides 177.5 (75.0–508.0) 23.5 (18.0–172.0)2 235.5 (156.5–336.5) 0.027
Clostridium XIV 64.5 (14.0–100.0) 3.5 (2.0–5.0)2 66.5 (52.5–161.5) 0.021
Blautia 70.0 (42.0–100.0) 26.0 19.0–29.0)1,2 147.0 (74.0–223.0) 0.017
Ruminococcus 38.0 (33.0–57.0) 1.5 (1.0–7.0)2 147.0 (80.5–188.5) 0.026
Roseburia 15.0 (5.0–51.0) 4.5 (2.0–6.0)2 110.5 (54.0–154.5) 0.014
Lachnospiracea_incertae_sedis 63.0 (24.0–119.0) 8.5 (6.0–10.0)1,2 32.0 (22.0–55.5) 0.003
Sporobacter 14.5 (6.0–34.0) 2.0 (1.0–3.0)2 36.0 (24.0–53.5) 0.017
Dorea 6.5 (3.0–9.0) 2.5 (0.0–5.0) 13.5 (5.0–26.0) 0.049
Acinetobacter 0.03 (0.0–0.1) 1.5 (0.0–22.0) 0.04 (0.0–0.1) 0.032
Clostridium_XIVa 1.0 (0.0–4.0) 0.05 (0.0–0.1) 3.0 (1.0–5.5) 0.049
Unclassified Porphyromonadaceae 1820.5 (1258.0–2889.0) 329.5 (42.0–1763.0) 2594.0 (2301.0–3163.5) 0.048
Unclassified Prevotellaceae 137.0 (47.0–627.0) 6.5 (4.0–8.0)1,2 275.0 (74.5–567.5) 0.013
Unclassified Betaproteobacteria 49.5 (3.0–104.0) 1.5 (0.0–2.0)1 8.5 (1.5–32.0) 0.02
Unclassified Enterobacteriaceae 25.5 (17.0–41.0) 20.5 (1.0–43.0) 1.5 (1.0–3.0)1 0.089
Unclassified Proteobacteria 46.0 (11.0–101.0) 0.0 (0.0–1.0)1 7.0 (2.5–13.0) 0.018
Unclassified Lachnospiraceae 4488.0 (867.0–10327.0) 130.0 (111.0–296.0) 6874.5 (3994.5–9077.5) 0.025
Unclassified Ruminococcaceae 994.5 (887.0–1568.0) 88.0 (33.0–156.0) 3460.5 (1181.0–4389.0) 0.043
Unclassified Clostridiales 382.0 (161.0–786.0) 56.5 (20.0–103.0)2 826.0 (395.5–1400.0) 0.014

Fig. 2  Gut microbiota diversity in study groups. a Alpha diversity 
scores in all study groups. b Two-dimensional non-metric multidi-
mensional scaling (NMDS) plot of three study groups by taxonomic 

composition. NDMS1 axis was set to determine distances between 
animals by B. pseudocatenulatum CECT7765 administration, and 
NMDS2 axis to determine distances by BDL surgery
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administration of B. pseudocatenulatum CECT7765, OTUS 
from several firmicutes like Allobaculum, Lactococcus and 
the Erysipelotrichaceae family and Proteobacteria phylum 
inversely correlated with the congestion index. Supplemen-
tary Table 1 shows all significant correlations between dif-
ferent hemodynamic parameters and total OTUS of genus 
in animals comparing BDL vs sham-operated rats and BDL 
rats treated or not with the bifidobacterial strain.

Among genus modified by the administration of B. pseu-
docatenulatum CECT7765 in BDL rats, Table 4 shows the 

genus which total OTUs variations are independently associ-
ated with hemodynamic changes, according to the ANCOVA 
analysis. Quantitative changes in the Clostridiales and 
Bacteroidales classes were independently associated with 
variations in portal vein area and portal flow. In the case 
of congestion, only changes in the Proteobacteria phylum 
caused by the administered bifidobacterial strain remained 
significant and independent.

Variations in all liver function biochemical markers 
between BDL and sham-operated rats, and between BDL 

Table 2  Median and percentile values of hemodynamic parameters between study groups

BDL bile duct ligation, CECT7765 B. pseudocatenulatum CECT7765
1 p < 0.016 compared with sham-operated rats
2 p < 0.016 compared with BDL rats

Sham-operated rats (n = 6) BDL rats (n = 6) BDL + CECT7765 rats (n = 8) Kruskal–Wallis
Median (P25–P75) Median (P25–P75) Median (P25–P75)

Velocity (mm/s) 38.0 (37.0–42.0) 25.0 (25.0–30.0)1 34.0 (32.0–35.0) 0.005
Portal vein area  (mm2) 0.95 (0.87–0.99) 2.06 (1.79–2.30)1 1.49 (1.33–1.55)1,2 0.003
Diameter (mm) 1.1 (1.05–1.12) 1.62 (1.51–1.71)1 1.38 (1.3–1.41)12 0.003
Portal flow (mL/s) 37.11 (36.11–38–97) 61.84 (44.77–62.63) 47.59 (43.66–52.73)1 0.045
Congestion index 0.02 (0.02–0.03) 0.07 (0.07–0.08)1 0.05 (0.04–0.05)1,2 0.003

Table 3  Median and percentile values of liver function parameters between study groups

ALP alkaline phosphatase, ALT alanine transaminase, BDL bile duct ligation, CECT7765 B. pseudocatenulatum CECT7765
1 p < 0.016 compared with sham-operated rats
2 p < 0.016 compared with BDL rats

Sham-operated rats (n = 6) BDL rats (n = 6) BDL + CECT7765 rats (n = 8) Kruskal–Wallis
Median (P25–P75) Median (P25–P75) Median (P25–P75)

Glucose (mg/dL) 77.2 (67.0–94.4) 81.3 (68.7.0–93.4) 75.6 (66.0–97.7) 0.07
ALP (U/L) 49.0 (30.0–64.0) 271.5 (198.5–283.5) 68.0 (63.0–75.0)2 0.010
ALT (U/L) 45.0 (45.0–52.0) 26.0 (25.0–32.0)1 25.0 (18.0–32.0)1 0.017
Urea (mg/dL) 14.0 (12.0–15.0) 7.65 (4.30–11.50) 14.0 (13.0–15.0) 0.044
Albumin (g/dL) 4.35 (4.05–4.75) 1.0 (0.90–2.40)1 3.50 (2.40–4.30) 0.021
Total protein (g/dL) 6.0 (5.90–6.70) 4.3 (3.50–5.70)1 5.80 (5.70–6.20) 0.023
Total bilirubin (mg/dL) 0.40 (0.30–0.50) 12.0 (11.0–12.0)1 3.40 (2.50–5.60)2 0.002
Cholesterol (mg/dL) 48.1 (47.4–61.2) 52.4 (40.3–58.2) 50.4 (42.3–62.3) 0.062
Total bile acids (μmol/L) 61.2 (50.6–68.2) 121.2 (110.6–128.2)1 114.4 (102.3–122.4)1 0.025

Fig. 3  Levels of TNF-α, IL-6 and nitric oxide in the serum of animals in different study groups. * p ≤ 0.01 compared with sham-operated group: 
$p ≤ 0.01 compared with BDL rats
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rats according to the administration of B. pseudocatenulatum 
CECT7765, significantly correlated with total OTUs changes 
in the Clostridiales class. All correlations are described in 
Supplementary Table 2. However, only quantitative changes 
in the Clostridiales class were independently associated with 
variations in ALP levels in the ANCOVA analysis (Table 5). 

Regarding metabolic biochemical markers, only variations 
in total bile acids correlated with total OTUs changes in 
Clostridiales, Lactobacillales and γ-Proteobacteria classes 
in the ANCOVA analysis (Table 6). All significant bivariate 
correlations between quantitative changes in different genus 
and total bile acids are shown in Supplementary Table 3.

Discussion

In the present study, we show that hemodynamic altera-
tions and liver dysfunction in induced cirrhotic rats by bile 
duct ligation are partially restored after oral administra-
tion of B. pseudocatenulatum CECT7765. The increased 
gene expression levels of FXR and eNOS in the liver of 
BDL rats treated with the bifidobacterial strains suggests 
a beneficial effect on these parameters through modula-
tion of bile acids metabolism and endothelial dysfunction. 
Results presented herein provide a proof-of-concept to 

Fig. 4  Gene expression levels of 
FXR, eNOS, iNOS and COX-2 
in the livers of animals in differ-
ent study groups. FXR farnesoid 
X receptor, eNOS endothelial 
nitric oxide synthase, iNOS 
inducible nitric oxide syn-
thase, COX-2 cyclo-oxygenase 
2. *p ≤ 0.01 compared with 
sham-operated group: $p ≤ 0.01 
compared with BDL rats

Table 4  ANCOVA analysis showing the genus which total OTUs variations are independently associated with hemodynamic changes

Phylum Class Genus Portal flow (mL/s) Portal vein area  (mm2) Congestion index

Corr coef p value Corr coef p value Corr coef p value

Proteobacteria Unclassified Proteobacteria 0.895 0.02 0.694 0.018
Bacteroides Bacteroidales Parabacteroides 0.767 0.035

Alistipes 0.767 0.015
Unclassified Bacteroidales 0.7 0.006

Firmicutes Clostridiales Blautia 0.667 0.021
Ruminococcus 0.688 0.005
Dorea 0.667 0.044
Faecalibacterium 0.895 0.003 0.795 0.010
Roseburia 0.765 0.04
Unclassified Clostridia 0.785 0.012
Unclassified Clostridiales 0.831 0.007 0.814 0.012

Table 5  ANCOVA analysis showing the genus which total OTUs 
variations are independently associated with liver function parameter 
changes

ALP alkaline phosphatase

Phylum Class Genus ALP

Corr coef p value

Firmicutes Clostridiales Clostridium_IV 0.681 0.022
Ruminococcus 0.787 0.000
Roseburia 0.835 0.015
Sporobacter 0.688 0.020
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design further studies on the effects of the bifidobacterial 
strain in reducing the complications derived from portal 
hypertension in cirrhosis.

Cirrhosis is the common end-stage liver histologic distor-
tion for several hepatic diseases, characterized by general-
ized progressive systemic vasodilatation, related to portal 
hypertension. This fact in turn alters intestinal motility 
inducing intestinal bacterial overgrowth [31, 32], one of the 
proposed mechanisms of bacterial translocation in cirrhosis 
[33, 34]. Translocation of gut-derived bacterial products to 
the mesenteric lymph nodes and systemic circulation trig-
gers the activation of immune effectors in the mucosal and 
mesenteric lymphoid tissues increasing the synthesis and 
vascular release of nitric oxide [34–36]. Indeed, TNF-α 
is known to be involved in the pathogenesis of the hyper-
dynamic circulatory syndrome in portal hypertension [37, 
38], in impairing liver function and in contributing to hemo-
static failure [39]. Thus, reducing bacterial translocation to 
decrease the excessive oxidative stress and/or the increased 
vasodilator factors is an interesting approach to improve 
the general vascular dysfunction in portal hypertension. In 
this context, B. pseudocatenulatum CECT7765 has shown 
to reduce gut permeability and bacterial translocation epi-
sodes into MLNs of mice with  CCl4-induced cirrhosis [16]. 
However, the impact of this intervention on gut microbiota 
content and, of utmost relevance, on liver vascular function 
remained to be elucidated.

In our model, changes in the clostridiales and bacteroi-
dales were independently associated with hemodynamic 
variations in portal flow and portal vein area, which in turn, 
may explain the amelioration in the congestion index of BDL 
rats receiving the bifidobacterial strain. These results can be 
interpreted considering that only variations in certain classes 
are enough to show an effect on hemodynamics while other 
clusters are not involved, or show a residual effect, in liver 
function. Previous studies using VSL#3 have shown results 
in this same line. Gupta et al. demonstrated its significant 
beneficial effect of when added to propranolol, increasing 
the hepatic venous pressure gradient (HVPG) response rate 
compared to propranolol alone from 31 to 58%, in a large 
double-blind, placebo-controlled study [13]. In a recent 
study in cirrhotic patients, the oral administration of VSL#3 
resulted in reductions of the HVPG, cardiac index and heart 

rate, and in increases of the systemic vascular resistance and 
mean arterial pressure [40].

Additional evidences support the relationship between 
gut microbiota changes and hemodynamic alterations. 
The increase in the Firmicutes/Bacteroidetes ratio, a well-
established marker of gut dysbiosis in numerous pathologies 
[41], is increased in spontaneously hypertensive rats, and in 
a small group of humans with essential hypertension [42]. 
Also, the administration of magnesium acetate (200 mmol/L 
in drinking water) to hypertensive rats decreases the gut dys-
biosis, measured by the ratio Firmicutes/Bacteroidetes, pre-
venting the development of hypertension and heart failure 
[43]. In our study, we observe an increment in the Firmi-
cutes/Bacteroidetes ratio in BDL animals and, interestingly, 
a decrease after administration of B. pseudocatenulatum 
CECT7765. Along with the inverse correlation observed 
between congestion index and the total OTUs of allobacu-
lum, these results support a vascular benefit of the interven-
tion through gut microbiota modification in BDL animals. In 
fact, species such as allobaculum produce short-chain fatty 
acid (SCFA) [44], to which both epithelial cells and neutro-
phils have specific receptors [45], and that induce nuclear 
factor kappa (NFκ)-B blockade [46]. Its depletion in BDL 
rats may favor inflammation, mucosal damage or colonocyte 
starvation [47, 48].

Our second aim was to evaluate the relationship between 
gut microbiota modification and biochemical liver function. 
The possibility of reducing liver inflammation and amelio-
rating functional markers has been reported in ob/ob mice 
[49] and in nonalcoholic steatohepatitis-related cirrhotics 
using VSL#3 [50]. The B. pseudocatenulatum CECT7765-
induced increment in the Clostridiales class was indepen-
dently associated with a significant reduction in ALP lev-
els. This enzyme, as well as gamma glutamyl transferase, is 
typically increased in cholestasis, reflecting the biliary dam-
age [51]. This would suggest that the bifidobacterial strain, 
through induction of gut microbiota composition changes, is 
able to reduce the cholestatic damage in BDL rats.

A possible mechanism explored herein may involve, on one 
hand, the bile acids receptor FXR. In cirrhosis, low bile acids 
levels are associated with increased inflammation and fibro-
sis, and may account for gut-derived bacterial translocation 
[52–54]. The partial gut microbiota restoration induced by the 

Table 6  ANCOVA analysis 
showing the genus which 
total OTUs variations are 
independently associated with 
metabolic parameter changes

TBA total bile acids

Phylum Class Genus TBA

Corr coef p value

Firmicutes Clostridiales Clostridium sensustricto 0.970 0.033
Unclassified Ruminococcaceae 0.974 0.014

Lactobacillales Vagococcus 0.977 0.006
Proteobacteria γ-Proteobacteria Unclassified Enterobacteriaceae 0.975 0.011
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bifidobacteria may reduce these negative events during disease 
and slow down its progression. Supporting these results, gene 
expression levels of FXR at short-term in the liver of BDL 
mice are significantly decreased compared to sham-operated 
animals [55], and the lack of FXR in mice induces an enhanced 
renal removal of bile acids in mice [56]. On the second hand, 
gene expression levels of eNOS are significantly increased in 
the liver of BDL rats treated with the bifidobacterial strain. 
Reduced intrahepatic eNOS activity is a major contributor of 
endothelial dysfunction leading to portal hypertension [57]. 
The significant reduction of serum inflammatory cytokines 
levels in BDL rats after administration of the bifidobacteria 
would also support its role in improving endothelial dysfunc-
tion, which is aggravated by inflammation [58].

Including the present study, a considerable amount of 
evidence has been collected by now regarding the benefi-
cial effect of B. pseudocatenulatum CECT7765 on experi-
mental liver damage. The bifidobacterial strain has been 
described to reduce gut permeability, bacterial transloca-
tion and inflammation [16, 59], and we offer now results 
supporting its effect on improving hemodynamic and liver 
function markers. Moreover, the use of the bifidobacterial 
strain has shown to drive in vitro a transition in macrophages 
from ascitic fluid of patients with cirrhosis towards an anti-
inflammatory profile without reducing their phagocytic 
capacity [17]. Although partially evaluated in all these stud-
ies with positive results, a specifically designed study on 
safety would be required before evaluating the use of this 
promising bifidobacterial strain in human clinical studies.

In summary, we provide evidence that oral intervention 
with B. pseudocatenulatum CECT7765 in BDL rats pro-
motes the improvement of hemodynamic and liver func-
tion parameters associated with the modification of the gut 
microbiota content in portal hypertensive cirrhotic rats. The 
observed effect of the bifidobacterial strain on liver FXR and 
eNOS expression as a possible mechanism for inducing such 
beneficial effects will require further studies.
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