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Abstract

The liver is an important digestive gland, and acute liver failure results in high mortality. Probiotics are considered
potential adjuvant therapies for liver disease. This study aimed to investigate the beneficial effects of Lactobacillus
helveticus R0052 on acute liver injury and the underlying mechanisms. Sprague-Dawley rats were gavaged with
L. helveticus R0052 suspensions (3 x 10° CFU) for 1 week. Subsequently, acute liver injury was induced by
intraperitoneal D-galactosamine injection on the eighth day. After 24 h, samples (blood, liver, ileum, faeces) were
collected and assessed for histological injury, inflammation, intestinal barrier, gut microbiome and metabolome.
L. helveticus R0052 alleviated aminotransferase, bilirubin and total bile acid elevation and histological hepatic
injuries. Additionally, L. helveticus R0052 exhibited anti-inflammatory properties by downregulating Toll-like
receptors, tumour necrosis factor-a and nuclear factor-kb transcription in liver samples and decreasing proinflam-
matory cytokine plasma concentrations. Additionally, L. helveticus R0052 ameliorated intestinal abnormalities and
regulated Toll-like receptors, claudin? and mucin3 gene transcription in the intestine. These effects were associated
with gut microbiome and metabolome modulation by L. helveticus R0052. Probiotic pretreatment enriched
Lactobacillus and Bacteroides and depleted Flavonifractor and Acetatifactor in the gut microbiome. Meanwhile,
L. helveticus R0052 improved carbohydrate and fatty acid metabolism and reduced lithocholic acid levels. These
results indicate that L. helveticus R0O052 is promising for alleviating acute liver injury and provide new insights
regarding the correlations among the microbiome, the metabolome, the intestinal barrier and liver disease.
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Introduction

The liver is a vital organ for health, with important functions,
such as metabolism and detoxification. It has a strong capa-
bility of regeneration, but persistent liver injury can be in-
duced by several pathogeneses, such as those induced by med-
icines, viruses, alcohol or autoimmune hepatitis (Bernal et al.
2010). Without appropriate treatment, serious liver injuries
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may manifest as liver failure in clinical practice, especially
acute liver failure (ALF), which can even result in high mor-
tality exceeding 90% (Lee 2012).

Recently, the human microbiome has been closely
linked with liver disease. The liver is perpetually ex-
posed to gut microbes and their metabolites due to the
close anatomical and functional relationships between the
liver and intestine (Tripathi et al. 2018). However, the
intestinal barrier prevents the translocation of most mi-
crobes and their metabolites, while hepatic Kupffer cells
act as the first line to eliminate invading pathogens (Tilg
et al. 2016). Most liver injuries will damage the gut
barrier and disrupt the homeostasis of the gut-liver axis.
Under this situation, some microbes and their metabo-
lites, such as endotoxin, can permeate into the portal
vein, induce immune response and aggravate liver injury.

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00253-019-10211-8&domain=pdf
http://orcid.org/0000-0003-1212-4492
http://orcid.org/0000-0002-0761-4967
http://orcid.org/0000-0001-8174-2580
http://orcid.org/0000-0001-9289-0538
http://orcid.org/0000-0003-4914-5473
http://orcid.org/0000-0002-7275-3103
http://orcid.org/0000-0002-7832-983X
http://orcid.org/0000-0003-0982-7306
http://orcid.org/0000-0001-6945-0593
mailto:ljli@zju.edu.cn

9674

Appl Microbiol Biotechnol (2019) 103:9673-9686

Probiotic is defined as ‘live microorganisms that, when
administered in adequate amounts, confer a health benefit on
the host’ by expert consensus (Hill et al. 2014). Predictive,
preventive and personalized application of probiotics can be
a safe therapy to reduce hepatic inflammation and alleviate
liver injury (Bubnov et al. 2015). Based on available studies,
probiotic strains can promote health by different mecha-
nisms and most probiotics are capable of supporting a
healthy digestive tract and a balanced immune system by
inhibiting potential pathogens and producing useful metabo-
lites or enzymes (Hill et al. 2014). Although probiotic strains
mainly colonize in intestine, they can interact with liver at
distant site by gut-liver axis and metabolism (Reid et al.
2017). For example, Lactobacillus GG can ameliorate acute
alcohol-induced liver injury by protecting the intestinal bar-
rier and suppressing endotoxaemia (Wang et al. 2012). Our
previous studies indicated that L. salivarius LIOI1,
Pediococcus pentosaceus LI05 and Bifidobacterium
adolescentis CGMCC 15058 can alleviate ALF by modulat-
ing gut microbiome (Li et al. 2019; Lv et al. 2014).

Among probiotic strains, the genus Lactobacillus is an
important member of the human and animal microbiomes
and plays a role on host’s health (Zhang et al. 2018).
Lactobacillus helveticus is a food-associated species and
products bioactive peptides with potential therapeutic values
(Slattery et al. 2010). The strain L. helveticus R0052 was
originally isolated from a North American dairy starter cul-
ture. L. helveticus R0O052 can utilize a broader spectrum of
carbohydrates, produce lactic acid and is widely used as a
probiotic (Naser et al. 2006). Its safety and tolerability have
been proven in multi-centre randomized, double-blind,
placebo-controlled trials (Manzano et al. 2017). In addition,
it was reported that L. helveticus RO052 might protect hepa-
tocytes during liver disease. For example, the administration
of L. helveticus R0052 can alleviate alcoholic liver disease
by downregulating the expression of innate immunity-
associated Toll-like receptors (TLRs) and improving immu-
nologic status as well as regulating the gut-liver axis (Bang
et al. 2014; Hong et al. 2015).

In this work, the effect of L. helveticus R0052 on
acute liver injury was investigated using a D-galactos-
amine (D-GalN)-induced acute liver injury rat model,
which is a classic model to study inflammatory liver
injury and test the hepatoprotective effects of probiotics
(Maes et al. 2016). pD-GalN treatment can cause signif-
icant release of proinflammatory cytokines and induce
systemic inflammatory response syndrome which is as-
sociated with the rapid progressing of disease and poor
outcome in ALF patients (Antoniades et al. 2008).
Additionally, comprehensive analyses of inflammation,
the intestinal barrier, and the gut microbiome and me-
tabolome were performed to explore the mechanism un-
derlying the beneficial effects of L. helveticus R0052.
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Materials and methods
Strain and culture conditions

The probiotic strain L. helveticus R0052 (CNCM 1-1722) was
supplied by Lallemand Heath Solutions Inc. (Blagnac,
France). After anaerobically culturing in Man—Rogosa—
Sharpe broth (Thermo Fisher, Shanghai, China) at 37 °C for
24 h, the broth was centrifuged at 8000xg at 4 °C for 10 min.
Then, the precipitation was washed twice with sterile normal
saline and resuspended in sterile normal saline at a final con-
centration of 3 x 10° colony-forming units (CFU)/mL for
gavage.

Animals and experimental design

Twenty-four male specific pathogen-free (SPF) Sprague-
Dawley rats (Shanghai SLAC Laboratory Animal Co. Ltd.,
China) weighing 250-300 g were included in this randomized
controlled trial to avoid the effects of menstruation in female
rats. All animals were fed standard rat chow and kept at an
SPF facility. The rats were randomly divided into three exper-
imental groups named the normal control (NC) group, posi-
tive control (PC) group and L. helveticus RO052-pretreated
(R0052) group. Each group contained eight rats. In the first
7 days, the R0052 group was gavaged daily with 1 mL of
freshly prepared L. helveticus R0052 suspensions.
Meanwhile, the NC group and the PC group were gavaged
with 1 mL of normal saline as a placebo. On the eighth day, D-
GalN (Sigma, Saint Louis, MO, USA) was intraperitoneally
injected into rats in the PC group and the R0052 group at a
dose of 1.1 g/kg body weight to establish the acute liver injury
model, while the rats in the NC group received the same dose
of normal saline by intraperitoneal injection.

Sample collection

Twenty-four hours after the injection of D-GalN, faecal
samples were collected upon defecation. Rats were
anaesthetized with 30 mg/kg pentobarbital sodium
(Sigma, Saint Louis, MO, USA) and 10 mg/kg pethi-
dine (Sigma, Saint Louis, MO, USA). The blood was
collected from the inferior vena cava and centrifuged at
3000xg for 10 min to collect plasma and serum sam-
ples. Samples of liver and terminal ileum for histologi-
cal evaluation were immediately fixed in 10% parafor-
maldehyde once isolated from rats. Terminal ileum sam-
ples for scanning electron microscopy observation were
fixed in 2.5% glutaraldehyde in phosphate buffer. Other
liver and terminal ileum samples were stored in liquid
nitrogen for further study.
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Histological evaluation

After 24 h of fixation, the samples were embedded in paraffin,
cut into 2-um sections and stained with haematoxylin and
eosin (H&E). At least five fields of each section were assessed
under a microscope. The liver biopsies were evaluated accord-
ing to the histological activity index (HAI) (Knodell et al.
1981). In brief, specimens were graded in four categories:
periportal with or without bridging hepatocellular necrosis,
intralobular degeneration and focal hepatocellular necrosis,
portal inflammation, and fibrosis.

Intestinal epithelium abnormalities were graded as sug-
gested by Chiu (1970). Subepithelial Gruen Hagen’s space,
epithelial lifting and denudation of villi were taken into con-
sideration in this scoring system.

Scanning electron microscopy

The terminal ileum samples were secondarily fixed with 1%
0s0y in phosphate buffer for 1 h and washed three times in
phosphate buffer for 15 min. The fixed samples were
dehydrated by a graded series of ethanol (30%, 50%, 70%,
80%, 90% and 95%) for 15 min at each step and pure ethanol
for 20 min. Finally, the samples were dehydrated in a Hitachi
Model HCP-2 critical point dryer (Hitachi, Tokyo, Japan) and
coated with gold-palladium in a Hitachi Model E-1010 ion
sputter (Hitachi, Tokyo, Japan) for 5 min. A Nova Nano 450
scanning electron microscope (FEI, Hillsboro, USA) was used
for observation.

RT-qPCR analysis

The transcription of inflammation-associated genes was evaluat-
ed by a two-step reverse transcription quantitative PCR (RT-
gPCR) method. Total RNA was extracted from the liver and
terminal ileum samples with an RNeasy Plus Mini kit (Qiagen,
Valencia, CA, USA) and immediately transformed into cDNA
using a PrimeScript™ RT reagent Kit (Takara Biomedicals,
Kusatsu, Japan). Subsequently, the transcription of genes was
measured by qPCR in triplicate with Premix Ex Taq (Takara
Biomedicals, Kusatsu, Japan) on a ViiA7 Real-time PCR system
(Applied Biosystems, Waltham, Massachusetts, USA). The
housekeeping gene glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was defined as the internal control. The transcription
of genes was transformed into relative expression by the internal
control for further analysis. The primer sequences of the indicat-
ed genes for RT-qPCR analysis are provided in Table 1.

Serum liver function test
The serum samples were analysed by a biochemical analyser

(Hitachi 7600-210; Tokyo, Japan). This analyser is able to
detect the concentration of liver function biochemical

indicators, including total bile acid (TBA), total bilirubin
(TB), direct bilirubin (DB), indirect bilirubin (IB), alanine
aminotransferase (ALT), and aspartate aminotransferase
(AST).

Plasma cytokine analysis

The Bio-Plex Pro Rat Cytokine Panel Assay (Bio-Rad,
Hercules, California, USA) was conducted to determine the
levels of plasma cytokines or chemokines, including
interleukin-2 (IL-2), IL-6, IL-12, IL-17, tumour necrosis
factor-a (TNF-x), regulated upon activation normal T-cell
expressed and secreted (RANTES) protein, macrophage in-
flammatory protein-3o (MIP-3x).

16S rRNA gene sequencing and LEfSe analysis

Total genomic DNA was extracted from faecal samples using
a QIAamp Fast DNA Stool Mini Kit (Qiagen, Valencia,
USA). The quality of the DNA was verified by electrophore-
sis. The 16S rRNA genes were amplified by the universal
primers 338F (5-ACTCCTACGGGAGGCAGCAG-3") and
806R (5'-GGACTACHVGGGTWTCTAAT-3"). The PCR
products were purified with AMPure XP beads (Agencourt,
Beckman Coulter, Brea, California, USA) to establish quali-
fied libraries. The qualified libraries were sequenced on an
[lumina MiSeq platform (Illumina, San Diego, CA) with a
MiSeq Reagent Kit V3 (Illumina, San Diego, CA). To restore
the sequence of V3-V4 regions, overlapping paired-end reads
were merged to form long tags with FLASH software (version
1.2.8) (Mago¢ and Salzberg 2011). In addition, low-quality
reads and chimaeras were excluded, and the clean data were
clustered into operational taxonomic units (OTUs) with a 97%
threshold by Vsearch software (v2.3.4, Vsearch) (Rognes
et al. 2016). A representative sequence of each OTU was
selected and annotated with RDP classifier according to the
Ribosomal Database Project (RDP, database v.11.3) (Cole
et al. 2014). The Chaol index, Shannon index and principal
coordinates analysis (PCoA) of unweighted UniFrac beta di-
versity were calculated by QIIME software (version 1.8.0)
(Caporaso et al. 2010) to investigate the richness and diversity
of each gut microbiome. Linear discriminant analysis effect
size (LEfSe) analysis was performed on Galaxy web platform
(Afgan et al. 2018). The effect size of each differential taxon
was estimated by linear discriminant analysis (LDA) score,
and the results with LDA scores greater than 3.5 were defined
as discriminative taxa.

Metabolomic analysis
Analysis of the faeccal metabolome was based on the gas

chromatography-mass spectrometer (GC-MS) method, which
was proposed in our previous study (Ye et al. 2018). In brief,
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Table 1 PCR primers for RT-

qPCR analysis of the indicated Gene Forward sequence (5'-3") Reverse sequence (5'-3")

e TLR2 AAACTGTGTTCGTGCTTTCTG GCGTCATTGTTCTCGTCAAA
TLR4 CCCTGCCACCATTTACAGTT ATCAGAGTCCCAGCCAGATG
TLRS GGCTCAACCAAACCAATGTC TCCTCTTCATCGCAGTCCTT
TNF-o CAGGTTCCGTCCCTCTCATA TGCCAGTTCCACATCTCG
NF-rb TGGGACGACACCTCTACACA GGCTCAAAGTTCTCCACCAG
MUC3 TGAAGAGGAAGGCAGAGCAT TAGGGAGGGCTGGAAGTTG
claudin2 TGGGAAGGAACTGAAGGAAA GGTGGGCTTTGTTGTTTGTT
GAPDH ACAGCAACAGGGTGGTGGAC TTTGAGGGTGCAGCGAACTT

15 mg of faeces was homogenized in 800 mL of ice-cold meth-
anol (Sigma-Aldrich, St. Louis, MO, USA) and centrifuged at
14,000 rpm for 15 min. The supernatant was mixed with 20 mL
of heptadecanoic acid (1 mg/mL, Sigma-Aldrich, St. Louis, MO,
USA) and dried by nitrogen stream. The residue was dissolved in
50 mL of anhydrous pyridine with 15 mg/mL methoxylamine
hydrochloride (Sigma-Aldrich, St. Louis, MO, USA) and incu-
bated at 37 °C for 24 h. Then, the samples were mixed with 50
mL of 1% trimethylsilyl chloride in N,O-bistrifluoroacetamide
(Sigma-Aldrich, St. Louis, MO, USA) and incubated at 70 °C for
120 min. After these preparations, the mixtures were analysed on
a GC-MS Agilent 7890A GC system and an Agilent 5975C inert
mass-selective detector system (Agilent Technologies, Santa
Clara, CA, USA).

Metabolites were identified by the NIST databases (score >
80). Principal component analysis (PCA) and orthogonal par-
tial least squares-discriminant analysis (OPLS-DA) were both
performed by SIMCA software (version 14.1) (Sartorius
Stedim Biotech, Umeda, Sweden). Variables within each model
were scaled by the Pareto scaling method to reduce the impact
ofnoise and artefacts in the models. To identify the differential
metabolites between the NC group and the PC group or be-
tween the R0052 group and the PC group, metabolites with a
variable importance in the projection (VIP) value more than 1
and absolute p(corr) values larger than 0.3 were retained in
each model (Zeng et al. 2014). The metabolites observed in
both models were identified as the most differential metabo-
lites for L. helveticus R0O052 pretreatment. In addition, the
Mann-Whitney U test was applied to the peak area of these
differential metabolites to examine whether their levels were
significantly different among experimental groups.

Statistical analysis and illustrations

Statistical analyses were performed using SPSS 20.0 (SPSS
Inc., Chicago, IL, USA). The data for liver function, relative
expression of genes, cytokine concentrations, Chaol index
and Shannon index were analysed using one-way ANOVA
followed by LSD multi-comparison test. The data for HAI
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score, ileum histology score and metabolites were analysed
by the pairwise Mann-Whitney U test. Correlation analysis
was based on Spearman’s rank correlation analysis.

Statistical significance was defined as two-tailed P values <
0.05.

Nucleotide sequence accession number

The 16S sequencing data of the rat gut microbiome was depos-
ited in the Sequence Read Archive (SRA) database and can be
accessed by the SRA accession number PRINA552945.

Result

Pretreatment with L. helveticus R0052 alleviated liver
injury in rat model

None of the rats died in this study after the induction of liver
injury. As shown in the photomicrographs of H&E staining
(Fig. 1a), the rat livers of the NC group exhibited normal
lobular structure, whereas the portal tract in those of the PC
group was eroded by inflammatory cells. Meanwhile, foci of
lobular necroinflammation, degeneration and apoptosis were
observed in the livers of the PC group. In the group pretreated
with L. helveticus R0052, these histological injuries as well as
the elevation of HAI score when D-GalN was administered
were alleviated.

Serum ALT is highly sensitive and specific to liver injury
and the gold standard clinical chemistry marker of hepatotox-
icity (Ozer et al. 2008). We found that the concentrations of
serum ALT and AST were significantly elevated during D-
GalN-induced liver injury (Fig. 1b). Bilirubin is the product
of haemoglobin degradation and is a better indicator of disease
severity than ALT in the acute phase of liver injury, while
TBA is usually elevated with liver injury or functional change
(Dufour et al. 2000). Pretreatment with L. helveticus R0052
reduced the increase in ALT, AST, TB and TBA induced by D-
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Fig. 1 L. helveticus R0052 alleviated liver injury and inflammation. a
Representative liver samples stained by H&E. Grading of the HAI score
was based on these images. b Concentration of ALT and AST in serum
samples. ¢ Concentration of TBA, TB, DB and IB in serum samples. d
The transcription of TLR2, TLR4, TLRS, TNF-a and NF-xb in liver

GalN, indicating a reduction in hepatocellular damage in the
R0O052 group during this process (Fig. 1c).

TLR2, TLR4 and TLRS5 can recognize pathogen-
associated molecular patterns (PAMPs) and activate the host
innate immune reaction (Kaisho and Akira 2006). Nuclear
factor-kb (NF-kb) and TNF-«x are both important inflamma-
tion factors, and their transcription can be induced by TLR
signalling (Lim and Staudt 2013). Pretreatment with
L. helveticus R0052 downregulated the transcription of
TLR2, TLR4, TLR5, NF-xb and TNF-« in the liver induced
by D-GalN (Fig. 1d). In addition, the increase in several pro-
inflammatory cytokines, including IL-2, IL-6, IL-12, IL-17,
TNF-ot, RANTES and MIP-3«, in plasma induced by D-GalN
was attenuated by pretreatment with L. helveticus R0O052 (Fig.
le). These results indicated the anti-inflammatory effects of
L. helveticus R0052 in the D-GalN-induced liver injury model.
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not significant

Pretreatment with L. helveticus R0052 enhanced
the intestinal barrier in rat model

The terminal ileum exhibited histological abnormalities
during D-GalN-induced liver injury. Subepithelial Gruen
Hagen’s space, epithelial lifting and even denuded villi
were observed in the PC group, while L. helveticus
RO052 pretreatment ameliorated these histological ab-
normalities (Fig. 2c). During the evaluation of the ileum
histology score, the R0052 group was graded with a
lower histology score than the PC group (Fig. 2d). To
further investigate the ultrastructure of intestinal villi,
the ileum samples were observed by scanning electron
microscopy. The normal intestinal villi in the NC group
were small, finger-like projections, while the abnormal
intestinal villi in the PC group were atrophied (Fig. 2a).
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Fig. 2 L. helveticus R0052 enhanced the intestinal barrier. a, b
Representative images of intestinal villus ultrastructure under scanning
electron microscopy (% 200, x 30,000, respectively). ¢ Representative
images of H&E staining of terminal ileum samples. d Ileum
histological score was graded by H&E staining of terminal ileum

In addition, the microvilli on the brush border of villi
were disorganized in the PC group (Fig. 2b). These
abnormalities of ultrastructures were also alleviated by
L. helveticus R0052 pretreatment.

The intestinal epithelium, mucosal layer and tight junction
together form the mechanical intestinal barrier, which is the
forefront of defence against gut-derived pathogens. Compared
with the rats of PC group, those pretreated with L. helveticus
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< 0.05, **P < 0.01 and ***P < 0.001 comparing to the PC group. ‘ns’
means the difference is not significant

muc3

R0052 showed enhanced transcription of the mucosa-
associated gene mucin3 (MUC3) (Fig. 2e). The transcription
of claudin2, which forms paracellular cation pores in tight
junction, was decreased after L. helveticus R0O052 pretreat-
ment (Amasheh et al. 2002). These results indicated that
L. helveticus R0052 might enhance the intestinal barrier dur-
ing liver injury. No significant difference in 7LR relative ex-
pression was found between the NC group and the PC group
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in the ileum. However, it is interesting that the R0O052 group
had lower relative expression levels of TLR2, TLR4 and TLRS
than the PC group.

Pretreatment with L. helveticus R0052 reduced
potential gut pathogens and restored normal gut
flora in rat model

16S rRNA gene sequencing demonstrated the alteration of gut
microbiome structure by L. helveticus R0052 during D-GalN-
induced liver injury, which can be potential predictor for liver
protective effect. The gut microbiome of all 24 rats was se-
quenced, and a total of 2242079 valid tags were clustered into
5818 qualified OTUs. As shown by the Chaol index, the
microbiome of the R0052 group exhibited lower richness than
that of the PC group (Fig. 3a). As shown in the Shannon
index, there was no significant difference in microbiome di-
versity between the R0052 group and the PC group (Fig. 3b).
The PCoA results showed that the microbiome profile of the
L. helveticus R0O052 group was closer to that of the NC group
than to that of the PC group (Fig. 3c¢).

Discriminative taxa were identified by LEfSe analysis at mul-
tiple levels, and the most differential results (LDA score > 3.5)
were retained to investigate the alteration of the microbiome
structure. Compared with the NC group, the PC group exhibited
depletion of the phylum Bacteroidetes as well as of the affiliated
class Bacteroidia, order Bacteroidales, and families
Bacteroidaceae and Prevotellaceae (Fig. 3d). At the genus level,
Bacteroides, Prevotella, Alloprevotella and Barnesiella were de-
pleted in the PC group compared with in the NC group.
Meanwhile, enrichment of the phylum Firmicutes, class
Clostridia, order Clostridiales, family Ruminococcaceae, and
genera Ruminococcus, Flavonifractor and Acetatifactor contrib-
uted to gut microbiome dysbiosis in the PC group compared with
that in the NC group.

Compared with the PC group, the R0052 group exhibited
depletion of Flavonifractor and Acetatifactor, which indicated
that L. helveticus R0052 could compete with some potential
pathogens (Fig. 3e). In addition, the genera Lactobacillus and
Bacteroides as well as the class Bacilli, order Lactobacillales,
and family Lactobacillaceae were enriched in the R0052
group compared with those in the PC group, indicating the
potential role of L. helveticus R0052 in promoting normal gut
flora.

L. helveticus R0052 improved the faecal metabolomic
profile in rat model

The faecal metabolome was analysed by the GC-MS method,
and a total of 74 metabolites were identified from the faecal
samples. To provide an overview of the metabolomic profile,
unsupervised PCA analysis showed a trend in which the NC
group, the PC group and the R0052 group clustered

separately, which suggested differences in the metabolome
profile among the experimental groups (Fig. 4a). The results
of supervised OPLS-DA analysis revealed that the NC group
and the R0052 group were significantly separated from the PC
group (Fig. 4b). To identify the differential metabolites that
contributed to the alterations of the metabolome, 26 important
metabolites between the NC group and the PC group and 16
important metabolites between the R0052 group and the PC
group were selected based on VIP values (VIP value > 1)
because they were most relevant for explaining the OPLS-
DA models (Fig. 4c). Subsequently, the p(corr) value, which
reflects the reliability of variables, was taken into consider-
ation, and metabolites with absolute p(corr) values greater
than 0.3 were retained in a V plot (Zeng et al. 2014). Based
on the results of the V plot, seven differential metabolites,
namely lactose, galactose, maltose, talose, myo-inositol, oleic
acid and lithocholic acid (LCA), were observed not only in the
V plot between the NC and the PC groups but also in the V
plot between the R0052 and the PC groups, indicating their
important role in discriminating these groups (Fig. 4d).

The results of the Mann-Whitney U test showed that com-
pared with that of the NC group, the level of LCA, a toxic bile
acid, was significantly increased in the PC group and that the
levels of galactose, myo-inositol and maltose were decreased
in the PC group (Fig. 4e). The levels of lactose, talose and
oleic acid were not significantly different between the NC
group and the PC group. However, L. helveticus R0052 pre-
treatment improved the faecal metabolomic profile by reduc-
ing the levels of LCA, lactose and talose and increasing the
levels of galactose, myo-inositol, oleic acid and maltose com-
paring to those of the PC group.

The correlation between gut microbiome, faecal
metabolome and liver injury in rat model

The correlations of the discriminative bacterial genera and
differential metabolites from all three groups with liver func-
tion biochemical indicators, plasma proinflammatory cyto-
kines and relative expression of inflammation-associated
genes in the liver were determined using Spearman’s rank
correlation analysis (Fig. 5). First, the relative abundances of
Bacteroides, Prevotella, Alloprevotella and Barnesiella were
negatively correlated with serum levels of ALT and TB and
the relative expression of TNF-« in liver, as well as
Bacteroides with plasma TNF-o« and Prevotella with the rel-
ative expression of 7LR4 in the liver. In contrast, the relative
abundance of Ruminococcus was positively correlated with
the circulating levels of ALT, AST, TB, TBA, IL-12, IL-17,
RANTES, and MIP-3« and the relative expression of TLRS5 in
the liver. Second, the peak area of myo-inositol was positively
correlated with the relative abundances of Bacteroides,
Prevotella and Alloprevotella and negatively correlated with
the circulating levels of ALT, TB, TBA, IL-2, IL-6, IL-12,
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Fig.3 L. helveticus R0052 reduced potential gut pathogens but increased
normal gut flora. a Richness of the three groups was evaluated by the
Chaol index. b Alpha diversity was evaluated by the Shannon index. ¢
Beta diversity was determined by the UniFrac unweighted distance
method and PCoA analysis. d Sizes of circles indicate the relative
abundance of the taxa, and the discriminative taxa were annotated in a

RANTES, and MIP-3«x and the relative expression of TLR2,
TLR4, TLRS5, NF-xb and TNF-« in the liver. In contrast, harm-
ful bacterial metabolites, such as LCA, exhibited positive cor-
relations with circulating levels of ALT, AST, TB, TBA, IL-2,
IL-6, IL-12, IL-17, RANTES and MIP-3¢, and the relative
expression of TLR2, TLR4, TLRS5 and TNF-« in the liver.
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cladogram (LDA score > 3.5). The taxa enriched in the PC group are
green, and the taxa enriched in the NC group are red. e Taxa enriched in
the PC group are green, while taxa enriched in the R0052 group are red.
Data are exhibited as the mean + SEM. *P < 0.05 comparing to the PC

group

Discussion

The crosstalk between the gut and liver plays an important
role in the onset and progression of liver diseases. Gut
microbiome dysbiosis and intestinal barrier impairment will
increase the translocation of microbes and their metabolites,
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Fig. 4 L. helveticus R0052 modulated the faccal metabolome. a PCA
score plots of three groups. b OPLS-DA score plots between the NC
group vs. the PC group and the R0052 group vs. the PC group. ¢ VIP
values with jack-knifed confidence intervals. Only metabolites with a VIP
> 1 are shown above. d Differential metabolites (VIP > 1, absolute p(corr)
> 0.3) were selected by V plot. Differential metabolites between the NC
group and the PC group are in red, while differential metabolites between

which induce inflammation and liver damage (Tripathi et al.
2018). L. helveticus R0052 is considered a potential probiotic
for treating liver disease (Bang et al. 2014; Hong et al. 2015).
However, to the best of our knowledge, few studies have
focused on its effect on acute liver injury. In our research,
pretreatment with L. helveticus R0052 alleviated acute liver
injury and systemic inflammation in D-GalN-treated rats. The
beneficial effects of L. helveticus R0052 might be associated
with the enhancement of the intestinal barrier as well as the
modulation of gut microbiome and metabolome.

p(;:orr) R(3052 Vs iDC

Peak area (log 10)

the RO052 group and the PC group are in green. The triangles with
annotated names indicate that metabolites were differentially expressed
in both models. e Peak areas of metabolites were compared by the Mann-
Whitney U test. Data are exhibited as the mean = SEM. *P < 0.05 and
**P < 0.01 comparing to the PC group. ‘ns’ means the difference is not
significant

Inflammatory-mediated liver injury was the crucial mech-
anism for D-GalN-induced rat model. The pathophysiology of
D-GalN-induced liver injury is first due to the binding of gut-
derived PAMPs to protective immune receptors, such as TLRs
on hepatic immune cells (Maes et al. 2016). TLR signalling
culminates in NF-kB activation and provokes inflammatory
cytokine production, particularly that of TNF-& (Abreu 2010).
These inflammatory cytokines are responsible for neutrophil
recruitment and cause liver injury (Zou et al. 2011). The re-
sults in our study were consistent with a previous study
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Fig. 5 The correlations of the discriminative bacterial genera and
differential metabolites from all three groups with liver function
biochemical indicators, proinflammatory cytokines and relative
expression of inflammation-associated genes were determined using
Spearman’s rank correlation analysis. The hierarchical clustering was

showing that L. helveticus R0052 could reduce the relative
expression of TLRs and subsequently helped suppress the
transcription of NF-xB and TNF-« in liver samples (Bang
et al. 2014; Hong et al. 2015). In addition, the decreased plas-
ma level of TNF-« and other cytokines indicated the overall
anti-inflammatory effect of L. helveticus R0052 in rat model.

Impairment of the intestinal barrier aggravates liver in-
jury due to the translocation of gut-derived pathogens and
their products (Tilg et al. 2016). Increased permeability of
tight junctions can be induced by overexpression of
claudin-2, a member of the tight junction proteins forming
paracellular cation-selective pores (Amasheh et al. 2002).
The decrease in TNF-a production might contribute to the
reduced claudin-2 relative expression after L. helveticus
RO052 pretreatment in our study (Mankertz et al. 2009).
MUCS3 is a member of the transmembrane mucins that

@ Springer

based on the Euclidean distance method. These results with P values <
0.05 are shown in the heatmap. The colour key and circle size indicate the
strength of the correlation (» value). Red indicates positive correlations;
blue indicates negative correlations

forms the enterocyte glycocalyx that is impermeable to
commensal microorganisms (Johansson et al. 2008). In a
previous study, Lactobacillus strains enhanced the tran-
scription and production of MUC3, which led to reduced
adherence ability of the enteropathogen Escherichia coli
E2348/69 (Mack et al. 2003). Our research consistently
found that the transcription of MUC3 was increased in
the R0O052 group compared with that in the PC group.
Additionally, the abnormalities of intestinal epithelial
cells were ameliorated after L. helveticus RO052 pretreat-
ment. In addition, we found that the R0O052 group had
lower relative expression levels of TLR2, TLR4 and
TLRS5 than the PC group. However, intestinal TLR signal-
ling not only triggers inflammatory responses but also
facilitates intestinal barrier functions, such as epithelial
cell proliferation, tight junction maintenance and
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Fig. 6 Mechanisms of L. helveticus R0052’s beneficial effects on acute
liver injury. D-GalN can cause significant inflammation in liver. At the
same time, the gut barrier is disrupted due to the close relationships
between the liver and intestine. Subsequently, the intestinal barrier
impairment, gut microbiome dysbiosis and metabolic dysfunction lead
to immune response in liver and aggravate acute liver injury. L. helveticus
R0052 might enhance the intestinal barrier by increasing the transcription
of MUC3 and decreasing the transcription of claudin?. Secondly,

immunoglobulin production (Abreu 2010; Lebeis et al.
2007). Whether the reduced transcription of TLRs contrib-
uted to the beneficial effects of L. helveticus R0052 on
liver injury needs further investigation. Overall,
L. helveticus R0052 might alleviate liver injury by en-
hancing the intestinal barrier in rat model.
Accumulating evidence has indicated that the gut
microbiome is involved in the pathogenesis of liver diseases
by influencing the host’s immunity and metabolism (Cani
2018; Tripathi et al. 2018). We found that Bacteroides,
Prevotella, Alloprevotella and Barnesiella were depleted dur-
ing D-GalN-induced liver injury, and the negative correlation
between these normal gut flora and liver function biochemical
indicators, especially ALT, suggested their beneficial role in
liver health. Based on available research, Bacteroides is the
most predominant anaerobe in the gut and can ferment undi-
gested polysaccharides (Wexler 2007). The genera
Alloprevotella and Prevotella both belong to the family
Prevotellaceae, whose depletion contributes to nonalcoholic
fatty liver disease and microbiome dysbiosis (Shen et al.
2017). In addition, genus Prevotella is considered beneficial
for promoting hepatic glycogen storage and improving
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L. helveticus R0052

L. helveticus R0O052 modulates the gut microbiome by enriching
Lactobacillus and Bacteroides and depleting Flavonifractor and
Acetatifactor. Furthermore, L. helveticus R0052 regulates gut
metabolome by increasing the levels of galactose, myo-inositol, oleic
acid and maltose and reducing the levels of LCA, lactose and talose.
Besides, L. helveticus R0052 alleviates the hepatic inflammation by
downregulating the transcription of 7LR2, TLR4, TLR5, TNF-« and
NF-rb as well as decreasing the level of proinflammatory cytokines

glucose metabolism (Kovatcheva-Datchary et al. 2015).
Meanwhile, the overgrowth of Ruminococcus,
Flavonifractor and Acetatifactor may lead to metabolic dys-
function and aggravation of liver injury in the PC group.
The genus Ruminococcus is considered a gut microbiota
signature of nonalcoholic fatty liver disease and was posi-
tively correlated with the levels of ALT, AST, TB and
TBA in our study (Del Chierico et al. 2017). The genus
Acetatifactor has only one species, named Acetatifactor
muris, which has highly active 7x-dehydroxylases to con-
vert bile acid into LCA, a hepatotoxic microbial metabolite
(Pathak et al. 2018). L. helveticus R0O052 pretreatment im-
proved the gut microbiome structure by antagonistic inter-
actions with potential pathogens such as Flavonifractor and
Acetatifactor in our study (Garcia-Bayona and Comstock
2018). Moreover, the colonization of L. helveticus R0052
enriched the normal gut flora, especially Lactobacillus,
which can ferment nutrients into lactic acid and benefit
health (Klaenhammer et al. 2005). The decrease in po-
tential pathogens and restoration of the normal gut flora
by L. helveticus R0052 might improve host metabolism
and alleviate liver injury.
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The intestinal microbiome is considered an additional
metabolic organ for the host, and its metabolites can influ-
ence the host’s health by binding to specific host membranes
or nuclear receptors (Backhed et al. 2005; Husted et al.
2017). In our study, pretreatment with L. helveticus R0052
improved carbohydrate metabolism by increasing faecal
levels of galactose and maltose and decreasing faecal levels
of lactose and talose. Lactose is an important nutrition from
diet, and the elevated lactose level in our study may be due
to the inefficiency of lactose digestion (Azcarate-Peril et al.
2017). Intestinal lactase is decreased after the weaning peri-
od; therefore, lactose-fermenting bacteria are vital for lactose
absorption (Briissow 2013). Notably, L. helveticus R0052 is
capable of fermenting lactose into the easily absorbed lactic
acid and providing additional nutrition for hosts (Naser et al.
2006). Galactose is released from lactose and plays an im-
portant role in hepatic metabolism because a major part of
the ingested galactose is retained in the liver (Leturque et al.
2009). In ALF, galactose is able to protect hepatocytes
against TNF-a-induced injury (Liu et al. 2015).
Additionally, L. helveticus R0O052 improved the metabolism
of fatty acids, such as increasing oleic acid levels, compared
with that of the PC group. Oleic acid is a monounsaturated
fatty acid beneficial for reducing cholesterol levels and ame-
liorating inflammation (Sales-Campos et al. 2013). In addi-
tion, L. helveticus R0O052 rescued the decrease in myo-ino-
sitol, which has promising lipotropic function and was neg-
atively associated with ALT and 7NF-« transcription in our
study (Holub 1986). L. helveticus R0052 pretreatment also
decreased the level of harmful bacterial metabolites, such as
LCA. Potential pathogens such as Acetatifactor can trans-
form non-toxic bile acid into LCA, which can cause liver
damage (Hofmann 2004). It was reported that some
Lactobacillus strains can degrade and transform bile acids
and subsequently benefit host’s health by regulating the nu-
clear farnesoid X receptor and cholesterol metabolism
(Bubnov et al. 2017, 2018). In our research, L. helveticus
R0O052 pretreatment decreased both the LCA level and
Acetatifactor abundance, which might have helped alleviate
liver injury. Future studies are needed to assess cholesterol
lowering efficacy and hepatoprotective effect of L. helveticus
R0052 in animal model and even human.

In conclusion, our study demonstrated that L. helveticus
R0052 alleviated b-GalN-induced liver injury in rats by sup-
pressing hepatic inflammation, enhancing the intestinal bar-
rier, modulating the gut microbiome and regulating metabo-
lome (Fig. 6). These results indicate that L. helveticus R0O052
is promising for alleviating ALF and provide new insights
regarding the correlations among the microbiome, the me-
tabolome, the intestinal barrier and liver disease.
L. helveticus R0052 is a potential strain for liver disease,
and its effect on human patients needs to be proved in future
clinical trial.
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