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Summary

Millions of people die from liver diseases annually, and
liver failure is one of the three major outcomes of liver
disease. The gut microbiota plays a crucial role in liver
diseases. This study aimed to explore the effects of
Lactobacillus casei strain Shirota (LcS), a probiotics
used widely around the world, on acute liver injury
(ALI), as well as the underlying mechanism. Sprague
Dawley rats were intragastrically administered LcS
suspensions or placebo once daily for 7 days before
induction of ALI by intraperitoneal injection of D-galac-
tosamine (D-GalN). Histopathological examination and
assessments of liver biochemical markers, inflamma-
tory cytokines, and the gut microbiota, metabolome
and transcriptome were conducted. Our results
showed that pretreatment with LcS reduced hepatic
and intestinal damage and reduced the elevation of
serum gamma-glutamyltranspeptidase (GGT), total bile
acids, IL-5, IL-10, G-CSF and RANTES. The analysis of
the gut microbiota, metabolome and transcriptome
showed that LcS lowered the ratio of Firmicutes to
Bacteroidetes; reduced the enrichment of metabolites
such as chenodeoxycholic acid, deoxycholic acid,
lithocholic acid, D-talose and N-acetyl-glucosamine,
reduce the depletion of D-glucose and L-methionine;
and alleviated the downregulation of retinol

metabolism and PPAR signalling and the upregulation
of the pyruvate metabolism pathway in the liver. These
results indicate the promising prospect of using LcS
for the treatment of liver diseases, particularly ALI.

Introduction

Liver injury can be induced by various factors, such as
drug abuse, bile duct ligation, fat-enriched and choline-de-
ficient diets, and viral infection. Without proper treatment,
patients with severe liver injury may experience acute liver
failure (ALF). Large areas of hepatocyte necrosis or sev-
ere damage to liver functions accompanied by hepatic
encephalopathy are often observed in this process, which
often leads to multiple organ failure (Stravitz and Lee,
2019). Although artificial liver support systems and liver
transplants play important roles in treatment, the mortality
rate of ALF is still very high (Squires et al., 2018). Thus,
the need to develop new prevention and treatment meth-
ods is still urgent. Alterations in the gut microbiota, such
as decreases in microbial diversity, depletions of benefi-
cial bacteria and enrichment of opportunistic pathogens,
are frequently reported in liver diseases, including liver
injury/failure (Lv et al., 2019). Furthermore, some
microbes and their products can invade the circulatory
system, resulting in immune dysregulation, infection and
inflammation, which continuously contribute to liver failure
and even death (Donnelly et al., 2016). Therefore,
increasing attention has been paid to methods improving
the gut microbiota, especially those involving probiotics, to
prevent and treat liver injury/failure (Dailey et al., 2019;
Jiang et al., 2020; Yang et al., 2020).
The species Lactobacillus casei is widely distributed in

the mammalian intestines, and it includes a large group of
strains used in food product fermentation. Among them, L.
casei Shirota (LcS) is one of the most studied and used
probiotics in the world. Drinking fermented beverages con-
taining LcS can significantly reduce the severity of consti-
pation (Koebnick et al., 2003; Aoki et al., 2014) and
regulate stool consistency (Chen et al., 2019). When LcS
was used to treat allergic rhinitis, allergen-induced serum
IL-5, IL-6, IFN-c and IgE levels were significantly reduced
in patients, while specific IgG was increased (Ivory et al.,
2008). LcS can also improve the treatment outcomes of
osteoarthritis in the knee by reducing serum hypersensitive
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C-reactive protein levels (Lei et al., 2017), improve sleep
quality by alleviating stress-related symptoms (Takada
et al., 2017), and favourably affect metabolic abnormalities
in obese prediabetic subjects (Naito et al., 2018). More-
over, LcS can reduce the incidence and duration of upper
respiratory infections in middle-aged office workers (Shida
et al., 2017), and it can be used as a supplement to
improve the efficacy of antibiotics against fast breathing
pneumonia in children (Li et al., 2018). In particular, when
the elderly take LcS, it can improve NK cell activity and
tends to produce a more anti-inflammatory cytokine profile
(Dong et al., 2013), in addition to increasing the number of
beneficial bacteria in the faeces, promoting gastrointestinal
health (Aoyagi et al., 2019), and reducing the risk of high
blood pressure (Aoyagi et al., 2017).

D-galactosamine (D-GalN) is a compound with highly
selective hepatotoxicity. Liver injury induced by D-GalN
is reproducible and is applicable to the study of acute
liver injury (ALI) or ALF (Muntane et al., 2000; Cauli
et al., 2011). In this study, we investigated the effects of
LcS on ALI and the related mechanisms using a D-
GalN-induced liver injury rat model.

Results

LcS attenuated the hepatic dysfunction and excessive
inflammatory response induced by D-GalN

Levels of 14 liver function indicators and twenty-three
inflammatory cytokines were assessed (Table S2).
Serum alanine aminotransferase (ALT), aspartate amino-
transferase (AST), alkaline phosphatase (ALP), total bile
acid (TBA), gamma-glutamyltranspeptidase (GGT), gly-
cyl-proline dipeptidyl aminopeptidase (GPDA), total biliru-
bin (TBIL) and direct bilirubin (DBIL) levels were
significantly elevated in the positive control (PC) group
compared with the healthy control (HC) group. However,
LcS reduced the increases in GGT and TBA induced by
D-GalN (Fig. 1A). Similarly, the levels of 23 tested
cytokines were significantly higher in the PC group than
in the HC group. Pretreatment with LcS significantly
reduced the increases in IL-5, IL-10, G-CSF and
RANTES induced by D-GalN (Fig. 1B).

LcS partially alleviated the hepatic and intestinal damage
induced by D-GalN

Histopathological examination revealed that both the
liver and terminal ileum exhibited histological

abnormalities after D-GalN injection. As shown in the
photomicrographs of liver haematoxylin and eosin (H&E)
and immunohistochemistry staining (Fig. 1D), inflamma-
tory cell infiltration, high myeloperoxidase (MPO) expres-
sion in neutrophils and hepatocyte necrosis,
degeneration and apoptosis were observed in the PC
group; however, these histological injuries and the eleva-
tion in histological activity index (HAI) score were ame-
liorated in the LcS group which was pretreated with LcS
prior to injection with D-GalN (Fig. 1C). Meanwhile, LcS
pretreatment also alleviated the intestinal epithelial dam-
age caused by D-GalN. Because there were fewer
subepithelial Gruenhagen’s spaces and a more intact
mucosal structure, the LcS group had lower intestinal
injury score than the PC group (Fig. 1C and E). In addi-
tion, abnormal enterocyte ultrastructure, including atro-
phied villi and sparse microvilli, was also alleviated by
LcS in the PC group (Fig. 1E).

LcS tended to alleviate D-GalN-induced alterations in gut
microbiota

We obtained a total of 1 768 613 reads from 24 faecal
samples of three groups by 16S rDNA amplicon
sequencing. Alpha-diversity analyses showed that the
flora diversities of both the PC and LcS groups as esti-
mated by the Shannon index were significantly different
from those of the HC group, while the species richness
as predicted by the Chao1 index was not different
between any two groups (Fig. 2A). For beta-diversity, a
principal coordinates analysis (PCoA) based on the
unweighted UniFrac method demonstrated that the over-
all microbial composition of the three groups varied
(Fig. 2B). The results of a permutational multivariate
analysis of variance (PERMANOVA, pseudo-F = 2.33,
P = 0.001), an analysis of similarities (ANOSIM,
R = 0.41, P = 0.001) and a nonmetric multidimensional
scaling analysis (NMDS, stress value = 0.11, Fig. 2B)
also indicated significant differences in microbial compo-
sition between the three groups.
We further analysed alterations in the relative abun-

dance of bacterial taxa during this process (Table S3).
When the PC and HC groups were compared, all of the
predominant taxa (relative abundances were more than
1% in at least one group) that were significantly depleted
belong to the phylum Bacteroidetes, such as Bacteroides
(PC vs. HC, 0.92% vs. 3.19%, Padj = 0.028) and
Prevotellaceae (PC vs. HC, 3.45% vs. 11.81%,

Fig. 1. LcS alleviated the hepatic dysfunction, excessive inflammatory response and hepatic and intestinal damage induced by D-GalN. A. Con-
centrations of TBA and GGT in serum samples. B. Concentrations of IL-5, IL-10, G-CSF and RANTES in plasma samples. C. HAI score and
intestinal injury score based on eight samples in each group. D. Representative images of liver samples stained by H&E and immunohisto-
chemistry. E. Representative images of the terminal ileum samples stained by H&E and the intestinal villus ultrastructure under scanning elec-
tron microscopy. (*P < 0.05; **P < 0.01; ***P < 0.001).
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Padj = 0.046). In contrast, several taxa from the phylum
Actinobacteria, such as Corynebacteriaceae and Cori-
obacteriaceae, as well as several taxa from the phylum
Firmicutes, such as Clostridiales family XIII, Anaerovorax
and Enterococcus, were significantly enriched in the PC
group (Fig. 2C).
Only the order Bifidobacteriales was altered

(Padj = 0.026) and shown to be depleted in the LcS
group compared with the PC group. However, the ratio

of Firmicutes to Bacteroidetes, a significant indicator of
gut microbiota health, was significantly lower in the LcS
group than in the PC group (P = 0.015). This ratio was
not significantly different between the HC and PC or the
HC and LcS groups (Fig. 2D). This result indicates that
LcS may alleviate liver injury by regulating the overall
structure of the gut microbiota. A comparison of the gut
microbiota between the LcS and HC groups indirectly
confirmed that LcS tended to alleviate two D-GalN-

Fig. 2. Surveys of the 16S rDNA gene revealed that LcS tended to alleviate D-GalN-induced alterations in the gut microbiota. A. Box plot of
species richness and flora diversities estimated by the Chao1 index and the Shannon index, respectively. B. Two-dimensional PCoA plot and
NMDS analysis based on an unweighted UniFrac matrix. C. Alterations in the relative abundance of bacterial taxa between the LcS, PC and
HC groups. D. The ratio of Firmicutes to Bacteroidetes. (*Padj < 0.05; **Padj < 0.01; ***Padj < 0.001).
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induced effects: depletion of some taxa belonging to the
phylum Bacteroidetes and enrichment of some taxa
belonging to the phylum Firmicutes. For example, com-
pared to its level in the HC group, Prevotellaceae was
not depleted in the LcS group as it was in the PC group.
Furthermore, the taxa belonging to the phylum Firmi-
cutes that were massively enriched in the HC group
were depleted in the LcS group. For example, Lacto-
bacillus (LcS vs. HC, 1.48% vs. 5.99%, Padj = 0.027)
was depleted in the LcS group.

LcS alleviated D-GalN-induced metabolic disorder

To determine the effects of LcS on the gut metabolome,
we analysed faecal samples using gas chromatography–
mass spectrometry (GC-MS). A total of 84 compounds
were identified from the HC, PC and LcS groups. The
orthogonal partial least squares discriminant analysis
(OPLS-DA) illustrated that the metabolic profiles of the
LcS, PC and HC groups were clearly separated from
each other (Fig. 3A), indicating significant differences in
their metabolomic profiles. When variable importance in
the projection (VIP) values >1.5 were used as the
screening threshold, twelve compounds (pentadecanoic
acid, campesterol, pentanedioic acid, D-fructose, pan-
tothenic acid, 4-hydroxybenzeneacetic acid, dodecanol,
pentanoic acid, L-phenylalanine, hexadecanol, lathosterol
and ethanolamine) were determined to be the main con-
tributors to the discrimination between the PC and HC
groups. However, paullinic acid, behenic acid, D-glucose,
trisaminol, octadecanol and pentadecanol contributed
prominently to the discrimination between the PC and
LcS groups. When the level of each metabolite was
compared, LcS reversed not only the enrichment of fae-
cal chenodeoxycholic acid (CDCA), deoxycholic acid
(DCA), lithocholic acid (LCA), D-talose and N-acetyl-glu-
cosamine but also the depletion of D-glucose and L-me-
thionine induced by D-GalN. Furthermore, the levels of
paullinic acid, octadecanol, pentadecanol and lathosterol
were higher in LcS faeces than in PC faeces, while the
level of stigmastanol was lower in the former. Notably,
the levels of paullinic acid, octadecanol, pentadecanol
and stigmastanol were not significantly different between
the HC and PC groups, while the levels of hexadecanol
and lathosterol were higher in the PC group than in the
HC group (Fig. 3B and C).

LcS partially reversed D-GalN-induced transcriptional
regulatory changes

The transcription of 82 liver genes was significantly dif-
ferent both between HC and PC and between LcS and
PC (Figs 4A and 5A). First, LcS alleviated the D-GalN-
induced transcriptional upregulation of 28 liver genes

including Ccl11, Lif and Il11, which function in cytokine
activity, and Ch25h, Fasn and Fads2, which function in
bile acid (BA) and lipid metabolism processes. Second,
LcS alleviated the D-GalN-induced transcriptional down-
regulation of 54 liver genes including Abcb4, Cldn1, Ser-
pina7, Insig2, Cyp17a1, Ctsl, Slc25a22 and Tdo2, which
function in response to fatty acids, FXR (Nr1h4), BSEP
(Abcb11) and NTCP (SlC10a1), which function in BA
synthesis and transport, and Acpp, Kynu, Acot5, G6pc
and Gckr, which function in purine-containing compound
metabolic processes. Third, KEGG pathway enrichment
analysis further confirmed that LcS significantly allevi-
ated D-GalN-induced downregulation of retinol metabo-
lism and the PPAR signalling pathway, as well as D-
GalN-induced upregulation of the pyruvate metabolism
pathway (Fig. 5B). To validate the transcriptome results,
we conducted RT-qPCR analysis of representative
genes in liver, including BA synthesis and transport-re-
lated genes (Abcb11, Slc10a1, Nr1h4 and Cyp7a1) and
inflammation-related genes (TLR4, TLR5, etc.); we found
that their expression was similar to that in the transcrip-
tome analysis (Fig. S1).
The comparisons of the gut transcriptomes among the

HC, PC and LcS groups showed that the transcription of
32 genes was significantly different between both the HC
and PC groups and between the PC and LcS groups
(Figs 4B and 5A). First, LcS reduced the transcriptional
upregulation of 17 gut genes induced by D-GalN, includ-
ing Cyp4a1 and Slc27a2, which are involved in PPAR sig-
nalling, and Ciart, Cipc, Dpb, Nr1d2, Tef, Per2 and Per3,
which function in rhythmic processes. Second, LcS allevi-
ated the transcriptional downregulation of 15 gut genes
caused by D-GalN, including Arntl, Arrb1 and Dhrs9,
which function in the regulation of hormone levels, and
Dab1 and Stk25, which function in the positive regulation
of protein kinase activity. Third, the KEGG pathway
enrichment analysis further confirmed that LcS signifi-
cantly alleviated the D-GalN-induced downregulation of
focal adhesion, ECM-receptor interaction signalling and
the protein digestion and absorption pathway, as well as
the D-GalN-induced upregulation of the renin-angiotensin
system and the circadian rhythm pathway (Fig. 5B).

Altered gut bacteria, metabolites, serum cytokines, gut
genes and liver genes were significantly correlated with
each other

As shown in the results of the correlation analysis of the
gut microbiota and faecal metabolites (Fig. 6A), paullinic
acid, hexadecanol, octadecanol, pentadecanol, CDCA,
lathosterol, DCA and LCA were negatively correlated
with potentially beneficial bacteria, such as those in the
taxa Bifidobacteriales, Bacteroides and Lactobacillus,
and positively correlated with potentially harmful bacteria
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such as those in the taxa Enterococcus, Coriobacteri-
aceae and Corynebacteriaceae. Prevotellaceae was
negatively correlated with D-talose and N-acetyl-glu-
cosamine but positively correlated with D-glucose. LCA,
stigmastanol, D-talose and N-acetyl-glucosamine were
positively correlated with several members of the Bifi-
dobacteriales, the Coriobacteriaceae, Lactobacillus and
Enterococcus. In addition, D-glucose and L-methionine
were negatively correlated with Bifidobacteriales and
Enterococcus.
As correlations of the gut microbiota or metabolites

with liver function indicators and inflammatory cytokines
showed (Fig. 6B), IL-5, IL-10, L-17, G-CSF, RANTES,
GGT and TBA were positively correlated with potentially

harmful bacteria such as Coriobacteriaceae and Entero-
coccus and with the metabolites hexadecanol, LCA,
CDCA, DCA and N-acetyl-glucosamine.
The transcription of some gut genes was correlated

mainly with the faecal levels of Coriobacteriaceae, Ente-
rococcus, DCA, LCA and D-talose (Fig. 6C). For exam-
ple, these bacterial taxa and metabolites were positively
correlated with at least one of the following genes:
Cyp4a1 and Slc27a2 (located in the PPAR signalling
pathway), Nr1d2, Per2 and Per3 (related to the circadian
rhythm pathway), and Blnk and Ifit1 (related to immu-
nity); however, they were negatively correlated with
genes such as Dnajb3, Fam78a, Hbegf, Kif21a and Lpl.
In contrast, the correlations of some gut genes with

Fig. 3. LcS alleviated D-GalN-induced metabolic disorder. A. OPLS-DA illustrated that the metabolic profiles of the LcS, PC and HC groups
were clearly separated from each other. B and C. The relative concentrations of thirteen gut metabolites were different between the LcS, PC
and HC groups. (*Padj < 0.05; **Padj < 0.01; ***Padj < 0.001).
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Prevotellaceae, Bacteroides, D-glucose and L-methionine
were the opposite of their correlations with Coriobacteri-
aceae, Enterococcus, DCA, LCA and D-talose.
The correlation of liver gene transcription with the levels

of Coriobacteriaceae, Corynebacteriaceae, Enterococcus,
Clostridiales family XIII, hexadecanol, pentadecanol, paul-
linic acid, lathosterol, DCA, LCA, D-talose, N-acetyl-glu-
cosamine and stigmastanol were generally the opposite of
their correlation with Prevotellaceae, D-glucose and L-me-
thionine (Fig. 6D). For example, liver genes such as
Cyp8b1, Apoa5, Gk and Fabp7, which are involved in
PPAR signalling, were negatively correlated with at least
one of the following: Coriobacteriaceae, Corynebacteri-
aceae, Enterococcus, DCA, LCA and D-talose.

Inflammatory genes such as Lif, Mmp7 and Ccl11 were
positively correlated with DCA, LCA and D-talose but neg-
atively correlated with D-glucose.
Comprehensive correlations were found between 32

gut genes and 82 liver genes. When P < 0.001 was
used as the screening threshold, the transcription levels
of 10 gut genes were closely correlated with those of 26
liver genes (Fig. 6E). Gut Nr1d2 and Ciart were widely
and significantly correlated with the observed liver
genes. Notably, the correlation coefficient between the
two rhythmic process-related genes gut Nr1d2 and liver
Npas2 was nearly �1. In addition, gut Per2 and Per3,
which are related to the period circadian clock, were also
correlated with at least two liver genes.

Fig. 4. LcS partially reverses transcriptional regulatory changes. A. Eighty-two hepatic genes were differentially transcribed in both HC versus
PC and LcS versus PC. Among them, LcS reversed the upregulation of 28 genes and the downregulation of 54 genes induced by D-GalN. B.
Thirty-two gut genes were differentially transcribed in both HC versus PC and LcS versus PC. Among them, LcS reversed the upregulation of
17 genes and the downregulation of 15 genes induced by D-GalN. (*Padj < 0.05; **Padj < 0.01; ***Padj < 0.001).
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Discussion

LcS is a probiotic widely used throughout the world.
Increasing attention has been focused on the role of LcS
in health and diseases. Meanwhile, millions of people
die from liver diseases annually (Stravitz and Lee,

2019). Liver failure is one of the three major outcomes
of liver diseases, along with liver cirrhosis and liver can-
cer. Therefore, in this work, we evaluated the effects of
LcS on ALI and explored a potential mechanism using a
rat model of liver injury induced by D-GalN. Our results
showed that LcS reduced hepatic damage; alleviated the

Fig. 5. Function classification and pathway analysis of the differentially transcribed genes. A. Enrichment networks of the hepatic and gut genes
whose differential transcription was caused by D-GalN or LcS based on GO functional classification and clustering analysis. All the enriched
functional sets (Padj < 0.05) are represented by different nodes and clustered by colour. The pairs of nodes are connected by their Kappa simi-
larities. B. KEGG enrichment analysis of hepatic and gut genes whose differential transcription was caused by D-GalN or LcS. The number of
upregulated genes is shown above the zero axis, and the number of downregulated genes is shown below the zero axis. Enrichment signifi-
cance in LcS versus PC: *Padj < 0.05, **Padj < 0.01, ***Padj < 0.001; enrichment significance in HC versus PC: #Padj < 0.05, ##Padj < 0.01,
###Padj < 0.001.
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elevation of serum GGT, IL-5, IL-10, G-CSF and
RANTES, the transcriptional elevation of inflammatory
genes such as Ccl11, Lif and Il11 in the liver, and the
elevation of serum TBA and faecal CDCA, DCA and
LCA; and partially prevented alterations in the intestinal

microbiota induced by D-GalN. The underlying mecha-
nism is related to the regulation of pathways such as
PPAR signalling by LcS.
Modulating the cross-talk between the gut microbiota

and immunity is one of the important means by which

Fig. 6. Associations between significantly altered variables from liver functions, inflammatory responses, and the gut microbiome, metabolome
and transcriptome. A. Correlations of altered gut microbes and altered gut metabolites. B. Correlations of altered gut microbes and metabolites
with altered liver function indicators and inflammatory cytokines. C. Correlations of altered gut microbes and metabolites with altered hepatic
genes. D. Correlations of altered gut microbes and metabolites with altered gut genes. E. Cross-talk of 10 differentially expressed gut genes
and their associated 26 hepatic differentially expressed genes. Genes are classified by function and designated by areas of different colours.
(*P < 0.05; **P < 0.01; ***P < 0.001).
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probiotics affect health and disease. Our results showed
that LcS not only reversed the D-GalN-induced alter-
ations in the gut microbiota, such as the depletion of
Prevotellaceae and enrichment of Butyricimonas, but
also reduced potentially harmful bacteria and enhanced
potentially beneficial bacteria to levels lower/higher than
those of the HC group. Enterococcus species such as E.
faecalis have been reported to promote the virulence of
coinfecting organisms (Kao and Kline, 2019) and to pro-
mote intestinal inflammation by impairing epithelial bar-
rier integrity (Steck et al., 2011). Butyricimonas species
such as B. virosa have been associated with bacteremia
during polymicrobial infection (Ogawa et al., 2018). Bac-
teroides species such as B. acidifaciens have been
reported to improve metabolic disorders in mice by acti-
vating PPAR signalling (Yang et al., 2017). Correspond-
ingly, our results showed that Enterococcus was
significantly correlated with elevate serum GGT, G-CSF,
IL-10, IL-17, IL-5 and RANTES levels, while Bacteroides
was negatively correlated with IL-10, IL-5 and/or TBA.
Furthermore, the transcription of liver functional genes
such as Afm was widely and significantly negatively cor-
related with Enterococcus; in contrast, the transcription
of liver inflammatory genes such as Ccl11 was positively
correlated with Enterococcus. These results are good
examples of the role of LcS in regulating the gut micro-
biota to alleviate liver injury.
Shaping host–gut microbiota metabolic interactions

are also key to driving good probiotic performance. Here,
the regulation of metabolism related to BAs by LcS is a
good example. On the one hand, our results showed
that LcS alleviated the D-GalN-induced increases in both
serum TBA and faecal BAs, such as CDCA, DCA and
LCA, and enhanced the levels of long-chain fatty acids,
such as octadecanol and pentadecanol, indicating that
LcS contributed to the homeostasis of BA enterohepatic
circulation. The gut microbiota participates in the decon-
jugation, dehydrogenation, dehydroxylation and epimer-
ization of primary BAs, such as cholic acid (CA) and
CDCA, to secondary BAs, such as DCA and LCA, in the
small intestine and colon (Wahlstr€om et al., 2016; Li
et al., 2017). Our results showed that the levels of DCA
and LCA were significantly correlated with bacterial taxa
such as Coriobacteriaceae, Clostridiales family XIII,
Enterococcus of Lactobacillales and Butyricimonas of
Bacteroidales. This was in line with the finding that bac-
teria from Coriobacteriaceae (Wegner et al., 2017),
Clostridiales (Devlin and Fischbach, 2015), Lactobacil-
lales (Ridlon et al., 2014) and Bacteroidales (Fukiya
et al., 2009) can produce DCA (or iso-DCA) from CA or
LCA (or iso-LCA) from CDCA and divide the taurine con-
jugates TDCA and TLCA into taurine and DCA and LCA,
respectively. Moreover, the increased BA levels in the
gut appear to favour gram-positive members of the

Firmicutes with 7a-dehydroxylase activity and result in
significant increases in DCA/LCA-producing bacteria
(Ridlo et al., 2014). In patients with cholestasis, the
genus Enterococcus was the most highly overabundant
in bile, and E. faecalis was strongly correlated with
TLCA (Liwinski et al., 2019). This may explain why the
increase/reduction in gut Firmicutes was synchronous
with the increase/reduction in DCA and LCA in the PC/
LcS group in this study. This finding was also consistent
with our previous report that Lactobacillus helveticus
R0052 treatment decreased both the LCA level and the
intestinal abundance of the associated genus Acetatifac-
tor (from Firmicutes) to alleviate liver injury (Wang et al.,
2019). On the other hand, our results showed that the
transcription of the farnesoid X receptor (FXR)-encoding
gene Nr1h4 in the liver was upregulated 2.64-fold
(Padj = 0.004), whereas the transcription of Cyp7A1 was
downregulated 3.73-fold (Padj = 6.27E-06) in the LcS
group versus the PC group. FXR has been established
as a key regulator in BA synthesis and transport
(Kalaany and Mangelsdorf, 2006). Hepatic activation of
FXR suppresses BA synthesis by reducing the expres-
sion of CYP7A1, which encodes the rate-limiting enzyme
7a-hydroxylase in BA synthesis from cholesterol. These
findings indicate the possibility of a reduction in TBA and
CDCA production in the LcS group and were in line with
a report of Lactobacillus rhamnosus GG (LGG) treatment
inhibiting hepatic BA synthesis to prevent liver fibrosis
(Liu et al., 2019). Meanwhile, the transcription of the BA
transporter-encoding gene Abcb11 and Slc10a1 was sig-
nificantly upregulated in the liver in the LcS group versus
the PC group, indicating that pretreatment with LcS may
help to reduce the hepatic BA accumulation caused by
ALI.
LcS alleviated liver injury through complex signalling

pathways in vivo. Our results showed that LcS signifi-
cantly alleviated the downregulation of both the retinol
metabolism pathway and the PPAR signalling pathway
and reduced the upregulation of the pyruvate metabo-
lism pathway in the liver. First, PPARs, a group of
nuclear receptors that predominantly regulate various
metabolic processes such as the metabolism of fatty
acids and BAs, were reported to have diverse functions,
including roles in inflammation, reproduction, develop-
ment, cell proliferation, cell specialization and energy
metabolism (Oh et al., 2019). In liver fibrosis and
cholestasis, activated PPAR signalling contributes to
repressing BA synthesis, inhibiting hepatic BA uptake
and promoting biliary excretion (Ghonem et al., 2015).
Therefore, PPAR signalling is most likely involved in the
LcS processes to alleviate D-GalN-induced upregulation
of BAs and inflammatory cytokines. Moreover, our
results show intensive correlations of gut bacteria with
the transcription of liver genes in PPAR pathways, which
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is in line with the gut microbiota being capable of influ-
encing PPAR expression in the liver (Oh et al., 2019).
Second, retinoic acid, a metabolite of the retinol metabo-
lism pathway, functions as a ligand for nuclear retinoic
acid receptors that modulate the development of chor-
date animals. Consequently, the alleviation of the D-
GalN-induced downregulation of the retinol pathway in
the LcS group may contribute to the recovery of liver
injury. Moreover, retinoic acid acts through retinoid
receptors that synergize with PPARc, and activation of
either retinoic acid signalling or PPARc signalling has
proven to be able to reverse hepatic stellate cell (HSC)
activation and liver fibrosis (Panebianco et al., 2017),
indicating that these two signalling pathways may pro-
mote each other in the LcS-mediated alleviation of liver
injury. Third, pyruvate is an important intermediate for
both glycometabolism and the transformation of various
substances in vivo. Aberrant pyruvate metabolism plays
a prominent role in diseases such as cancer and heart
failure. Inhibition of pyruvate metabolism may help to
treat hepatic steatosis and fibrosis (McCommis and
Finck, 2019), indicating the potential benefits of LcS in
alleviating D-GalN-induced upregulation of pyruvate
metabolism.
LcS can affect intestinal homeostasis via several path-

ways. First, our results show that LcS alleviated D-GalN-
induced downregulation of gut focal adhesion signalling
and ECM-receptor interaction signalling, indicating that
LcS may help gut cells protect against the destructive
effects of D-GalN on cell growth, differentiation, inter-
and intracellular communication, and tissue integrity
(Leube et al., 2015). Second, LcS alleviated the D-GalN-
induced downregulation of protein digestion and absorp-
tion signalling, which plays a central role in health and
many diseases, thus indicating a potential new means
for the prevention and treatment of related diseases.
Third, our results show that LcS reduced D-GalN-in-
duced upregulation of both the renin–angiotensin system
and the circadian rhythm pathway. There is increasing
evidence that the renin–angiotensin system is involved
in inflammation and carcinogenesis (Ranjbar et al.,
2019). It was reported that disruption of the circadian
system can increase the activity of the gut immune sys-
tem and the release of inflammatory factors (Gombert
et al., 2019). Therefore, alleviating the upregulation of
these two pathways may be involved in the gastroprotec-
tive mechanisms of LcS.
Enterohepatic cross-talk in inflammation is important

for the pathogenesis and treatment of many diseases.
Our results showed that seven gut genes (Ciart, Cipc,
DBP, Nr1d2, Per2, Per3 and Tef function in rhythmic
processes) were intensively correlated with 24 hepatic
genes (P < 0.001) at the transcriptional level. For exam-
ple, gut genes Ciart and Nr1d2 were negatively

correlated with the upregulation of hepatic PPAR sig-
nalling-related genes Cyp4a2, Cyp4a3 and Gk, indicating
the important cross-talk between circadian rhythm sig-
nalling and PPAR signalling. Some of the above obser-
vations were in line with circadian repressors such as
Nr1d2, Per2 and Tef synergistically playing roles in the
regulation of carbohydrate and lipid metabolism with
PPAR signalling (Grimaldi et al., 2010; Gachon et al.,
2011; Marciano et al., 2014). In addition, these gut
genes (Ciart, Cipc, Dbp, Nr1d2, Per2, Per3 and Tef)
were also significantly correlated with hepatic genes
involved in cellular response, cytokine activity regulation
and the metabolism of carbohydrates, lipids, fatty acids,
amino acids and nucleotides, indicating the fundamental
role of circadian rhythm signalling in comprehensive
enterohepatic cross-talk during the LcS alleviation of D-
GalN-induced liver injury. This was in line with the report
that the gut microbiota directs PPAR-driven reprogram-
ming of the liver circadian clock through transcriptional
rewiring of hepatic metabolism (Murakami et al., 2016).
In summary, this work demonstrates the probiotic

properties of LcS in alleviating D-GalN-induced liver
injury; specifically, LcS was effective at reducing hepatic
and intestinal damage, alleviating increases in serum
GGT, TBA, faecal DCA and LCA levels, partially revers-
ing alterations in the gut microbiota and maintaining the
homeostasis of important signalling pathways of the liver
and gut. This work provides prospects for the prevention
and treatment of liver injury and ALI using LcS.

Experimental procedures

Culture conditions and suspension preparation

LcS was isolated from the yogurt drink Yakult� and iden-
tified by 16S rDNA sequencing. After anaerobic culturing
in Man–Rogosa–Sharpe broth (Thermo Fisher, Shang-
hai, China) at 37°C for 18 h, the broth was centrifuged
at 8000 g at 4°C for 10 min. The precipitate was washed
twice and resuspended in sterile normal saline at a final
concentration of 3 9 109 CFU ml-1 for intragastric
administration.

Animal experimental design and sample collection

Twenty-four male-specific pathogen-free (SPF) Sprague
Dawley rats (Shanghai SLAC Laboratory Animal Co.
Ltd., Shanghai, China) weighing 250–300 g were ran-
domly divided into three groups: the healthy control (HC)
group, the positive control (PC) group and the LcS-trea-
ted (LcS) group, with eight rats in each group. All ani-
mals were fed standard rat chow and kept in SPF
facilities. In the first 7 days, rats in the LcS group were
treated with 1 ml of freshly prepared LcS suspensions
(3 9 109 CFU) by intragastric administration once daily,
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while rats in the HC and PC groups were treated with
1 ml of saline. On the eighth day, ALI was induced in
the rats in the LcS and PC groups by intraperitoneal
injection of D-GalN (Sigma, Saint Louis, MO, USA) at a
dose of 1.1 g kg-1 body weight, while the rats in the HC
group received the same dose of saline.
Faecal samples were collected 24 h after injection

upon defecation. All rats were anesthetized with pento-
barbital sodium and pethidine before sacrifice. Blood
from the inferior vena cava was centrifuged at 3000 g for
10 min to collect plasma and serum. Samples of liver
and terminal ileum were immediately fixed in 10%
paraformaldehyde or in phosphate-buffered saline (PBS)
with 2.5% glutaraldehyde once isolated. Other liver and
terminal ileum samples were stored in liquid nitrogen for
transcriptomic analysis and further study.

Haematological tests of hepatic function and
inflammatory cytokines

Levels of liver function indicators, including total bilirubin
(TBIL), direct bilirubin (DBIL), indirect bilirubin (IBIL), total
bile acid (TBA), total protein (TP), albumin (ALB), globu-
lin (GLO), alanine aminotransferase (ALT), aspartate
aminotransferase (AST), alkaline phosphatase (ALP),
gamma-glutamyltranspeptidase (GGT), cholinesterase
(CHE) and glycyl-proline dipeptidyl aminopeptidase
(GPDA), were assessed using a Hitachi 7600-210 auto-
matic analyser (Hitachi, Tokyo, Japan). Levels of 23
inflammatory cytokines in plasma (G-CSF, GM-CSF,
GRO/KC, IFN-c, IL-1a, IL-1b, IL-2, IL-4, IL-5, IL-6, IL-7,
IL-10, IL-12 (p70), IL-13, IL-17A, IL-18, M-CSF, MCP-1,
MIP-1a, MIP-3a, RANTES, TNF-a and VEGF) were mea-
sured with commercially available Bio-Plex Pro Rat Cyto-
kine 23-Plex Assay Kits using the Bio-plex 200 System
(Bio-Rad Laboratories, Hercules, CA, USA).

Histopathological examination and intestinal barrier
detection

Samples of liver and terminal ileum were fixed in 10%
paraformaldehyde for 24 h, embedded in paraffin, cut
into 2-lm sections and stained with haematoxylin and
eosin (H&E). The level of myeloperoxidase (MPO) was
detected by immunohistochemistry staining. The degree
of liver damage was scored according to the histological
activity index (HAI) and divided into four grades (Knodell
et al., 1981). The intestinal epithelium abnormalities were
evaluated as reported previously (Chiu et al., 1970), and
the development of subepithelial Gruenhagen’s space,
epithelial lifting and denudation of villi were taken into
consideration in this scoring system. At least five fields
of each section were assessed under a microscope. The
2.5% glutaraldehyde-fixed terminal ileum samples were

refixed in PBS with 1% OsO4. The fixed samples were
washed, gradient dehydrated in ethanol and a critical
point dryer and then finally coated with gold–palladium.
A Hitachi SU8010 scanning electron microscope was
used for observation.

Gut microbial analysis

DNA extraction of faecal samples was performed using
a QIAamp Fast DNA Stool Mini Kit (QIAGEN, Valencia,
CA, USA). The V3-V4 region of the 16S rDNA gene was
amplified using the primers 338F (5’-ACTCCTACGG-
GAGGCAGCAG-3’) and 806R (5’-GGACTACHVGGG
TWTCTAAT-3’). PCR amplification, 16S rDNA sequenc-
ing using the Illumina MiSeq platform (Illumina) and data
processing were conducted as described previously (Lv
et al., 2016). Briefly, raw reads were cleaned, filtered
and then merged using FLASH v1.2.11. Quality control
was conducted using FastQC v0.11.8. The software
Quantitative Insights Into Microbial Ecology (QIIME)
v1.9.1 was used for operational taxonomic unit (OTU)
picking, clustering, identification against the Greengenes
database and the NCBI 16S Microbial database, and
subsequent statistical analysis of microbial diversity and
differential enrichment.

Gut metabolomic profiling

Faecal samples were pretreated before gas chromatog-
raphy–mass spectrometry (GC-MS) analysis as
described previously (Ye et al., 2018). Briefly, 15 mg of
thawed faeces was mixed with 800 ll of ice-cold metha-
nol for extraction; the mixture was then homogenized,
centrifuged and filtered, and the supernatant was subse-
quently vacuum freeze-dried, methoxymated and
trimethylsilylated with 20 ll of heptadecanoic acid
(1 mg ml-1) as an internal standard. The pretreated sam-
ples were analysed on an Agilent 7890A-5975C GC-MS
system (Agilent Technologies, Santa Clara, CA, USA)
using an Agilent J&W Hp-5 MS column under the follow-
ing conditions: the column temperature rose to 200°C by
a heating rate of 10°C min-1 with an initial 2 min at
70°C, followed by a heating rate of 4°C min-1 to 300°C,
and then held at 300°C for 2 min; the temperatures of
the injector, transfer line and electron impact (EI) ion
source were set to 250, 290 and 230°C, respectively;
the electron energy was 70 eV. Raw data obtained from
GC-MS runs were analysed using Agilent Qualitative
Analysis vB.07.00 software. Metabolites were identified
by the NIST 17 database with a matching score of at
least 80. The resulting data set was normalized and
transformed into relative concentration by the internal
standard before multivariate analysis. Orthogonal partial
least squares discriminant analysis (OPLS-DA) was
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performed to visualize metabolic differences between
groups using the SIMCA v14.1 software from Umetrics.

Transcriptomic analysis

Total RNA was extracted from the liver and terminal
ileum samples using an RNeasy Plus Mini kit (QIAGEN).
RNA purity was checked using a NanoPhotometer spec-
trophotometer (Implen, Los Angeles, CA, USA). RNA
was quantified using an RNA 6000 Nano LabChip Kit
and Bioanalyzer 2100 (Agilent) with an RNA integrity
number (RIN) > 7.0. RNA (1 lg per sample) was used
as input material for preparations. Sequencing libraries
were generated using the NEBNext UltraTM RNA Library
Prep Kit for Illumina (New England Biolabs, Ipswich,
MO, USA) following the manufacturer’s procedure, and
index codes were added to attribute sequences to each
sample. Clustering of index-coded samples was per-
formed on a cBot Cluster Generation System using Tru-
Seq PE Cluster Kit v3-cBot-HS (Illumina). After cluster
generation, the library preparations were sequenced on
an Illumina NovaSeq platform, and 150 bp paired-end
reads were generated. Prior to alignment, raw reads
were filtered by removing the reads containing adaptor
or poly-N and low-quality sequences with Q-values < 30.
The paired-end clean reads were then aligned to a refer-
ence genome (Rnor_6.0, GCA_000001895.4) using
HISTA2 v2.0.5. The number of clean reads mapped to
each gene was calculated and normalized to the number
of reads per kilobase of exon model per million mapped
reads (RPKM) using featureCounts v1.5.0-p3. A differen-
tial gene expression analysis was performed using the
‘DESeq2’ R package. Genes with an FDR-adjusted P-
value < 0.05 found by DESeq2 were designated as dif-
ferentially expressed. Analysis of gene annotation, func-
tional classification, determination of pathway and
process enrichment and network visualization were con-
ducted using the ‘clusterProfiler’ R package and online
software Metascape (Zhou et al., 2019) based on Gene
Ontology (GO) and the Kyoto Encyclopedia of Genes
and Genomes (KEGG).

RT-qPCR analysis

The transcription of inflammation- and BA synthesis and
transport-related genes was verified by reverse transcrip-
tion quantitative PCR (RT-qPCR). Briefly, the total RNA
was transformed into cDNA and then measured by RT-
qPCR in triplicate with Premix Ex Taq (Takara Biomedi-
cals, Kusatsu, Japan) on a ViiA7 Real-time PCR system
(Applied Biosystems, Waltham, MA, USA). The house-
keeping gene glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) was defined as the internal control. Gene
transcription was transformed into relative expression

based on the internal control for further analysis. The pri-
mer sequences for the indicated genes are provided in
Table S1.

Statistical analysis

For liver function, cytokine and metabolite data, the
Mann–Whitney U test was used to compare any two
data sets that were not normally distributed, while the
Kruskal–Wallis test was used for more than two groups;
otherwise, one-way ANOVA followed by the Student–
Newman–Keuls method was used. Differential metabo-
lites were selected according to variable importance in
the projection (VIP) values obtained from the OPLS-DA
model and the p-values from the Mann–Whitney U test
or one-way ANOVA. Spearman’s rank test was used to
analyse correlations between every two significant fac-
tors. P-values were adjusted for the false discovery rate
using the Benjamini–Hochberg method where necessary
(*Padj < 0.05; **Padj < 0.01; ***Padj < 0.001).
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Additional supporting information may be found online in
the Supporting Information section at the end of the arti-
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Fig. S1. Representative gene transcriptional alterations in
liver verified by RT-qPCR. (A) Relative expression of four
BA synthesis and transport-related genes, Abcb11, Slc10a1,
Nr1h4 and Cyp7a1, in the liver. (B) Relative expression of
ten inflammation-related genes, TLR2, TLR4, TLR5, TIMP1,
MTOR, JNK, IKK, NF-Κb, HMGB-1 and TNF-a, in the liver.
(* Padj < 0.05; ** Padj < 0.01; *** Padj < 0.001).
Table S1. PCR primers for RT-qPCR analysis of the indi-
cated genes.
Table S2. Levels of fourteen liver liver function indicators.
Table S3. Relative abundance of gut bacterial at phylum
level.
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