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Dietary Bacillus subtilis supplementation alleviates
alcohol-induced liver injury by maintaining intestinal
integrity and gut microbiota homeostasis in mice
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Abstract. Alcoholic liver disease (ALD) is a worldwide
health problem with limited therapeutic options, which is
associated with gut-derived endotoxins, particularly lipopoly-
saccharide (LPS) and intestinal microbiota dysbiosis. Recently,
probiotics, synbiotics and other food additive interventions
have been shown to be effective in decreasing or preventing
the progression of ALD. Bacillus subtilis (B. subtilis) and its
metabolic products are widely used as food additives to main-
tain intestinal health, but the protective effects of B. subtilis
against alcohol-induced liver injury are poorly understood. In
the present study a chronic alcohol-induced liver injury model
was constructed based on the Lieber-DeCarli diet and it aimed
to determine whether dietary B. subtilis supplementation may
alleviate alcohol-induced liver injury. Results revealed that
prophylactic B. subtilis supplementation partially restored gut
microbiota homeostasis and relieved alcohol-induced intestinal
barrier injury, which significantly decreased the translocation
of bacterial endotoxins to the blood. In addition, the decreased
serum LPS alleviated hepatic inflammation via the toll-like
receptor 4 pathway, resulting in improved hepatic structure and
function. These results demonstrated that dietary B. subtilis
supplementation imparts novel hepatoprotective functions by
improving intestinal permeability and homeostasis.

Correspondence to: Professor Xiaogian Zhang, Department
of Gastroenterology, Affiliated Hospital of Weifang Medical
University, 2428 Yuhe Road, Weifang, Shandong 261031, P.R. China
E-mail: nku311@126.com

Dr Peng Zhang, School of Medicine, Nankai University, 94 Weijin
Road, Tianjin 300071, P.R. China
E-mail: zpeng@mail.nankai.edu.cn

Key words: Bacillus subtilis, alcohol-induced liver injury, intestinal
integrity and homeostasis, gut microbiota

Introduction

According to World Health Organization estimates, alcohol
consumption resulted in 3 million alcohol-attributable deaths
globally (5.3% of all deaths worldwide in 2016) and 5.1% of
the global disease burden in 2016 (1). Alcohol abuse represents
the most common inducer of liver disease and is a considerable
contributor to the global burden of disease (2). More seriously,
harmful alcohol consumption is well recognized to be the
major cause of alcoholic liver disease (ALD) and liver cirrhosis
worldwide (3). A previous study confirmed that drinking
pattern, alcohol quantity and nutritional status directly influence
the progression of alcoholic liver disease (4). In addition, it is
intriguing to note that intestinal homeostasis has been recently
shown to serve a pivotal role in modulating the development of
alcohol-induced liver injury (5-7).

Alcohol consumption may cause an imbalance in intestinal
flora by notable altering bacterial abundance and diversity (8),
and the profiles of disordered gut microbiota involved in
alcohol-related liver disease have been well characterized with
an increase in Proteobacteria and Fusobacteria and a decrease
in Bacteroidetes and Lactobacillus species (9,10). Another
predominant feature of ALD pathogenesis is leakiness of the gut
barrier, resulting in the translocation of enterobacteria and bacte-
rial products (particularly endotoxemia, LPS) from the intestinal
lumen into the liver (11). These pathogen-associated molecular
patterns (PAMPs; e.g., LPS) potently activate toll-like recep-
tors (TLRs, particularly TLR4) and lead to nuclear factor-xB
(NF-kB) and inflammatory cytokine production (8,12,13). These
cytokines consequently attract leukocytes in liver tissues, which
further promotes hepatic injury (14,15). Therefore, it can be
reasonably inferred that improving alcohol-induced intestinal
dysfunction may represent a key for effective therapy.

Notably, liver steatosis is the common response to exces-
sive alcohol exposure and is characterized by the deposition
of fat and abnormal lipid metabolism in hepatocytes (16,17), of
which fatty-acid transport and oxidation are disturbed. Alcohol
enhances upregulation of hepatic fatty acid transporters (18),
including CD36/fatty acid translocase and fatty acid transport
protein. In addition, previous studies have revealed that alcohol
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or its metabolic products inactivate the peroxisome proliferator
activated receptor alpha (PPAR-a) and stimulate the peroxisome
proliferator activated receptor gamma (PPAR-vy), which acts
directly with the retinoid X receptor and participates in regu-
lating fatty-acid transport and oxidation (19,20). Meanwhile, the
inflammation responses stimulated by gut-derived LPS exag-
gerate the alcohol-induced liver function disorders (21), likely
worsen the lipid metabolism disturbance in the liver.

Previous studies have discovered an efficient nutraceutical
intervention via immunomodulatory probiotics and prebiotics
to prevent gut barrier disruption and modulate intestinal micro-
biome balance (22-25). To date, Bacillus subtilis (B. subtilis) and
its metabolic products, including nattokinase, carbohydrase and
protease, are widely used as food ingredients and food additives.
B. subtilis-based probiotics are increasingly being used to main-
tain intestinal health, and the beneficial attributes of B. subtilis
are credited to its ability to produce antimicrobial peptides and
small extracellular effector molecules and to interact with a
host with the aid of adhesion and attachment features (26-28).
Additionally, several important clinical trials have demonstrated
that B. subtilis-based probiotic supplementation may improve
perturbed gut microbiota and even relieve the adverse effects
of antibiotic-associated diarrhea (29,30). In conclusion, dietary
B. subtilis supplementation have great potential to restore
disordered gut microbiota; however, the effects of dietary
B. subtilis supplementation on alcohol-induced liver injury
have been seldom reported. The present study characterized the
efficacy of B. subtilis strains as potential beneficial probiotics in
alcohol-induced liver injury and characterized the underlying
mechanisms.

Materials and methods

Bacterial strains and cultures. The Bacillus strain used in
the present study was B. subtilis (CMCC 1.3358), which was
commercially available from China General Microbiological
Culture Collection Center. For experimental purposes, single
colonies of the Bacillus strain were grown in LB broth at 37°C
overnight with shaking (200 rpm). Next, overnight cultures were
diluted (1:100) in LB broth and left to grow at 37°C with shaking
(200 rpm) until OD600 was reached 0.5-0.6 (~2-3 h). Bacillus
strains were then pelleted by centrifugation (6,000 x g) at
room temperature for 2 min, diluted in Fresh PBS solution and
mixed to obtain the appropriate bacterial density (B. subtilis:
5x10® CFU/ml).

Animal study. The animal experiments in the present study
were approved by the Ethics and Clinical Research Committee
of Nankai University (Project IRM-DWLL-2016121). A total of
40 male C57BL/6J mice (20-22 g; 4-6 weeks old) used in the
present study were purchased from the Beijing Hfk Bioscience
Co., Ltd. Animals had a sanitary status of SPF and were housed
in regulation cages (22+1°C, relative humidity of 50+10% and
12-h light/dark cycle) with ad libitum access to food and water.
All the mice were subdivided into groups (10 mice in each
group): Group 1, Control (Ctrl); group 2, ethyl alcohol (EtOH)
group; group 3, ethyl alcohol and B. subtilis supplementation
(EtOH+BS), group 4, ethyl alcohol and PBS (EtOH+PBS). The
alcohol-induced liver injury model was constructed in mice
using the Lieber-DeCarli diet as previously described (31). In

brief, all mice were allowed to acclimatize to the laboratory
conditions for 2 days and to a liquid diet for 5 days, and two
mice were housed in each cage. During the acclimatization
to liquid diet, prophylactic supplementation with B. subtilis or
PBS were performed daily. Following the acclimatization, the
alcohol-fed mice were fed with a diet containing 3% (vol/vol)
ethanol for 10 days, while the Ctrl mice received an isocaloric
amount of maltodextrin as pair-fed control. The mice in the
EtOH + BS group were administered bacterial suspension in
PBS (200 p1) by gavage every day. Body weights were measured
every other day. On day 16, the mice received a single dose of
ethanol via oral gavage (5 g/kg body weight), followed by a
9 h-fast, and were sacrificed by anesthesia with isoflurane (4%)
prior to excision of tissue samples.

Intestinal permeability assays. To determine the intestinal
permeability, fluorescein isothiocyanate (FITC)-dextran
(4 kDa; Sigma-Aldrich; Merck KGaA) was orally administered
(600 mg/kg body weight) to mice 4 h before sacrifice. Blood
samples were collected quickly and subsequently centrifuged
(1,500 x g, 4°C, 15 min) to prepare serum. Fluorescence was
recorded using a spectrophotometer (Tecan Group, Ltd.) at an
excitation wavelength of 485 nm and emission wavelength of
528 nm.

Biochemical analysis. Serum aspartate transaminase (AST)
and alanine transaminase (ALT) were measured using the
Infinity reagent (cat. nos. TR71121 and TR70121; Thermo Fisher
Scientific). Hepatic triglyceride (TG) levels were measured
using the Triglyceride Liquid Reagents kit (cat. no. BC0625,
Beijing Solarbio Science & Technology Co., Ltd.), according
to the manufacturer's protocols. Hepatic lipid peroxidation was
quantified by measuring malondialdehyde (MDA) using Micro
MDA assay kit (cat. no. BC0025, Beijing Solarbio Science &
Technology Co., Ltd.), and the oxidative stress of liver tissues
was characterized by testing the decreased glutathione content
using a reduced glutathione (GSH) assay kit (cat. no. BC1175,
Beijing Solarbio Science & Technology Co., Ltd.). Serum
LPS was determined using the Mouse Lipopolysaccharides
(LPS) ELISA kit (cat. no. CSB-E13066m, Cusabio). The
fecal IgA levels were quantified using a Mouse sIgA ELISA
kit (cat. no. CSB-E08413m, Cusabio). The expression level of
IL-6 in serum was determined using a Mouse IL-6 ELISA kit
(cat. no. SEKM-0007, Beijing Solarbio Science & Technology
Co., Ltd.). Serum levels of total cholesterol (TCH), low-density
lipoprotein cholesterol (LDL-C), and high-density lipopro-
tein cholesterol (HDL-C) were detected colorimetrically by
mindray 2000 M autoanalyzer according to the manufacturer's
protocols.

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). Total liver and colon RNA were extracted using
TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.),
and the total RNA concentration was quantified using the
NanoPhotometer N50 (Implen NanoPhotometers), and cDNA
was synthesized at 42°C for 2 min on an Mastercycler nexus PCR
using PrimeScript RT reagent kit with gDNA Eraser (Takara
Bio, Inc.). The synthesized cDNA was stored at -20°C, and
RT-gPCR was conducted on a LightCycler® 96 system (Roche
Diagnostics) using a TB Green Premix Ex Taq II (T1li RNaseH
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Table I. Primers for reverse transcription-quantitative polymerase chain reaction.

Genes Forward primers Reverse primers

IL-6 CCACTTCACAAGTCGGAGGCTTA CCAGTTTGGTAGCATCCATCATTTC
MCP-1 CCAGCCTACTCATTGGGATCA CTTCTGGGCCTGCTGTTCA

TNF-a ACCCTCACACTCAGATCATCTTC TGGTGGTTTGCTACGACGT

TLR4 GGCATGGCATGGCTTAAACC CATCGGTTGATCTTGGGAGAATT
NF-«xB GGGACTATGACTTGAATGCG ATACGCTGACCCTAGCCTG

Zo-1 GACCTTGATTTGCATGACGA AGGACCGTGTAATGGCAGAC
Occludin GAAAGTCCACCTCCTTACAGA CGGATAAAAAGAGTACGCTGG
Muc2 GCTCGGAACTCCAGAAAGAAG GCCAGGGAATCGGTAGACAT
Reg3b GGAATTCGATGTCCAAAA CGGTCGACGTGAACTTTGCAGACATA
Reg3g TTCCTGTCCTCCATGATCAAA CATCCACCTCTGTTGGGTTC

18s AGGGGAGAGCGGGTAAGAGA GGACAGGACTAGGCGGAACA

MCP-1, monocyte chemoattractant protein-1; TNF-a, tumor necrosis factor a; TLR4, toll-like receptor 4; NF-xB, nuclear factor-kB.

Plus; Takara Bio, Inc.). The thermocycling conditions were as
follows: Initial denaturation for 10 min at 95°C, then 40 cycles
of 10 sec at 95°C, 10 sec at 62°C and 10 sec at 72°C, followed
by 95°C for 60 sec and dissociation curve analysis. The primer
sequences are listed in Table I. Relative gene expression was
normalized to the 18S and calculated by the 224° method (32).

Western blotting. Total protein was extracted from livers
using a RIPA buffer containing 1% protease inhibitor and
1% phenylmethylsulfonyl fluoride (cat. no. RO010; Beijing
Solarbio Science & Technology Co., Ltd.) and was measured
by the BCA assay. Total protein (50 ug per lane) was sepa-
rated by 10% SDS-polyacrylamide gel, transferred onto a
polyvinylidene difluoride membrane (Whatman plc), and
blocked with 5% skimmed milk at room temperature for 1 h.
Membranes were immunostained with primary antibodies
against TLR4 (cat. no. 14358; dilution, 1:1,000; CST) at 4°C
overnight, as well as antibody against reference protein (3-actin
(cat. no. K200058M; dilution, 1:1,000; Beijing Solarbio Science
& Technology Co., Ltd.). Following incubation with a goat
anti-rabbit horseradish peroxidase-conjugated secondary anti-
body (cat. no. SE134; dilution, 1:5,000; Beijing Solarbio Science
& Technology Co., Ltd.) was carried out at room temperature for
1 h. Immunoreactive proteins were stained with ECL Western
Blotting Substrate (Beijing Solarbio Science & Technology Co.,
Ltd.). Images were digitalized using the ChemiDoc™ XRS
system (Bio-Rad Laboratories, Inc.). B-actin (Beijing Solarbio
Science & Technology Co., Ltd.) was used as an internal stan-
dard.

Histopathological observation. For the histological analysis,
the liver and colonic tissues were stained with hematoxylin
and eosin (H&E). In brief, tissues were fixed in 10% formalin
at room temperature for 24 h, and paraffin-embedded sections
(5 uym) were stained with hematoxylin (10 min) and eosin
(30 sec) at room temperature.

DNA extraction and 16S rRNA amplification sequencing. Total
genomic DNA was extracted from 150-200 mg of stool samples

using the QIAamp PowerFecal DNA kit (Qiagen GmbH). The
hypervariable V3-V4 region (341F and 805R) of the the prokary-
otic 16S rRNA gene was amplified. Following purification,
these amplicons were equally combined and then subjected to a
sequencing library preparation according to the manufacturer's
protocols. DNA concentration and quality were determined
by the NanoPhotometer N50 (Implen NanoPhotometers) and
Qubit Fluorometer (Thermo Fisher Scientific, Inc.). Deep DNA
pyrosequencing procedures were performed on a paired-end
[llumina MiSeq PE300 (2x300 bp) platform at the Novogene
Corporation, according to the manufacturer's protocols. These
raw sequences were processed following the QIIME (v1.9.1)
pipeline (33), and the analysis of gut microbiota diversity
and composition of fecal samples was determined, of which
Shannon indexes and Simpson indexes were calculated with the
operational taxonomic unit (OTU) table (34). The [ diversity of
fecal microbiota was assessed by principal coordinate analysis
based on Bray-Curtis distance.

Statistical analysis. All experimental results were obtained
from at least three independent times, and representative data
are presented as the mean =+ standard deviation. One-way anal-
ysis of variance was used to determine whether the groups were
statistically different (P<0.05). GraphPad Prism 7.0 (GraphPad
Software, Inc.) was applied to all statistical analysis.

Results

Dietary B. subtilis supplementation alleviates alcohol-induced
injury. To investigate the effect of the prophylactic dietary
B. subtilis supplementation on alcohol-induced injury, a murine
model was constructed as shown in Fig. 1A. Notably, alcohol
feeding caused continuous body weight loss in the EtOH group
compared with the Ctrl group; however, dietary B. subtilis
supplementation notably prevented alcohol-induced body
weight loss (Fig. 1B). Following these mice being sacrificed, it
was observed that ethanol feeding significantly increased the
murine liver weight and the liver-body weight ratio compared
with Ctrl mice, and dietary B. subtilis supplementation
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significantly decreased the liver weight (Fig. 1B and C). Notably,
it was found that supplementation with PBS-bacterial vehicle
did not cause notable effects in EtOH-fed mice (Fig. 1B-D);
therefore, the effects of PBS supplementation in EtOH-fed mice
were excluded from further experiments. In conclusion, dietary
B. subtilis supplementation likely alleviated alcohol-induced
injury.

Dietary B. subtilis supplementation alleviates alcohol-induced
liver injury. The development of alcohol-induced liver injury
(EtOH group, Fig. 2A) was confirmed, as indicated by notably
increased levels of ALT, AST and hepatic triglycerides compared
with the Ctrl group (Fig. 2B-E). In addition, it was investi-
gated whether dietary B. subtilis supplementation may relieve
alcohol-induced liver injury in mice. Microscopic morpho-
logical examination confirmed the protective effect of dietary
B. subtilis supplementation with a decrease in clear vacuoles
and neutrophil infiltration in H&E-stained images (Fig. 2A).
Dietary B. subtilis supplementation significantly decreased
hepatic triglyceride levels in treated mice compared with
EtOH-fed mice (Fig. 2C). Additionally, the hepatic dysfunction
induced by alcohol was improved as demonstrated by decreased
serum ALT and AST levels (Fig. 2B and E), as well as the partial
decrease in serum TCH and LDL-C level (Fig. S1). Furthermore,
hepatic oxidative stress was induced by alcohol consumption
with increased levels of hepatic thiobarbituric acid-reactive
substances (TBARS) in the EtOH mice (1.53+0.07 pgmol/g
liver) compared with the Ctrl mice (1.03+0.09 pmol/g liver),
and dietary B. subtilis supplementation significantly decreased
hepatic MDA levels to 1.17+0.06 umol/g liver (Fig. 2D). GSH

depletion was another trait of ethanol-induced liver injury, and
the administration of B. subtilis notably increased the content of
reduced GSH (Fig. S2). Consistent with these protective effects,
dietary B. subtilis supplementation significantly decreased
the expression of peroxisome proliferator-activated receptor-y
(PPAR-vy) and fatty acid translocase (CD36; Fig. 2F and G),
which likely ameliorated the hepatic lipid dysfunction induced
by alcohol.

Dietary B. subtilis supplementation preserves the intestinal
barrier. Previous studies have characterized gut barrier dysfunc-
tion in alcohol-induced endotoxemia and liver damage (35-37),
and disordered intestinal integrity may be due to the direct
injury induced by alcohol and indirect inflammatory reac-
tions (38,39). In the present study, alcohol consumption resulted
in a significant increase in intestinal permeability. Specifically,
serum FITC concentrations increased to 1,183+76.18 ng/ml from
439.2+23.53 ng/ml in Ctrl mice (Fig. 3A), and evidence of colon
damage was noted through microscopic morphological exami-
nation of H&E-stained samples (Fig. 3B). However, dietary
B. subtilis supplementation significantly restored intestinal
permeability to a certain degree, decreasing FITC concentra-
tions to 786.8+45.8 ng/ml (Fig. 3A). In addition, the damaged
gut barrier resulted in the translocation of LPS from lumen
to blood, and dietary B. subtilis supplementation significantly
decreased LPS levels to 57.43+3.35 ng/ml from 88.04+7.6 ng/ml
in EtOH mice (Fig. 3C). Consistent with amelioration of intes-
tinal barrier dysfunction, dietary B. subtilis supplementation
significantly restored Muc2, Zo-1 and occludin expression
levels in the colon (Fig. 3D). Additionally, alcohol consumption
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notably damaged immunoglobulin A (IgA) production and
secretion with fecal IgA levels decreased by 24% in the EtOH
group compared with the Ctrl group, and dietary B. subtilis
supplementation significantly restored the level of IgA secre-
tion (Fig. 3E). Furthermore, dietary B. subtilis supplementation
notably reversed the alcohol-induced decrease in Reg3g and
Reg3b mRNA expression to levels equivalent to those noted in
the Ctrl group (Fig. 3D), thereby improving intestinal barrier
function.

Dietary B. subtilis supplementation ameliorates
alcohol-induced liver inflammation via the TLR4 pathway.
Alcohol consumption increases gut bacteria-derived PAMPs
(e.g., LPS) in the bloodstream, and PAMPs trigger hepatic
inflammation, which contributes toward the development
of alcohol-induced liver diseases (21). In the present study,
alcohol consumption increased LPS levels in the serum, which
stimulated TLR4 to induce the release of critical proinflam-
matory cytokines that are required to activate potent immune
responses. Alcohol-induced increases in TLR4 protein levels
were accompanied by significant upregulation of the mRNA
levels of TLR4 target genes (Fig. 4A-C), including NF-«xB,
tumor necrosis factor alpha (TNF-a), IL-6 and monocyte
chemoattractant protein-1 (MCP-1), indicating activation of
the alcohol-induced hepatic TLR4 pathway. However, dietary
B. subtilis supplementation significantly decreased hepatic
TLR4 protein levels by 53% (P<0.01) with concomitant
significant decreases in TLR4-regulated mRNA levels of
NF-xB, TNF-a, IL-6 and MCP-1 (P<0.01) in the treated group,
compared with the EtOH group (Fig. 4C).

Dietary B. subtilis supplementation improves alcohol-induced
gut microbial dysbiosis. It has been reported that dysbiosis of
the gut microbiome and metabolome is associated with the
progression of alcohol-induced liver injury (5,40,41). The present
study characterized the protective effects of dietary B. subtilis
supplementation on alcohol-induced perturbation of intestinal
microbiota composition. OTU-based principal coordinate anal-
ysis revealed that the gut microbiota structures of each tested
group exhibited individual variations and that the experimental
groups significantly differed from the Ctrl group (Fig. 5A). The
diversity of gut microbiota in EtOH-fed mice compared with
Ctrl mice was significantly decreased as evidenced by decreased
Shannon indexes and increased Simpson indexes; however,
dietary B. subtilis supplementation reversibly increased micro-
biota diversity (Fig. 5B). Analysis of the gut microbiota at phylum
levels revealed a significantly altered composition of gut micro-
biota in Ctrl, EtOH and EtOH + BS groups (Fig. 5C). The phyla
Firmicutes, Bacteroidetes and Proteobacteria dominated the
fecal microbial communities (Fig. 5C), and alcohol consump-
tion significantly increased the abundance of Proteobacteria
and decreased that of Firmicutes (Fig. 5D-F); however, dietary
B. subtilis supplementation markedly decreased the level of
Proteobacteria to that noted in the Ctrl group (Fig. 5F). Notably,
further analysis at the family level revealed a marked decrease
in Lachnospiraceae in EtOH-fed mice (Fig. 5E), while dietary
B. subtilis supplementation decreased this trend. Members of
the Lachnospiraceae family are important butyrate producers
that reside in the intestinal microbiota (42). Furthermore, in the
EtOH groups, the relative increase in Bacteroide abundance
and decrease in Ruminococcaceae UCG-013 abundance at the



EXPERIMENTAL AND THERAPEUTIC MEDICINE 22: 1312, 2021 7

A PCoA-PC1 vs PC2 B

—

2 240
o

w
1
.

250 260

240 250!
240
230

==

ACE

e Ctrl

o
n

EtOH

PCIE-Percenl variation explained 22.05%

' =

+ EtOHBS 39 |
0.9998 | 38 010
c
3 3 §37 g
2 09907 836 Eoos
. © @ ]
¢ 35
. 0.9996 0.08
34 |
4 0 4
PC1-Percent variation explained 57.87% Ctrl EtOH EtOH+BS Ctrl EtOH EtOH+BS Ctrl EtOH EtOH+BS
C 20 i 2.0 "
2 . _# &
3 = g
1.0 4 T 15 5 15 # id
° o
3 2
& 10 g 1.0
7
o
] 3 - -
E 05 g 05
Epsilonbacteracon] (= £
Actinobacteria g
I -
8 Vermucomicrobia T T T 00 T T T
S 06 - Protesbactera cirl EtOH  EtOH+BS cl EtOH  EtOH+BS
3 Firmicutes
é Bacteroidetes G
2 B 40 - cri
& 04 4 o = [ EtOH
e e — it B ) ponees
£ g 30
o &
e 2
© 2 20
02 - 8 F)
g =
i g
2 o
o
0.0 5 T T T 0
Ctl1 Ci2 Cw3 EOH1 EtOH2 EtOH3 BS1 BS2  BS3 Cirl EtOH  FtOH+BS Bacteroides Ruminococcaceae_UCG-013

Figure 5. BS supplementation improves alcohol-induced intestinal dysbiosis. (A) Effect of BS supplementation on 3 diversity (variation of microbial communi-
ties between samples) of fecal microbiota as assessed by principal coordinate analysis based on Bray-Curtis distance. (B) Effect of BS supplementation on
a diversity (variation of microbes in a single sample) of fecal microbiota, including the indexes of OTU, ACE and chao. (C) Effect of BS supplementation
on microbiota composition at the phylum level. (D) Firmicutes/Bacteroidetes ratio. (E) Lachnospiraceae (family) levels. (F) Proteobacteria (phylum) levels.
(G) Bacteroides and Ruminococcaceae_UCG-013 (species) levels. Data are presented as the mean + standard deviation. “P<0.05; *"P<0.01. BS, B. subtilis
supplementation; Ctrl, control; EtOH, ethyl alcohol; OTU, operational taxonomic units; ACE, abundance-based coverage estimator.

species level were reversed by dietary B. subtilis supplementa-
tion (Fig. 5G). In summary, dietary B. subtilis supplementation
partly alleviated alcohol-induced intestinal microbiota dysbiosis.

Discussion

Changes in genetic, environmental and dietary factors, as well
as alcohol consumption, contribute toward intestinal dysbiosis
and even severe liver diseases via the gut-liver axis (43,44).
Furthermore, the gut-liver axis facilitates close functional and
bidirectional communication between the intestine and the liver,
which serves an important role in hepatic pathogenesis and
therapeutic targets (45,46). Although B. subtilis-based probiotic
supplementation may improve perturbed gut microbiota and
disordered intestinal barriers, the protective effects of dietary
B. subtilis supplementation on hepatic pathogenesis remain
unclear.

The robust intestinal barrier serves a vital role by spatially
compartmentalizing bacteria in the lumen through the secre-
tion of mucus and is fortified by the production of SIgA and
AMPs (47). Within the gut lumen, SIgA interacts with various
intestinal antigens, including self-antigens and the intestinal
microbiota and limits the access of intestinal antigens to blood

circulation, thereby influencing the composition of intestinal
microbiota (48,49). Alcohol consumption notably inhibits
the excretion of SIgA, thereby resulting in the overgrowth of
opportunistic pathogenic enteric bacteria. Dietary B. subtilis
supplementation quickly depletes free oxygen present in the
intestine and produces antibacterial substances, which constrains
pathogen overgrowth and restores gut microbiota homeostasis.
Additionally, multiple AMPs (defensins, lysozymes and C-type
lectins) are produced by epithelial cells of intestinal tissues and
contribute toward the host defence against microorganisms via
diverse innate immune responses (50). Among these AMPs,
REG3 lectins (particularly REG3b and REG3g) are abundantly
expressed in enterocytes and exert bactericidal activity as a host
defence mechanism in the gut (51). The expression of REG3
lectins is inhibited by various factors, including antibiotics,
alcohol and a high-fat diet (52,53). By contrast, supplementa-
tion with specific probiotics enhances the expression of Reg3g,
and this finding is confirmed in the present study by the partial
restoration of Reg3b and Reg3g expression following dietary
B. subtilis supplementation.

Efforts investigating potential therapies for alcohol-induced
liver injury have been ongoing for decades, and dietary probi-
otic or prebiotic supplementation is a major strategy. As stated



8 ZHAO et al: Bacillus subtilis ALLEVIATES ALCOHOL-INDUCED LIVER INJURY

above, alcohol-induced liver injury is associated with gut barrier
dysfunction. Furthermore, animal studies have demonstrated
that dietary B. subtilis supplementation decreased the LPS
translocation and abrogated the endotoxin signalling cascade,
thereby attenuating alcohol-induced hepatic cytokine produc-
tion, inflammatory responses and liver damage. Probiotics
prevent and ameliorate the course of digestive disorders and
may be of interest as co-adjuvants in the treatment of metabolic
disorders, including obesity, ALD and non-alcoholic fatty liver
disease (54,55). However, the mechanisms of action of probi-
otics are diverse and strain specific. In general, supplementation
with dietary probiotics normalizes perturbed intestinal micro-
bial communities, competitively excludes enteric pathogens and
bacteriocin production, and suppresses intestinal inflammation
via the downregulation of TLR expression in enterocytes (56).
Probiotics are safely tolerated, and several probiotics, including
Lactobacillus GG, L. acidophilus, L. bulgaricus, B. bifidum,
B. longum and Streptococcus thermophilus, have been demon-
strated to be effective in the context of alcohol-induced liver
injury (57-59). It is well recognized that probiotics supplemen-
tation may primarily ameliorate alcohol-induced intestinal
dysbiosis.

Clinical and mouse model studies have revealed that alcohol
causes hepatocellular damage through oxidative stress and
lipids metabolism disorder (16,60). Specifically, alcohol or its
metabolites directly disturbs the redox homeostasis in liver,
resulting in overproduction of lipid peroxidation end-products,
including MDA. Therefore, the restoration of liver function is
partially due to the decrease in oxidative stress (MDA) and the
increases in antioxidant responses (GSH) in livers, which may
be mediated by the nuclear factor erythroid 2-related factor 2
(NRF2) (61,62). Additionally, the administration of B. subtilis
significantly reduces the gene expression of CD36 and PPAR-Yy,
which likely restores the efficient transport of triglycerides in
liver. In this context, the suppression of fatty acid oxidation
is likely alleviated via the transcription factor SREBP-1c and
PPAR-a, which may be able to decrease the accumulation of
triglycerides in the liver and participate in preventing mitochon-
drial dysfunction (63,64).

The results of the present study clearly demonstrated that
the prophylactic intervention of B. subtilis partially restored the
gut microbiota homeostasis and protected the intestinal tract
against alcohol abuse, and the intact intestinal barrier decreased
the translocation of bacterial endotoxin (LPS), which serve a
crucial role in alleviating the hepatic inflammation via TLR4
signaling pathways. The present study provides the basis for
future evaluations of the nutritional application of B. subtilis
in the prevention and management of clinical alcohol-induced
liver injury and pave the way for developing B. subtilis-based
probiotics as the food additives.
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