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Background: Non-alcoholic fatty liver disease (NAFLD) is a chronic, progressive liver disease with an increasing incidence
rate. This study investigated the protective effects of live combined Bacillus subtilis and Enterococcus faecium
(LCBE) on NAFLD, and its possible mechanisms.
Material/Methods: Five-week-old C57BL/6 mice were randomly divided into 3 groups: chow, HFD, and HFD+LCBE groups. The lev-
els of serum biochemical markers, glucose tolerance, insulin, the inflammatory cytokines IL-1, IL-6, and TNF-a,
LPS, and histological staining were measured using commercial kits. gPCR was used to examine the mRNA ex-
pression levels of inflammatory cytokines in the liver. Western blotting was used to determine the protein lev-
els of TLR4, NF-xB p65, PPAR-a, and CPT-1 in the liver, and occludin and Claudinl in the intestine. The intesti-
nal flora of the mice was analyzed by high-throughput sequencing of the V3-V4 region of 16S rDNA.

Results: LCBE significantly lowered the body weight, liver/body weight ratio, and serum glucose level, and increased
the serum insulin level in NAFLD mice. In addition, LCBE treatment improved the liver function and lipid pro-
file, decreased the levels of LPS and inflammatory cytokines, and downregulated the expression of TLR4 and
NF-xB p65. Moreover, LCBE enhanced the intestinal barrier function by increasing the expression of occludin
and Claudin1. Furthermore, LCBE modulated the composition of the gut microbiota by reducing the Firmicutes
to Bacteroidetes ratio, and the proportion of inflammation-related and LPS-producing bacteria, thus re-arrang-
ing the structure of the gut microbiota.

Conclusions: LCBE protects against NAFLD by alleviating inflammation, restoring the intestinal barrier, and modulating gut
microbiota composition.
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Abbreviations: NAFLD - non-alcoholic fatty liver disease; LCBE — live combined Bacillus subtilis and Enterococcus fae-
cium; IL-1p - interleukin 1f; IL-6 — interleukin 6; TNF-o. — tumor necrosis factor o; LPS — lipopolysac-
charide; TLR4 - toll-like receptor 4; NF-kB p65 — nuclear factor kappa-B p65; PPAR-o. — peroxisome
proliferator-activated receptor alpha; CPT-1 - carnitine palmitoyl transferase 1; CLP - cecal ligation
and puncture; AST — aspartate aminotransferase; ALT — alanine aminotransferase; TG — triglyceride;

Cho - total cholesterol; LDL — low-density lipoprotein cholesterol; HDL - high-density lipoprotein choles-
terol; HFD - high-fat diet
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Background

Owing to the significant increase in obesity rates worldwide,
the incidence of non-alcoholic fatty liver disease (NAFLD), a
metabolic syndrome, has also increased, and it is not restrict-
ed to developed countries. The disease spectrum of NAFLD is
wide, ranging from simple steatosis to more serious forms, in-
cluding non-alcoholic steatohepatitis (NASH), fibrosis, cirrho-
sis, and hepatic cellular carcinoma [1]. This disorder affects the
health of both adults and children, leading to a worldwide dis-
ease burden [2,3]. Despite the in-depth research on NAFLD, its
pathogenesis remains poorly understood. A series of studies
has focused on the role of inflammation in the pathogenesis
of NAFLD [4]. Excess LPS flux to the liver from the gut triggers
an inflammatory response in the liver [5]. Additionally, obe-
sity induces the recruitment of inflammatory cells, such as
macrophages, and results in an increase in the release of in-
flammatory cytokines, including TNF-o. and IL-1B, aggravating
the pathogenesis of NAFLD [6]. It is widely accepted that the
“multiple hits” hypothesis is involved in the pathogenesis of
NAFLD. Recent studies have provided evidence that gut micro-
biota, one of the key factors in the “multiple hits,” play an im-
portant role in the progression of NAFLD [7-10].

The number of human intestinal microbial cells, ranging from
100 trillion to 1000 trillion, is approximately 10 times the number
of human cells in the body [11]. An imbalance of the gut micro-
biota is related to chronic diseases, including NAFLD. Firmicutes
and Bacteroidetes are the major components of gut microbiota.
One study showed that NAFLD patients had fewer Bacteroidetes
and more Firmicutes than healthy individuals [10]. Another
study reported that sterile mice transplanted with microbiota
from high-fat diet (HFD)-fed mice were prone to NAFLD [12].
Moreover, germ-free mice transplanted with cold-exposed mi-
crobiota had higher insulin sensitivity and lower fat levels [13].
The long-term consumption of a diet with high sugar and fat
contents results in gut dysbiosis, which causes the production
of LPS. Specifically, the gut-liver axis is under intense scrutiny
to determine whether it is involved in the incidence and pro-
gression of NAFLD. Studies have shown that LPS produced by
gram-negative bacteria in the intestine impairs the integrity
of the intestinal barrier, and activates inflammation by bind-
ing to TLR4 on the cell surface, leading to the progression of
NAFLD [14-17]. Recently, increasing attention has been focused
on the effects of probiotics on host health, as well as NAFLD.
Some studies have indicated that probiotic supplementation
with Lactobacillus species can alleviate inflammation, enhance
intestinal barrier function, and thus ameliorate NAFLD [18]. Xue
et al found that probiotic administration could improve NAFLD
patient health by alleviating the inflammatory response [19].

Live combined Bacillus subtilis and Enterococcus faecium (LCBE)
has been reported to reduce the mortality rate by modulating
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the inflammatory response and intestinal barrier function in
CLP-induced sepsis [20]. However, the effect of LCBE on NAFLD
remains unclear. Therefore, we hypothesized that LCBE may
amend NAFLD by alleviating inflammation, restoring the intes-
tinal barrier, and modulating gut microbiota. This study dem-
onstrates that LCBE administration is a potential candidate for
treating metabolic diseases, including NAFLD.

Material and Methods

Animals and Experimental Design

All experimental procedures were conducted in accordance
with the guidelines of the National Research Council Guide
for Care and Use of Laboratory Animals and were approved by
the Committee on Care and Use of Laboratory Animals of the
Medical College of Tongji University, China (TJHBLAC-2020-72).

Male C57BL/6) mice (5 weeks old) were procured from Shanghai
Silaike Experimental Animal Co. Ltd. (Shanghai, China). All the
mice were acclimatized in a controlled environment (temper-
ature 20-24°C; relative humidity 60-70%, 12-h daylight cycle)
with free access to food and water. After 1 week of acclima-
tion, the mice were randomly allocated into 3 groups: (1) chow
group (the mice received a chow diet, n=5); (2) HFD group (the
mice received an HFD, n=5); and (3) LCBE group (the mice re-
ceived an HFD and LCBE by gavage once daily, n=6). The chow
group was fed a chow diet, and the HFD and LCBE groups were
fed with an HFD providing 60% kcal fat from TROPHIC Animal
Feed High-Tech Co. Ltd. (Jiangsu, China), for 16 weeks. The LCBE
group mice received 0.5 mL LCBE containing 1.4x10° CFU of B.
subtilis and 1.55x10'° CFU of E. faecium by gavage per day for
16 weeks. Mice in the chow and HFD groups received the same
volume of distilled water by gavage. The LCBE used in the ex-
periments was obtained from Beijing Hanmi Pharmaceutical
Co., Ltd. (China). After a 16-h fast, the mice were anesthetized,
and blood, liver, intestine, and colonic contents were collected.

Biochemical Analysis

Serum levels of aspartate aminotransferase (AST), alanine ami-
notransferase (ALT), triglyceride (TG), total cholesterol (Cho),
low-density lipoprotein cholesterol (LDL), and high-density li-
poprotein cholesterol (HDL) were measured using commercial
kits (Jiancheng Biomedical Company, Nanjing, China) accord-
ing to the manufacturer’s instructions. The serum levels of in-
flammatory cytokines, such as TNF-q, IL-B, and IL-6, were de-
tected using ELISA kits (Jingmei, Jiangsu, China). After a 16-h
fast, the mice were administered glucose (2.0 g/kg, intraper-
itoneally). Blood was obtained from the tail vein at 0, 15, 30,
60, and 120 min to measure blood glucose levels using a glu-
cometer (ACCU-CHEK, Roche Diabetes, Germany). ELISA was
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Table 1. List of primer sequences used for qRT-PCR.

Genes Forward primer

IL-1B TTCACCATGGAATCCGTGTC
""""" ™Fe  GGCCTCTCTACCTTGITGCC
""""" e  TIGCCTTCTIGGGACTGATG
""""" GAPDH  TGTGICCGTCGTGGATCTGA

ANIMAL STUDY

Reverse primer

GTCTTGGCCGAGGACTAAGG

TTGCTGTTGAAGTCGCAGGAG

performed using commercial kits to measure the serum insulin
levels (Cusabio, Wuhan, China) and serum LPS levels (Bioendo
Technology Co., Xiamen, China). The method for representing
insulin sensitivity was based on the homeostatic model as-
sessment for insulin resistance (HOMA-IR), which was calcu-
lated as follows:

HOMA-|R=Fasting blood glucose (mmol/Lz)Efz;sting serum insulin (mIU/L)

Histological Analysis

Livers and intestines were fixed in 4% paraformaldehyde for
24 h at 4°C, embedded in paraffin, and sliced into 4-pm slic-
es for hematoxylin and eosin (H&E) staining. To detect lip-
id deposition in the liver, liver samples were frozen, cut into
8-pm-thick sections, and stained with Oil Red O. The sections
were visualized and imaged using a light microscope (Nikon,
Tokyo, Japan).

RNA Isolation and Quantitative Real-time PCR (qPCR)

Total RNA was isolated from liver tissues using TRIzol reagent
(Takara, Dalian, China) and reverse-transcribed into cDNA us-
ing a cDNA synthesis kit (RRO36A, Takara, Dalian, China).

Specific gene expression was detected by qPCR using SYBR
Green (Qiagen, Hilden, Germany) with an Applied Biosystems
QuantStudio 5 instrument. Relative gene expression was cal-
culated using the 24tmethod. The primers used in this study
are shown in Table 1.

Western Blotting

Protein extracts were prepared using a protein lysis kit
(Beyotime, China) with a protease inhibitor (Beyotime), and
protein lysates were separated using 10% sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Next,
the proteins in the gel were transferred to polyvinylidene flu-
oride (PVDF) membranes (Merck Millipore). The membranes
were washed and blocked with 5% BSA in Tris-buffered sa-
line and Tween-20 (TBST) for 1 h at room temperature. The
membranes were then incubated with primary antibodies,

including anti-NF-xB (1: 2000, Proteintech, 66535-1-lg), an-
ti-TLR4 (3.5 pg/mL, Abcam, ab13867), anti-CPT-1 (1: 1000,
Proteintech,15184-1-AP), anti-PPAR-a (1 pg/mL, Abcam,
ab126285), anti-Claudin1 (1: 5000, Abcam, ab180158), an-
ti-occludin (1: 1000, Abcam, ab167161), and anti-GAPDH
(1: 25000, Proteintech, 60004-1-lg) for 16 h at 4°C. After wash-
ing with TBST, the membranes were incubated with IgG conju-
gated with horseradish peroxidase (HRP; Thermo Fisher, USA)
for 1 h at room temperature. Finally, enhanced chemilumines-
cence (ECL; Beyotime) was employed to detect protein bands
using the ChemiDoc XRS system (Bio-Rad Laboratories, CA,
United States). Densitometry analysis of each band was con-
ducted using Image) software.

Bacterial DNA Extraction and 16S rDNA Bioinformatics
Analysis

Total DNA from colonic contents was extracted using the
TIANamp Stool DNA Kit (Tiangen Biotech, Beijing, China).
After confirming the DNA integrity, the V3-V4 region of
the bacterial 16S rDNA was amplified according to the fol-
lowing cycling conditions: initial denaturation at 95°C for
3 min, and 30 cycles of 94°C for 20 s, 55°C for 20 s, and
72°C for 30 s. The 16S rDNA PCR primers used were as
follows: 341F (5’-ACTCCTACGGGAGGCAGCAG-3’) and 806R
(5’-GGACTACHVGGGTWTCTAAT-3’). After extraction based on
quantitative analysis, and purification, the amplicons were
merged at a ratio of 1: 1. A library was constructed using an
lllumina HiSeq 2500 platform. Operational taxonomic units
(OTUs) were clustered with 97% sequence identity based on
the 16S raw data sequence, which was analyzed using QIIME
(Quantitative Insights Into Microbial Ecology).

Statistical Analysis

All data are expressed as means+standard deviations (SD) for
each group, and data analysis was performed using SPSS soft-
ware version 20.0. The differences among groups were deter-
mined by one-way analysis of variance (ANOVA), and P<0.05
was considered to indicate a significant difference.
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Figure 1. LCBE prevents abnormal weight, liver weight, and liver index levels, and improves glucose tolerance and insulin resistance
in mice fed a high-fat diet (HFD). (A) Body weight; (B) liver index; and (C) blood glucose concentration in the intraperitoneal
glucose tolerance test (IPGTT); (D) levels of serum insulin; and (E) determination of HOMA-IR. The data are expressed as
means+SD. # P<0.05, # P<0.01, ## P<0.001 vs Chow, * P<0.05, ** P<0.01, *** P<0.001 vs HFD.

Results

LCBE Prevents Abnormal Gain of Body Weight and Liver
Index And Improves Glucose Tolerance and Insulin
Resistance

To examine the effects of LCBE on NAFLD in mice, we deter-
mined their body weights, and found that the body weight
in the HFD group was higher than that in the chow group for
16 weeks (Figure 1A). LCBE treatment significantly prevent-
ed abnormal body weight gain in HFD-fed mice (Figure 1A).
Furthermore, the HFD increased the liver index compared with
that in the chow group, and LCBE intervention reversed this
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(Figure 1B). Additionally, we assessed the glucose levels and
insulin sensitivity, and the results showed that HFD-fed mice
had higher blood glucose, serum insulin, and HOMA-IR levels
than mice in the chow group (Figure 1C-1E). LCBE administra-
tion improved the blood glucose, serum insulin, and HOMA-IR
levels, indicating that LCBE improved glucose tolerance and IR
in the HFD-fed mice.

LCBE Alleviate Hepatic Steatosis
We assessed the serum lipid parameters in all the groups and

found that HFD remarkably elevated the levels of serum TG, Cho,
and LDL, and decreased the level of serum HDL (Figure 2A-2D).
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Figure 2. Effect of LCBE on serum lipid metabolism, ALT, and AST levels in mice fed a high-fat diet. (A) Serum triglyceride; (B) serum
total cholesterol; (C) serum low-density lipoprotein cholesterol; (D) serum high-density lipoprotein cholesterol; (E) activity of
serum ALT; (F) activity of serum AST; (G) histopathology images of liver tissues ((I) H&E, 200x magnification; Oil Red O, 200x
magnification); and (H) protein expression levels of PPAR-oe and CPT-1 in the liver. GAPDH was used in the loading chow. The
data are expressed as means+SD. * P<0.05, ** P<0.01, *** P<0.001 vs Chow, # P<0.05, # P<0.01, ## P<0.001 vs HFD.
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Figure 3. LCBE mitigates systemic inflammation in mice fed a high-fat diet (HFD). The levels of (A, D) interleukin 1P (IL-1pB), (B, E)
interleukin 6 (IL-6), and (C, F) tumor necrosis factor o (TNF-o) in the serum and liver. (G-H) Protein expression levels of Toll-
like receptor 4 (TLR4) and nuclear factor kB (NF-kB) in the liver. The data are expressed as means+SD. * P<0.05, ** P<0.01,
*** P<0.001 vs Chow, # P<0.05, # P<0.01, ### P<0.001 vs HFD.

LCBE intervention markedly decreased the serum TG, Cho, and
LDL levels, and upregulated the serum HDL levels compared
with those in the HFD group (Figure 2A-2D). In addition, LCBE
significantly reduced the high serum levels of ALT and AST in-
duced by the HFD (Figure 2E, 2F). Since LCBE affected serum
lipid homeostasis and liver function in NAFLD mice, we de-
tected the expression of PPAR-o. and CPT-1, and conducted
histological analyses of the liver, including H&E and Oil Red
O staining, to determine the role of LCBE in hepatic steatosis.
We found that LCBE treatment elevated the protein expres-
sion levels of PPAR-o and CPT-1 in the livers of HFD-fed mice
(Figure 2G, 2H). As shown in Figure 21, there were more lipid
droplets in the livers of NAFLD mice than in the chow group,
whereas LCBE treatment distinctly alleviated abnormal lipid
accumulation in the liver.

LCBE Reduces Inflammatory Response

Based on the important role of the inflammatory response in the
development and progression of NAFLD, the expression levels
of genes associated with inflammation were determined. The
expression levels of serum IL-1f, IL-6, and TNF-o. were high-
er in the HFD group than in the chow group (Figure 3A-3C).
Interestingly, treatment with LCBE remarkably reduced the IL-
1B, IL-6, and TNF-« levels (Figure 3A-3C). We measured the ex-
pression of inflammatory cytokines in the liver. Consistent with
the above results, the expression of IL-1p, IL-6, and TNF-o was
significantly higher in the HFD group than in the chow group,
but the expression of these inflammatory cytokines was mark-
edly decreased by LCBE (Figure 3D-3F). Furthermore, we per-
formed western blotting to determine the expression of genes
related to inflammatory signaling pathways, such as those of
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Figure 4. LCBE consolidates the intestinal barrier in mice fed a high-fat diet. (A) Histopathology images of intestine tissues (H&E, 200x
magnification). (B) LPS levels in the serum. (C, D) Protein expression levels of occludin and Claudin1 in the intestine. The data
are expressed as means#+SD. * P<0.05, ** P<0.01, *** P<0.001 vs Chow, * P<0.05, # P<0.01, ## P<0.001 vs HFD.

TLR4 and NF-kB p65. Compared with the control group, the HFD
group showed higher expression of TLR4 and NF-kB, whereas
LCBE intervention prevented the increase in TLR4 and NF-xB
p65 levels in the liver (Figure 3G, 3H).

LCBE Reduces Serum LPS Levels and Improves Intestinal
Barrier Integrity

Intestinal barrier integrity not only affects systemic inflamma-
tion but is also involved in the development of NAFLD. H&E
staining of the intestine revealed that the intestinal mucosa
villi in chow group were slim, neatly arranged, and integral.
However, the intestinal mucosa villi in the HFD group showed
edema and the villus height was decreased; this was repaired
to a certain degree by LCBE intervention (Figure 4A). Moreover,
LPS, translocating into the blood recycle from a leaky gut, re-
flects the integrity of the intestinal barrier. We found that the
expression of serum LPS was higher in the HFD group than in
the chow group, and LCBE intervention decreased LPS expres-
sion (Figure 4B). Epithelial tight junction molecules play a crit-
ical role in intestinal barrier integrity. As expected, the protein
levels of occludin and Claudin1 were lower in the HFD group
than in the chow group (Figure 4C, 4D). In contrast, LCBE treat-
ment reversed the downregulation of these proteins in NAFLD
mice (Figure 4C, 4D).

LCBE Regulates Intestinal Flora Composition of Gut
Microbiota

The V3-V4 region of 16S rDNA in mice fecal samples was used
to evaluate the effects of LCBE on the microbiota. The Shannon
dilution curve tended to be smooth for all the samples, indi-
cating that the sequencing depth was sufficient to reveal the
biodiversity in the samples (Figure 5A). Next, we conducted
PCoA and NMDS analyses to investigate the effects of LCBE
on the gut microbiota structure. The PCoA and NMDS of the
unweighted UniFrac distance showed a remarkable separation
among the compositions of gut microbiota in the chow, HFD,
and LCBE groups (Figure 5B, 5C). In addition, the microbes in the
gut of the mice could be classified into 15 phyla, and Firmicutes
and Bacteroidetes were the dominant bacterial phyla in all the
groups. As shown in Figure 5D, the microbial composition in
the HFD group was remarkably different from that in the chow
group. At the phylum level, the HFD increased the abundance
of Firmicutes and decreased that of Bacteroidetes compared
with that in the chow group (Figure 5F, 5G). Therefore, the HFD
significantly increased the ratio of Firmicutes to Bacteroidetes
(F/B ratio). LCBE treatment reversed the F/B ratio by down-
regulating the abundance of Firmicutes and upregulating
the abundance of Bacteroidetes (Figure 5E). In addition, the
relative abundance of Verrucomicrobia, Actinobacteria, and
Patescibacteria changed at the phylum level (Figure 5H-5)).
Furthermore, the LDA effect size (LEfSe) method was used
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to determine the different bacterial taxa. The results from
LEfSe analysis demonstrated that some genera (Figure 6A),
such as Akkermansia, Ruminococcus_UCG-014, Family_XIll_
AD3011_group, Oscillibacter, Acetatifactor, Coriobacterium_
UCG-002, Eubacterium_coprostanoligenes_group, Anaerovorax,
Negativibacillus, Lachnoclostridium, Angelakisella, Ruminococcus,
Harryflintia, and Escherichia-Shigella, were notably differ-
ent. Compared with that in the chow group, the HFD pro-
moted a remarkable increase in the relative abundance of
Akkermansia, Lachnoclostridium, Oscillibacter, Family_XIII_
AD3011_group, Anaerovorax, Acetatifactor, Coriobacterium_
UCG-002, Negativibacillus, Angelakisella, Ruminococcus,
Harryflintia, and Escherichia-Shigella (Figure 6B-6M), while
decreasing the relative abundance of Ruminococcus_UCG-014
and Eubacterium_coprostanoligenes_group (Figure 6N, 60).
The administration of LCBE dramatically elevated the rel-
ative abundance of Akkermansia, Ruminococcus_UCG-014,
and Eubacterium_coprostanoligenes_group, and reduced
that of Lachnoclostridium, Oscillibacter, Family_XIll_AD3011_
group, Anaerovorax, Acetatifactor, Coriobacterium_UCG-002,
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Negativibacillus, Angelakisella, Ruminococcus, Harryflintia, and
Escherichia-Shigella. These results indicated that LCBE modu-
lated gut microbiota dysbiosis by promoting beneficial bacte-
rial proliferation and inhibiting harmful flora expansion.

Discussion

NAFLD is a worldwide health issue that is associated with obe-
sity. Although lifestyle modifications and exercise have been
suggested for NAFLD treatment, both are difficult to execute.
In addition, there is a lack of effective drugs targeting NAFLD.
Therefore, it is of great importance to identify drugs that can
treat NAFLD. Previous studies have indicated that probiotics sig-
nificantly prevent HFD-induced NAFLD in mice [21,22]. Hence,
LCBE is believed to alleviate NAFLD. In this study, we found
that treatment with LCBE protected NAFLD mice fed with an
HFD by partially enhancing insulin sensitivity, alleviating the
inflammatory response, improving the function of the intesti-
nal barrier, and regulating the composition of gut microbiota.
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Figure 5. LCBE modulates the gut microbiota community in mice fed a high-fat diet. (A) Shannon curve of each sample. (B) Principal
coordinates analysis (PCoA) of microbial communities based on the unweighted Unifrac cluster for each sample at the
phylum level. (C) Non-metric multidimensional scaling (NMDS) of microbial communities based on the unweighted Unifrac
cluster for each sample at the phylum level. (D) Relative abundance analysis of microbiota at the phylum level between
groups. (E-J) Ratio of Firmicutes to Bacteroidetes and relative abundance of bacteria among groups. * P<0.05, ** P<0.01,
*** P<0.001 vs Chow, # P<0.05, ## P<0.01, ## P<0.001 vs HFD.

Abnormal blood glucose levels and the accumulation of excessive
lipids in the liver are common in NAFLD mice. The results of our
research showed that the HFD increased the body weight and
liver index, and caused dyslipidemia and glucose intolerance,
which were reversed by the LCBE intervention. Triglyceride accu-
mulation in the liver is affected by many factors, including fatty
acid uptake, synthesis, oxidation, and transporters [23]. Insulin
resistance is the “first hit” in NAFLD [24]. Insulin resistance de-
creases lipid oxidation in the liver, and the PPAR-a and CPT-1
genes have been identified as the key fatty acid oxidation genes
that can alleviate NAFLD by promoting lipid oxidation [25]. The
results of this study showed that the HFD enhanced insulin re-
sistance and HOMA-IR, and this was prevented by LCBE. In ad-
dition, we found that LCBE treatment significantly upregulated
the expression levels of hepatic PPAR-a. and CPT-1, indicating
that fatty acid B-oxidation plays a critical role in alleviating dys-
lipidemia and hepatic steatosis upon the administration of LCBE.
Therefore, an increase in insulin sensitivity plays an important
role in alleviating hepatic steatosis upon LCBE intervention.

Since the inflammatory response participates in the develop-
ment of NAFLD, we assessed the effect of LCBE on inflamma-
tion in NAFLD mice. In addition, a previous study verified that
E. faecium and B. subtilis, the 2 components of LCBE, could pro-
tect mice from CLP-induced sepsis by ameliorating inflammation
[20]. Inflammatory cytokines, such as IL-1B, IL-6, and TNF-a, were

detected. LCBE prevented an increase in the levels of inflamma-
tory mediators in NAFLD mice. LPS, produced by gram-negative
bacteria, is one of the main factors involved in inflammation in
NAFLD [26]. TLR4 plays a critical role in the production of pro-in-
flammatory cytokines in various diseases, including NAFLD [27].
LPS can translocate from a leaky gut into the blood recycle, and
then bind to TLR4 in the liver, causing the release of inflam-
matory mediators [28]. Therefore, the levels of serum LPS and
the expression of TLR4 and NF-kB in the liver were assessed;
LCBE reduced the serum LPS levels and the protein expression
of TLR4 and NF-kB in HFD-fed mice. Therefore, LCBE inhibited
the inflammatory response via the LPS-TLR4/NF-xB pathway.

Previous studies have shown that the intestinal barrier plays
a key role in NAFLD induced by a high-fat or high-fructose
diet [29-31]. The physical intestinal barrier is an important
component of the intestinal barrier [32]. Recently, the physical
intestinal barrier was widely studied in relation to HFD-obesity
gut permeability, which enhances the translocation of LPS and
harmful bacteria from the gut to the liver via blood circulation
[28,33]. Since LPS reflects the leaky gut and LCBE can reduce
the serum LPS levels, the intestinal integrity in NAFLD mice
was affected by LCBE treatment. LCBE promoted the upregu-
lation of tight junction proteins such as occludin and Claudin1.
In addition, unlike the chow group, the HFD group exhibited
damaged intestinal structure integrity, which was restored by
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Figure 6. LCBE amends the gut microbiota at the genus level in mice fed a high-fat diet. (A) Taxonomic cladogram depicting enriched
taxa that are differentially abundant in all groups with a LDA score >3.0. (B-O) Relative abundance of different bacteria in all
groups. * P<0.05, ** P<0.01, *** P<0.001 vs Chow, # P<0.05, # P<0.01, ## P<0.001 vs HFD.

LCBE. These data indicated that LCBE maintained the strength
of the intestinal physical barrier in NAFLD mice.

An increasing number of studies are showing that gut micro-
biota play a vital role in the development of NAFLD by har-
vesting energy and modulating energy metabolism. Firmicutes
and Bacteroidetes are the major phyla involved in energy me-
tabolism [34]. There was a decrease in the relative abundance
of Bacteroidetes and an increase in the relative abundance of
Firmicutes and the F/B ratio in HFD-fed mice [35,36]. Based on
the above discussion, we speculated that LCBE might prevent
liver inflammation and protect the intestinal barrier by modu-
lating the gut microbiota structure in NAFLD mice. Interestingly,
the results of our study showed that the HFD increased the
abundance of Firmicutes and the F/B ratio, and reduced the
relative abundance of Bacteroidetes; these changes were re-
versed by LCBE intervention, suggesting that LCBE maintained
the intestinal flora balance. In addition to the abundance at
the phylum level, our results indicated that the abundance of
some bacterial genera changed. Interestingly, LCBE reduced
the abundance of bacterial genera associated with obesity
and inflammation, such as Akkermansia, Lachnoclostridium,
and Oscillibacter. In this study, we found that LCBE upregulat-
ed the abundance of Akkermansia in the gut of HFD-fed mice.
Previous studies have shown that Akkermansia, an important
genus in the microbial community, negatively correlates with
body weight and obesity in mice and humans [37]. Zhao et
al showed that Lactobacillus fermentum CQPC06 alleviated
NAFLD by modulating gut microbiota; for example, by increas-
ing the abundance of Akkermansia [38]. Moreover, an HFD in-
creased the levels of Lachnoclostridium and Oscillibacter, and

LCBE reversed this. A study showed that Lachnoclostridium
was related to obesity and inflammation induced by an HFD
[39]. In addition to causing obesity and inflammation, bac-
teria in the genus Oscillibacter produce LPS [40]. The abun-
dance of another harmful bacterial genus, Escherichia-Shigella,
which produces LPS, significantly decreased after treatment
with LCBE. Similarly, Zhuang et al found that eicosapentaeno-
ic acid and docosahexaenoic acid reversed the levels of LPS in
the serum and the abundance of Escherichia-Shigella in HFD-
fed mice [41]. In addition, we found that an HFD changed the
abundance of some genera, including Ruminococcus_UCG-014,
Family_XIll_AD3011_group, Eubacterium_coprostanoligenes_
group, Anaerovorax, Acetatifactor, Coriobacterium_UCG-002,
Negativibacillus, Angelakisella, Ruminococcus, and Harryflintia,
and this could be prevented by treatment with LCBE. These
bacteria may act as new targets for the treatment of NAFLD.

Our study has one limitation. Additional methods, such as

FITC dextran tests, should be used to determine the intesti-
nal permeability.

Conclusions

In summary, our study showed that LCBE administration sig-
nificantly alleviated HFD-induced NAFLD. Mechanistically, LCBE
modulated gut microbiota dysbiosis by increasing species rich-
ness and diversity. Moreover, LCBE alleviated liver inflamma-
tion, reduced serum LPS levels, and improved the intestinal
barrier function. These data suggest that LCBE may be a po-
tential candidate for the treatment of NAFLD.
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