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Abstract: Non-alcoholic fatty liver disease (NAFLD) has become a highly concerned health issue in
modern society. Due to the attentions of probiotics in the prevention of NAFLD, it is necessary to
further clarify their roles. In this study, the methionine and choline-deficient (MCD) diet induced
NAFLD rats model were constructed and treated with strain L. plantarum MA2 by intragastric
administration once a day at a dose of 1 × 108 cfu/g.bw. After 56 days of the therapeutic intervention,
the lipid metabolism and the liver pathological damage of the NAFLD rats were significantly
improved. The content of total cholesterol (TC) and total triglyceride (TG) in serum were significantly
lower than that in the NAFLD group (p < 0.05). Meanwhile, the intestinal mucosal barrier and
the structure of intestinal microbiota were also improved. The villi length and the expression of
claudin-1 was significantly higher than that in the NAFLD group (p < 0.05). Then, by detecting
the content of LPS in the serum and the LPS-TLR4 pathway in the liver, we can conclude that
Lactobacillus plantarum MA2 could reduce the LPS by regulating the gut microecology, thereby
inhibit the activation of LPS-TLR4 and it downstream inflammatory signaling pathways. Therefore,
our studies on rats showed that L. plantarum MA2 has the potential application in the alleviation
of NAFLD. Moreover, based on the application of the strain in food industry, this study is of great
significance to the development of new therapeutic strategy for NAFLD.
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1. Introduction

Non-alcoholic fatty liver disease (NAFLD) covers a wide range of liver diseases
from hepatic steatosis to non-alcoholic steatohepatitis (NASH) [1]. In recent years, with
the change of people’s lifestyle and diet structure, NAFLD has become the most widely
distributed chronic liver disease in the world [2,3]. It is reported that the incidence of
NAFLD in overweight and obese people is as high as 57% and 98% respectively. Due to the
increasing incidence rate, NAFLD has become a highly concerned health issue in modern
society [4].

NAFLD is a complex disease, which may be caused by many factors, including genet-
ics, diet and intestinal microbiota [5–8]. In 1998, Day and James proposed the “two-hit”
hypothesis to describe the pathogenesis of NAFLD [9]. According to the theory, the first hit
came from lipid deposition in the liver. Subsequently, “the second hit” (such as lipopolysac-
charide, LPS) triggered the development of hepatic steatosis to steatohepatitis [10], and
caused liver cell death and liver inflammation [11,12], eventually leading to NASH and
liver fibrosis [13,14]. Recently, a more comprehensive “multiple-hit hypothesis” has been
proposed to summarize the complexity of NAFLD pathogenesis [15,16]. In this hypothesis,
inflammatory factors from various tissues (especially adipose tissue and intestinal tissue)
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are involved in the activation of inflammation, the progression of fibrosis and tumorigene-
sis. Although the understanding of NAFLD has been improved, the progress of its clinical
treatment is still limited [17]. Thus, so far, no drug has been approved for the treatment
of NASH. An effective strategy for the treatment of NAFLD is to lose at least 5% of body
weight in overweight and/or obese patients [5]. However, due to the poor compliance of
patients, the treatment is difficult to be widely used in clinical treatment.

With the development of the concept of “gut liver axis”, the study of intestine-liver
interaction is more and more in-depth. It is recognized that intestinal dysbacteriosis plays
an important role in the pathogenesis of human liver diseases, especially in NAFLD and
related metabolic disorders [6]. Therefore, it is promising to treat NAFLD by targeting the
intestinal microbiota. Among them, probiotics, which can survive in the gut and improve
intestinal health, have been paid more and more attention in the treatment and prevention
of NAFLD. Probiotic therapy becomes a novel, safe and effective method, which can reverse
the metabolic abnormalities observed in obesity, and is expected to become an alternative
therapy for liver diseases such as NAFLD [6]. For example, studies have shown that oral
supplementation of 1010 CFU probiotics (e.g., Lactobacillus and Bifidobacterium) for 12 weeks
can reduce liver fat accumulation in high-fat diet (HFD) feeding Sprague–Dawley rats [18].
Dietary supplementation with 1 × 109 CFU of L. lactis subsp cremoris ATCC 19257 three
times per week for 16 weeks in female C57BL/6 mice on a high-fat, high-carbohydrate diet
caused them to gain less weight, develop less liver fat and inflammation [19].

Therefore, to further clarify the role of probiotics in the intervention of NAFLD, the
effect of a probiotic strain L. plantarum MA2 on NAFLD and its action mechanism were
investigated. In our previous study, the strain was proved to be able to colonize in the
intestinal tract of mice and had a role in regulating the intestinal microbiota [20–22]. In
this study, MCD-induced NAFLD rats were orally supplemented with the strain, and
markers of lipid metabolism, liver damage, intestinal microbiota structure and intestinal
barrier were examined. This study aimed to provide reference information for probiotics
in treating NAFLD to form the novel intervention and treatment strategy. Moreover, based
on the potential application of the strain L. plantarum MA2 in food industry, this study is of
great significance to the development of new therapeutic strategy for NAFLD.

2. Materials and Methods
2.1. Strain and Culture Conditions

L. plantarum MA2 (CGMCC 12541) was isolated from fermented vegetables and stored
in China General Microbiological Culture Collection Center (Beijing, China). Before the
animal experiment, the L. plantarum MA2 cells were collected by centrifuge and vacuum
freeze-dried to obtain the powder of the strain with a count of 5 × 1012 CFU/g. Before
use, physiological saline was used to prepare probiotic suspension with bacterial concen-
tration of 109 CFU/mL. The number of viable bacteria in the dried probiotic powder was
determined according to the method described in the national food safety standard (food
microbiological examination: lactic acid bacteria, GB_4789_35-20106).

2.2. Animal Treatment and Sample Collection

Animal experiments were carried out in the Animal Experiment Center of Tianjin
University of Science and Technology under the permission of Tianjin experimental ani-
mal management office (Approval Number: TUST20191015) and in accordance with the
“Guide to the Management and Use of Experimental Animals”. Male specific pathogen free
(SPF) Sprague–Dawley rats (8 weeks old) weighing 200–230 g were selected for the experi-
ment [23]. The environmental conditions of animal feeding were as follows: the humidity
was 55 ± 5%, the temperature was 25 ◦C, and light/dark alternate for 12 h. After 7 days
of adaptation, all the rats except the normal group were fed with methionine choline defi-
ciency (MCD) diet for 8 weeks to induce NAFLD disease. The formula of MCD diet was
as follows: L-amino acid 175.7 g/kg, sucrose 441.9 g/kg, corn starch 150.0 g/kg, dextran
maltose 50.0 g/kg, cellulose 30.0 g/kg, corn oil 100.0 g/kg, sodium bicarbonate 7.4 g/kg,



Foods 2021, 10, 3126 3 of 16

salt mixture 35.0 g/kg and vitamin mixture 10.0 g/kg. During the experiment, rats drank
and ate freely.

In this experiment, the animals were divided into three groups. The animals in normal
group (normal group, n = 8) were fed with normal diet and given sterile water by gavage.
The animals in NAFLD model group (NAFLD group, n = 8) were fed with MCD diet and
gavage with sterile water. The animals in L. plantarum MA2 treatment group (MA2 group,
n = 8) were fed with MCD diet and gavaged with the probiotic suspension (109 CFU of
L. plantarum MA2 cells per mL) at amount of 1 × 108 cfu/g.bw. The feeding, drinking,
behavior, activity, mental state, hair condition and feces of the animals were observed
every day, and the animals were weighed every week. After 24 h of the intragastric
administration on Day 56, 3 fecal samples were randomly collected from each group and
stored at −80 ◦C for high-throughput sequencing. At the end of the experiment (after
8 weeks), the animals were anesthetized with 10% chloral hydrate, and the blood was
collected by heart puncture. Blood samples were stored at 4 ◦C for 1 h, then centrifuged
at 3000× g for 10 min to separate serum. The serum samples were then stored at −80 ◦C
for further use. The rats were dissected, and fresh liver and small intestine (ileum) tissues
were collected. The weight, shape, size and color of the liver were observed and recorded,
and the liver index (the ratio of liver weight to body weight) was calculated. Part of liver
and ileum tissues were fixed in 10% formalin solution for more than 24 h, and the other
part were stored at −80 ◦C for further detection.

2.3. Histological Observation and Evaluation

The liver and ileum samples (n = 6) and were randomly selected from each group to
prepare paraffin sections, and the histomorphology was observed after hematoxylin-eosin
(H&E) staining [24]. The samples for H&E staining were fixed with 4% paraformaldehyde
for 24 h, paraffin-embedded liver specimens were systematically cut into sequential 4-µm-
thick sections, and then stained with hematoxylin and eosin (H&E) The slices were imaged
under a microscope (Leica DM3000, Wetzlar, Germany). The villi length was analyzed by
using a NIS Elements software (version F3.2, Nikon Instruments, Melville, NY, USA).

The liver lesions were evaluated by the NAFLD disease score system designed by
NASH pathological clinical research committee in 2005 [25]. The detailed information of the
evaluation items and scores are listed as follows: hepatic steatosis (0–3 points according to
the number of parenchymal cells/total cells are <5%, 5–33%, >33–66%, >66%, respectively),
lobular inflammation (0–3 points, which are <2, 2–4 and >4 lesions, respectively), and
hepatic cells showed balloon-like changes (0–2 points, no change, few balloon-like cells,
many/prominent ballooning, respectively).

2.4. Detection of Biomarkers in Serum

The total cholesterol (TC), total triglyceride (TG), glutamic oxaloacetic transaminase
(GOT/AST), glutamic pyruvic transaminase (GPT/ALT) and LPS in serums were detected
by the corresponding kits. TC and TG in serum were determined by single reagent GPO-
PAP method using total cholesterol assay kit (A111-1-1, Nanjing Jiancheng, China) and
triglyceride assay kit (A110-1-1, Nanjing Jiancheng, China). GPT and GOT in serum were
detected by Reiss method and microplate method, GTA Kit (C009-2-1, Nanjing Jiancheng,
China) and aspartate aminotransferase assay kit (C010-2-1, Nanjing Jiancheng, China). The
content of LPS in serum was determined by using a lipopolysaccharide assay kit (H255,
Nanjing Jiancheng, China).

2.5. RNA Extraction and Real-Time PCR

The RNA extraction and real-time PCR was conducted according to the method
described by Nasiri-Ansari et al. [26]. The total RNA in liver and small intestine was
extracted with TRIzon reagent (CW0580, Cwbio, Beijing, China), and its concentration was
determined by ultra-low volume spectrometer (BioDrop µLite. Biochrom Ltd. Shanghai,
China). The RNA samples were immediately reverse transcribed into cDNA by a HiFi-
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MMLV cDNA Kit (CW0744, Cwbio, Beijing, China). The quantitative real-time PCR (RT
qPCR) was conducted in a Real-Time PCR Detection System (CFX96, Bio-Rad, Hercules,
CA, USA). BeyoFast™ SYBR Green qPCR Mix (2X) (D7260-5 mL, Beyotime, Shanghai,
China) was used to amplify the target fragment. The primers used in this study and their
target genes are listed in Table 1. The PCR procedure used in this study was as follows: pre
denaturation (95 ◦C) for 2 min, followed by 40 cycles, denaturation (95 ◦C) 15 s, annealed
(55 ◦C) 15 s and extension (72 ◦C) 30 s. At the end of the PCR procedure, the melting curve
was observed at 65 ◦C to 95 ◦C to evaluate the specificity of the product. β-actin gene was
used as housekeeping gene. The relative expression level of genes were normalized to that
of β-actin and calculated according to the 2−∆∆CT approach.

Table 1. The primer sequences and their target genes.

Target Genes Forward (5’–3’) Reverse (5’–3’)

TNF-α GACGTGGAACTGGCAGAAGAG TCTGGAAGCCCCCCATCT

IL-6 AGAGGAGACTTCACAGAGGATACC AATCAGAATTGCCATTGCACAAC

IL-1β CTGTGTCTTTCCCGTGGACC CAGCTCATATGGGTCCGACA

IL-10 AGGGCACCCAGTCTGAGAACA CGGCCTTGCTCTTGTTTTCAC

MyD88 TGCGTCTGGTCCATTGCT TCACATTCCTTGCTTTGC

TLR4 CATGAGCGCTGAAGTGGTGA CGATCGATAATGGTGAGACC

Claudin-1 AAAGTGAAGAAGGCCCGTATA TAATGTTGGTAGGGATCAAAGG

AP-1 CTGAAGGGATTGGAGAC TGGGAGCGACATAGGA

IL-4 GCTATTGATGGGTCTCACCC CAGGACGTCAAGGTACAGGA

β-actin TGGGACGATATGGAGAAGAT ATTGCCGATAGTGATGACCT

2.6. Detection of Protein Expression

Detection of protein expression were used according to the method described by
Zhuge et al. [27]. Total protein was extracted from liver tissue and quantified by the total
protein assay kit (with standard: BCA method) (A045-4-2, Nanjing Jiancheng, China).
After SDS-PAGE electrophoresis and membrane transfer, the total protein samples were
incubated with antibody for immune reaction. The films were then sealed with 5% skim
milk (containing 0.5% TBST) on the shaker for 1 hour. Then, the primary antibodies were
added and shaken slowly at 4 ◦C overnight. The dilution of JNK antibody (GB12001,
Wuhan Servicebio Technology Co., Ltd., Wuhan, China), p65 antibody (GB11142, Wuhan
Servicebio Technology Co., Ltd. Wuhan, China) and β-actin antibody (24164-1-AP, Protein-
tech Group, Inc, Wuhan, China) were 1:2000, 1:1000 and 1:3000, respectively. Subsequently,
the membrane was washed with TBST at room temperature for 3 times (5 min each time).
After adding the secondary antibody (diluted 3000 times with TBST) and mixing with the
membrane, incubate at room temperature for 30 min. After incubation, the membrane was
washed with TBST at room temperature for 3 times (5 min each time). Finally, chemilumi-
nescence was carried out in the dark room. The film was scanned and analyzed by the gel
image processing system to obtain the molecular weight and optical density information of
the protein.

2.7. Analysis of the Intestinal Microbiota Diversity

Analysis of the intestinal microbiota diversity was conducted according to the method
described by Schneider et al. [28]. The analysis of microbial diversity in fecal samples was
entrusted to GENEWIZ (Suzhou, China). The total DNA of microorganisms in fecal samples
was extracted and qualified. The v3-v4 region of 16S rDNA in total DNA was amplified
with 319F and 806R primers to construct a library for high-throughput sequencing. The
same volume of 1 loading buffer (containing SYB green) was mixed with the PCR products.
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The mixture was quantified by 2% agarose gel electrophoresis and purified by using a
QIAquick Gel extraction kit (Qiagen). Sequencing and data analysis were then carried out
on an Illumina HiSeq platform by Novogene (Suzhou, China). After obtaining the original
sequencing data, the sequencing information was analyzed to explore the diversity of
fecal microorganisms. Further, 97% sequence similarity, which is roughly equivalent to the
species level sequence difference in taxonomy, was used as OTU threshold. The obtained
OTUs were classified based on the Silva (bacterial) taxonomy database. Alpha diversity of
samples (Shannon index, rank abundance curve, Chao1 richness estimator, Ace richness
estimator, Simpson diversity index) was analyzed using Mothur (version v.1.30) software.

2.8. Statistical Analysis

Data were expressed as means ± standard deviation (SD) for each group. SPSS
software version 15.0 was used for all the data analysis. Statistical comparisons among
multiple groups were performed using one-way ANOVA followed by the Bonferroni post
hoc test. Two-way ANOVA followed by a Bonferroni post hoc test was used to analyze
the weight data. Statistical analysis methods for microbiome are available upon request.
p < 0.05 was considered to be statistically significant.

3. Results
3.1. Lactobacillus Plantrum MA2 Improved the Phenotype and Lipid Metabolism of the
MCD-Induced NAFLD Rats

At the end of the experiment (56 days), compared with normal rats, rats on MCD diet
had hair disorder, smaller body size and reduced food intake. These performances in the
NAFLD group were consistent with the pathological characteristics of NAFLD. Figure 1a
shows the body weights of rats on days 0, 7, 14, 21, 28, 35, 42, 49 and 56. Compared with
the normal group, the weight of rats in the NAFLD group decreased significantly from the
seventh day (p < 0.05). On the 56th day, the weight of rats in the NAFLD group was 21.6%
lower than that of the normal group. The weight loss also indicated that the NAFLD rats
were successfully constructed by the feeding of MCD diet. From Day 0 to Day 35, there was
no significant difference in body weight between MA2 group and NAFLD group. On the
42th day of the experiment, the body weight of MA2 group began to be lower than that of
NAFLD group (p < 0.05). The content of TG and TC in serum was detected to evaluate the
lipid metabolism at the end of the experiment (56 days). Compared with the normal group,
the TC and TG in the NAFLD group were significantly increased from 0.63 ± 0.06 mmol/L
and 0.34 ± 0.18 mmol/L to 2.42 ± 1.21 mmol/L and 1.95 ± 0.65 mmol/L, respectively
(Figure 1b). Further, in the MA2 group, the content of serum TC and TG were significantly
lower than those of in the NAFLD group (0.64 ± 0.23 mmol/L and 0.25 ± 0.07 mmol/L,
p < 0.05). The above results showed that although L. plantarum MA2 did not restore the
body weight of NAFLD rats, it significantly improved the lipid metabolism.

3.2. L. plantarum MA2 Improved Liver Lipid Deposition and Pathological Damage Caused by
NAFLD

The appearance and histological structure of the livers in different groups were ob-
served. As shown in Figure 2a, the liver in the normal group was bright red, hard and
sharp. In contrast, the liver in the NAFLD group was round, blunt, dark red and greasy,
showing the typical characteristics of fatty liver. Similar to the normal group, the liver in
MA2 group was bright red, round, sharp edge, no greasy feeling or swelling. Then, we
calculated the liver index of rats in different groups (Figure 2b). Compared with the normal
group, the liver index of NAFLD group was significantly increased from 3.27 ± 0.38% to
4.73 ± 0.48% (p < 0.05). In contrast, the liver index in the MA2 group was 3.68 ± 0.31%,
which was significantly lower than that of the NAFLD group (p < 0.05). Therefore, the
appearance and index of liver in different groups showed that L. plantarum MA2 feeding
reduced liver fat accumulation in MCD-induced NAFLD rats.
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rats. (a) Liver appearance, (b) liver index, (c) morphology of liver tissues (H&E staining). H&E-
stained sections revealed macrovesicular and microvesicular steatosis throughout the entire lobules
(red arrows), as well as scattered lobular and perivenular inflammation (black arrows). (Original
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Then, the histological structure of the livers in different groups of rats was observed
after H&E staining (Figure 2c), and evaluated by NAFLD disease spectrum histological
scoring system (Figure 2d). The results showed that the hepatocytes in the normal group
were fat free, polygonal, dense, rich in cytoplasm, and with a central nucleus and clear
lobular structure. In addition, no inflammatory cell infiltration or other pathological
changes were observed in portal area of liver tissue. On the contrary, in the NAFLD
group, the hepatocytes were obviously swollen, with vacuoles in the cytoplasm, and
nuclear deviation or even nuclear disappearance caused by lipid droplets. The liver
tissue was spread with different sizes of oil droplets and inflammatory cells. The analysis
showed that compared with the normal group (each score was 0), the steatosis score, the
lobular inflammation score and the ballooning score in NAFLD group reached 2.78 ± 0.44,
1.67 ± 0.5 and 2.00 ± 0, respectively (p < 0.05). The above results showed that the tissues of
the liver in the NAFLD group were obviously damaged. In the MA2 group, the lipid droplet
distribution, hepatocyte swelling, nuclear deviation and inflammatory cell infiltration in
the liver were improved. The steatosis score (1.33 ± 0.5), the lobular inflammation score
(1.22 ± 0.44) and ballooning score (1.11 ± 0.33) were significantly decreased (p < 0.05). The
above results showed that the liver damage was partially relieved by L. plantarum MA2
intervention.

Subsequently, the damage of the liver tissue was further evaluated by the content
of GPT and GOT in serum. The serum GPT and GOT content in the NAFLD group
(195.87 ± 47.49 U/L and 156.09 ± 67.34 U/L) were significantly higher than those in the
normal group (42.29 ± 10.88 U/L and 67.67 ± 15.79 U/L) (p < 0.05) (Figure 2e). In the MA2
group, the serum content of GPT (14.39.87 ± 10.77 U/L) and GOT (21.66 ± 18.79 U/L)
were significantly reduced (p < 0.05). To sum up, the above histopathological analysis and
serum index test results showed that supplementation of L. plantarum MA2 significantly
improved the pathological damage of the liver in MCD-induced NAFLD rats.

3.3. L. plantarum MA2 Protects the Rat Intestinal Mucosal Barrier System

Based on the importance of the intestinal barrier for liver inflammation in the “two
hits” theory, we then tested the effect of L. plantarum MA2 on the intestinal barrier of
NAFLD rats. First, H&E staining was used to observe the effect of strain MA2 on the
physical barrier of the intestine. In the normal group, the small intestinal villi showed
close arrangement, no gaps, and most of the mucosa was covered. In the NAFLD group,
it was observed that the villi of the small intestine were sparsely arranged or even lost.
Moreover, no mucosal coverage was observed in the NAFLD group (Figure 3a). For the
MA2 group, although some villi on the top of the small intestine were lost, the length of
villi on the bottom increased, and the mucosal coverage returned to normal (Figure 3a).
The villi length was 770.2 ± 228.4 pixels in the NAFLD group which was significantly
shorter than that in the normal group (389.2 ± 35.7 pixels, p < 0.05), while the value was
significantly increased in the MA2 group (847.1 ± 347.9 pixels, p < 0.05). This indicates that
L. plantarum MA2 protects the intestinal mucosal barrier from damage in the NAFLD state.

Subsequently, we tested the expression of claudin-1, a tight junction protein that plays
an important role in maintaining the normal function of the intestinal epithelial barrier. As
shown in Figure 3b, the RT-qPCR results showed that the relative expression of claudin-1 in
the NAFLD group was significantly reduced compared with the normal group (0.23 ± 0.21,
p < 0.05). This indicates that the intestinal barrier in the NAFLD group is severely damaged.
In the MA2 group, the expression of claudin-1 was significantly increased (6.85 ± 0.76;
p < 0.05, Figure 3b). The results indicated that L. plantarum MA2 could protect the intestinal
barrier by up-regulating the expression of claudin-1. What is more, the content of LPS in the
serum of the rats can also confirm the effect of L. plantarum MA2 on protecting the intestinal
barrier. As shown in Figure 3c, compared with the normal group (134.98 ± 15.35 ng/L), the
serum LPS level in the NAFLD group was significantly increased to 168.89 ± 17.45 ng/L.
However, after intervention with L. plantarum MA2 in NAFLD group (MA2 group), the
data decreased significantly to 128.01 ± 10.22 ng/L (Figure 3c).
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Figure 3. The protective effect of L. plantarum MA2 on the intestinal barrier of rats. (a) The tissue
morphology of the ileum in different groups (H&E staining, scale bars: 50 mm), the villi and the
muscula are marked by red and black arrows, respectively, (b) the villi length, in pixels, n = 10,
(c) expression of intestinal tight junction protein claudin-1, (d) serum LPS levels in different groups
of rats, (# indicates p < 0.05 compared with the normal group; * indicates p < 0.05 compared
with the NAFLD group. NORMAL: normal group, NAFLD: non-alcoholic fatty liver disease,
MA2: L. plantarum MA2 treatment group).

3.4. Lactobacillus Plantrum MA2 has a Significant Regulating Effect on the Intestinal Microbiota

Since the intestine is an important target for probiotics, we used high-throughput
sequencing to analyze the composition of the intestinal microbiota in different groups of
rats. In terms of intestinal microbiota diversity, our research shows that feeding L. plantrum
MA2 prevented the altered α diversity in the intestinal microbiota of NAFLD mice (Table 2).
In the NAFLD group, the Ace and Chao1 indexes (264.93 ± 9.48 and 273.31 ± 8.94) were
significantly lower than that of the normal group (293.11 ± 12.74 and 293.29 ± 14.05)
(p < 0.05). However, in the MA2 group, the decreased Ace and Chao1 indexes were signifi-
cantly higher than those in the NAFLD group, which were 290.33 ± 5.2 and 292.78 ± 6.93
(p < 0.05), respectively. This result indicates that L. plantrum MA2 restored the total number
and abundance of rat intestinal species that were reduced in the MCD diet induced group.
As for the Shannon index and Simpson index, which represent species diversity, analysis
shows that the changes between the three groups are not significant. The coverage rate
of the sequencing sample library Good’s coverage reached one, indicating that the data
of α diversity is highly reliable. The above results indicate that the total number and
abundance of the intestinal microbiota of rats with NAFLD disease constructed in this
study are significantly reduced, but the species diversity changes little. Moreover, through
the intervention of L. plantrum MA2, the species richness reduced in the rats with NAFLD
disease was significantly restored.

Subsequently, the species information of the rat intestinal microbiota was annotated
and analyzed at the phylum level and genus level. At the phylum level (Figure 4a), tax-
onomic profiling data demonstrated that the NAFLD lead to a significant decrease in
Firmicutes to Bacteroidetes ratio and an increase in Proteobacteria. According to the data
of the MA2 group, the treatment of L. plantrum MA2 increased the ratio of Firmicutes to
Bacteroidetes and decreased the abundance of Proteobacteria, which made the composition of
the intestinal microbiota similar to that of the normal group. The excessive Gram-negative
bacteria in Bacteroidetes phylum may increase the LPS content in the intestine or even the
circulatory system, and many Proteobacteria are opportunistic pathogens in many cases [29].
For the results at the genus level (Figure 4b), the dominant genus of the intestinal microbiota
of rats in the normal group were Lactobacillus and Ruminococcaceae (UCG-014&UCG-005).
In the NAFLD group, the dominant genus were changed to Lachnospiraceae (unclassi-
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fied genus), Escherichia-Shigella, Bacteroides, and [Eubacterium]_coprostanoligenes_group and
Blautia. In the MA2 group of rats, the dominant genus of the intestinal microbiota were
restored to Lactobacillus, Ruminococcaceae and [Eubacterium]_coprostanoligenes group similar
to the normal group. At the same time, the content of the dominant genera in the NAFLD
group, such as Lahnospiraceae, Escherichia-Shigella, Bacteroides and Blautia, significantly re-
duced (Figure 4). According to the above changes, we concluded that the bacterial groups
that cause obesity and inflammation in the intestines of the NAFLD group rats increased
significantly, while the content of probiotics decreased significantly. The intervention of
L. plantarum MA2 significantly improved the intestinal microecology of rats, increased the
number of beneficial bacteria and reduced the number of harmful bacteria, and had a
restorative effect on the disordered intestinal microbiota in the NAFLD rats.

Table 2. α Diversity index in different group of rats.

Group Ace Chao1 Shannon Simpson Good’s Coverage

Normal 293.11 ± 12.74 293.29 ± 14.05 5.85 ± 1.01 0.95 ± 0.042 1

NAFLD 264.93 ± 9.48 # 273.31 ± 8.94 # 5.66 ± 0.7 0.94 ± 0.053 1

MA2 290.33 ± 5.2 * 292.78 ± 6.93 * 5.73 ± 0.49 0.94 ± 0.034 1

# Indicates p < 0.05 compared with the normal group; * indicates p < 0.05 compared with the NAFLD group. NORMAL: normal group,
NAFLD: non-alcoholic fatty liver disease, MA2: L. plantarum MA2 treatment group.
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3.5. L. plantarum MA2 Reduces Liver Inflammation by Down-Regulating the Expression of
Inflammation-Related Pathway Proteins

Based on the improvement effect of L. plantarum MA2 on the intestinal barrier and
intestinal microbiota, the transcription levels of TLR4-MYD88 and related genes in the
downstream inflammation signaling pathways that are closely related to the pathogenesis
of NAFLD in the rat liver were detected. The results showed that the relative transcription
level of TLR4 in the NAFLD group (4.84 ± 2.74) was significantly higher than that in the
normal group, while the relative transcription level of TLR4 in the liver of the MA2 group
was significantly reduced (1.64 ± 0.68; Figure 5a). The expression of MyD88 downstream of
TLR-4 also had a similar trend. Compared with the normal group, the relative transcription
level of MyD88 in the NAFLD group was significantly increased to 18.13 ± 2.74. In the
MA2 group, the relative transcription level of MyD88 was significantly lower than that of
the NAFLD group (2.6 ± 0.92; Figure 5b). The above results indicate that in the NAFLD
group, the invasion of LPS up-regulated the transcription of TLR4 in the liver, which
in turn led to the significant activation of MyD88. However, feeding of the probiotic
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L. plantarum MA2 significantly inhibited the activation. Subsequently, the regulatory
effects of L. plantarum MA2 on the NF-κB signaling pathway and JNK (c-Jun N-terminal
kinase) signaling pathway downstream of the TLR-4-Myd88 pathway were tested. For the
NF-κB signal pathway, the expression of p65 protein was detected. The results showed
that compared with the normal group (0.5 ± 0.06), the expression of p65 protein in the
NAFLD group (1.33 ± 0.20) was significantly increased by 2.66 times (p < 0.05). The
expression of related proteins in the MA2 group (0.84 ± 0.04) was significantly reduced
(p < 0.05), only 63.16% of the NAFLD group (Figure 5c). For the JNK signaling pathway,
the phosphorylation of JNK kinase and the relative transcription level of its downstream
AP-1 were detected. As shown in Figure 5d, compared with the normal group (0.23 ± 0.03),
the JNK kinase activity of the NAFLD group was significantly increased to 1.47 ± 0.08
(p < 0.05). In the MA2 group, JNK kinase activity was significantly reduced to 0.5 ± 0.024
(p < 0.05) compared with the NAFLD group. As for the relative transcription level of
AP-1, it was significantly higher in the NAFLD group, which was 25.32 ± 3.42 times
that of the normal group. In the MA2 group, it was only 3.57 ± 0.75 times that of the
normal group, which was significantly lower than the NAFLD group (Figure 5e). All the
above results indicate that L. plantarum MA2 can alleviate the excessive activation of liver
inflammation in NAFLD rats by significantly inhibiting the expression of TLR4-MYD88
and its downstream pathways.
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Figure 5. Effects of L. plantarum MA2 on the expression levels of related genes in rat liver LR4-MYD88 and its downstream
pathways. (a) Relative transcription levels of TLR4 mRNA, (b) relative transcription levels of MyD88 mRNA, (c) the
expression level of p65 protein, (d) JNK kinase activity, (e) relative transcription level of AP-1 mRNA. (# indicates p < 0.05
compared with the normal group; * indicates p < 0.05 compared with the NAFLD group. NORMAL: normal group, NAFLD:
non-alcoholic fatty liver disease, MA2: L. plantarum MA2 treatment group).

We also tested the relative expression levels of inflammatory factors (TNF-α, IL-
1β, IL-6) and anti-inflammatory factors (IL-4 and IL-10) in the liver. For the inflam-
matory factors, as shown in Figure 6a, the relative expression of inflammatory factors
TNF-α, IL-1β and IL-6 in NAFLD group increased significantly, reaching 5.3 ± 1.87 times,
53.1 ± 10.89 times and 32.45 ± 13.8 times of the normal group, respectively. In the MA2
group, their relative expression were significantly down-regulated to 1.32 ± 0.35 times
(TNF-α), 12.89 ± 3.66 times (IL-1β) and 9.24 ± 0.83 times (IL-6) of the normal group,
respectively. As for the anti-inflammatory factors IL-4 and IL-10 (Figure 6b), compared
with the normal group, their relative expression in the NAFLD group were significantly
increased to 1.8 ± 0.34 and 2.01 ± 0.84 times. In the MA2 group, the relative expression
of IL-4 and IL-10 have a more significant increase that reached 8.93 ± 4.96 times and
3.36 ± 0.52 times of the normal group, respectively. Therefore, it can be concluded that oral
administration of L. plantarum MA2 could down-regulate the expression of inflammatory
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factors and promote the expression of anti-inflammatory factors in the liver of MCD diet
induced NAFLD rats, thereby alleviating the inflammatory in the liver.
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Figure 6. The influence of L. plantarum MA2 on the relative expression levels of inflammatory factors
in rats. (a)TNF-α, IL-1βand IL-6 and anti-inflammatory factors; (b) IL-4 and IL-10. (# indicates p < 0.05
compared with the normal group; * indicates p < 0.05 compared with the NAFLD group. NORMAL:
normal group, NAFLD: non-alcoholic fatty liver disease, MA2: L. plantarum MA2 treatment group).

4. Discussion
4.1. L. plantrum MA2 Can Improve Lipid Metabolism and Relieve Liver Fat Accumulation and
Liver Pathological Damage in MCD-Induced NAFLD Rats

NAFLD is a high-incidence liver disease characterized by the accumulation of liver
triglycerides (TG) exceeding 5% of the total liver weight [30]. Due to the lack of methionine
in the MCD diet, it will reduce the methyl groups required for choline synthesis, thereby
reducing the synthesis of lipoproteins in rats. The MCD-induced NAFLD model would
exhibits symptoms of lipid metabolism disorders, deposited triglycerides, hyperlipidemia
and weight loss.

In this study, as expected, the NAFLD group showed symptoms such as weight loss.
The body weight loss could not be restored by feeding the strain L. plantrum MA2. However,
the Lactobacillus plantrum MA2 intervention in the NAFLD rats could significantly reduce
the TG and TC content (p < 0.05) in the serum. The recovery effect indicates that Lactobacillus
plantrum MA2 has an improved effect on lipid metabolism and can relieve the symptoms
of NAFLD to a certain extent [31,32]. H&E staining of the liver showed that MCD-fed
rats showed obvious fat accumulation and denaturation (steatosis), which is an important
feature of NAFLD. In addition, hepatic steatosis is also the basis of NASH, NASH-related
cirrhosis and hepatocellular carcinoma (HCC) [33,34]. Therefore, we focused on observing
whether L. plantrum MA2 can improve this kind of steatosis. The results of H&E staining
showed that compared with the NAFLD group, in the MA2 group, the fat deposition in the
liver tissue was significantly reduced, and the hepatic steatosis or even the inflammatory
cell infiltration were also significantly improved. At the same time, the content of GPT
and GOT, which are considered to be important markers for estimating the degree of
liver damage [35], were observed. The levels of GTP and GOT in the MA2 group were
significantly reduced, indicating that the intervention of L. plantarum MA2 can reduce MCD-
induced liver damage and protect liver function. These data indicate that L. plantarum MA2
improved the liver phenotype of NAFLD rats and alleviated liver damage.

4.2. L. plantarum MA2 Reduces Liver Inflammation by Acting on the LPS/TLR4
Inflammatory Pathway

Many studies have shown that the LPS/TLR4 signaling pathway mediates inflam-
mation, oxidative stress, insulin resistance and liver fibrosis, and is one of the key factors
in the pathology of NAFLD [36,37]. In the liver, TLR4 specifically recognizes LPS, and
then activates intracellular signal transduction through MyD88, thereby inducing an im-
mune response. Excessive LPS signaling may further activate the downstream NF-κB
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signaling pathway through the increase of T lymphocytes and B lymphocytes caused by
the activation of the TLR4-MyD88 signaling pathway [38]. The activation of the NF-κB
signaling pathway leads to the phosphorylation of p65 in the nucleus, which then triggers
a series of physiological or pathological effects (such as the production of inflammatory
cytokines, including TNF-α, IL-1β and IL-6), which eventually leads to hepatitis. The JNK
signaling pathway is an important branch of the MAPK (mitogen-activated protein kinase)
pathway, which plays an important role in many physiological and pathological processes
(such as cell cycle, reproduction, apoptosis and cell stress). Activator protein 1 (AP-1) is
located downstream of the JNK signaling pathway and is an important nuclear transcrip-
tion factor that can regulate gene expression in response to various stimuli (including cell
differentiation, proliferation and apoptosis).

Our research also shows that L. plantarum MA2 inhibits the activity of NF-κB p65
protein, resulting in a decrease in the relative expression of inflammatory cytokines TNF-α,
IL-1β and IL-6. In addition, L. plantarum MA2 also causes the activation of T cells, increases
the relative expression of anti-inflammatory factors IL-4 and IL-10, and inhibits the secretion
of pro-inflammatory cytokines induced by LPS. Moreover, L. plantarum MA2 significantly
reduced the increase in the relative expression levels of JNK and AP-1 in the liver of NAFLD
rats induced by MCD. Down-regulation of AP-1 protein transcription level inhibits the
relative expression of its downstream pathways, thereby reducing apoptosis, cell lipid
accumulation, and pathological changes in hepatocytes.

4.3. L. plantarum MA2 Works by Improving the Structure of the Intestinal Microbiota and the
Barrier of the Intestinal Mucosa

The intestine is very important to human health, and its role in nutrient absorption,
fat metabolism and weight regulation has been widely recognized. In the “gut liver
axis” theory, the intestinal microbiota has a close influence on the liver by affecting the
metabolism of bile acids (BAs), LPS and SCFA [39]. Intestinal microbiota plays an important
role in the pathogenesis of NAFLD through a variety of modes, including the regulation of
intestinal metabolites and intestinal mucosal permeability. Under normal physiological
conditions, the intestine is the largest reservoir and endotoxin reservoir in the human body,
and changes in the intestinal microbiota are most likely to cause a “second hit”.

Previous studies have shown that one of the main reasons for the increase in serum
LPS is the increase in the proportion of intestinal Gram-negative bacteria [40–42]. Our ex-
perimental results also indicate that this “second hit” event triggered by intestinal-derived
LPS may occur in our rat model. Our study also observed a significant decrease in the
probiotic Lactobacillus content in the NAFLD group, while the Bacteroides and Escherichia-
Shigella content that may increase the intestinal LPS content significantly increased. Many
studies have shown that L. plantarum administration also inhibited pathogenic bacterial
growth, while promoting growth of probiotics such as Allobaculum, Lactobacillus, and, most
markedly, Bifidobacterium and corrects gut microbiota disorders caused by a high-fat and
fructose diet. Moreover, L. plantarum treatment of NAFLD mice improved intestinal barrier
integrity and attenuated high-fat and fructose diet (HFD/F)-induced inflammation [43]. In
our study, L. plantarum MA2 also played a similar role as described above by regulating
the intestinal microbiota. This regulation includes changes in the alpha diversity of the
intestinal microbiota, restoring the ratio of beneficial bacteria in NAFLD, and reducing
the ratio of harmful bacteria in NAFLD. This regulation effect includes the increase in the
abundance of the intestinal microbiota alpha diversity, the restoration of the reduced pro-
portion of beneficial bacteria (such as, Lactobacillus and Ruminococcaceae) and the increased
proportion of harmful bacteria (such as, Lachnospiraceae, Escherichia−Shigella, Bacteroides
and Blautia).

In addition, the effect of strains on the barrier function of the intestinal mucosa will also
affect the progression of NAFLD. Goblet cells (GCs) are specialized epithelial cells that line
multiple mucosal surfaces and have a well-appreciated role in barrier maintenance through
the secretion of mucus. GCs can separate the materials in cavities from the intestinal
epithelium and prevent the invasion of pathogenic microorganisms in various ways. LPS
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can induce morphological changes in goblet cells and abnormal expression of mucins [44].
Under normal physiological conditions, a small amount of LPS will cross the normal
intestinal barrier and enter the liver [45], and then be recognized by pattern recognition
receptors (including TLR) on Kupffer cells and then eliminated [46,47]. LPS induces the
hepatic stellate cells to express higher levels of lipopolysaccharide receptors. The high
level of LPS triggers the “second hit” event, which stimulates a strong inflammatory
response and causes liver damage, accelerating the development of NAFLD [48]. Intestinal
epithelial mucosal tight junction protein is an important protein of the intestinal barrier,
and its high expression level can prevent excessive LPS from entering the intestinal wall
and blood stream [49,50]. Therefore, the expression level of tight junction protein is an
important indicator for evaluating intestinal permeability. This effect possibly stemmed
from L. plantarum promotion of SCFA-producing bacterial growth. SCFA are known to
exert multiple beneficial effects on the host, including promotion of lactic acid bacterial
growth, reduction of insulin resistance and inflammation, improvement of intestinal barrier
function, and stimulation of lipid oxidation [43]. Our results indicate that L. plantarum
MA2 intervention can increase the expression of tight junction proteins occludin-1 and
claudin-1. Therefore, this improvement effect on the intestinal mucosal barrier may have
caused a significant decrease in the blood LPS level in rats.

5. Conclusions

In this study, we demonstrated that the probiotic L. plantarum MA2 can interfere with
NAFLD through the intestinal microbiota and intestinal mucosal barrier. L. plantarum MA2
can reduce the growth of harmful bacteria, restore the damage of the intestinal barrier
caused by LPS, thereby reducing the entry of LPS from the intestine to the liver, and inhibit
the activation of LPS-TLR4 and downstream inflammatory signaling pathways. Therefore,
our preclinical studies on animal models show that oral probiotic L. plantarum MA2 has the
potential possibility to become a treatment option for NAFLD. Our research has opened up
a new way to develop effective treatments for NAFLD based on intestinal microbiota.

Ethics Statement

Animal experiments were carried out in the Animal Experiment Center of Tianjin
University of Science and Technology under the permission of Tianjin experimental animal
management office (Institutional Animal Care and Use Committee at the Tianjin University
of Science and Technology, Approval Number: TUST20191015) and in accordance with
the “Guide to the Management and Use of Experimental Animals”. The date of approval is 15
October 2019, and the name of the ethics committee is “Institutional Animal Care and Use
Committee at the Tianjin University of Science and Technology”.

Author Contributions: Conceptualization, Y.W.; methodology, J.Y. and H.L.; data curation, Y.Z. and
J.Y.; writing—original draft preparation, Y.Z., J.Y. and W.G.; writing—review and editing, Y.W.;
supervision, Y.W. and J.W.; project administration, J.W.; funding acquisition, W.G and Y.W. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China, Grant
Number 31801514.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: This research also supported by Open Project Funding of the State Key Labora-
tory of Bioreactor Engineering.

Conflicts of Interest: The authors declare no conflict of interest.

Ethics Statement: Animal experiments were carried out in the Animal Experiment Center of Tianjin
University of Science and Technology under the permission of Tianjin experimental animal manage-
ment office (Institutional Animal Care and Use Committee at the Tianjin University of Science and
Technology, Approval Number: TUST20191015) and in accordance with the “Guide to the Management



Foods 2021, 10, 3126 14 of 16

and Use of Experimental Animals”. The date of approval is 15 October 2019, and the name of the ethics
committee is “Institutional Animal Care and Use Committee at the Tianjin University of Science and
Technology”.

References
1. Chalasani, N.; Younossi, Z.; Lavine, J.E.; Charlton, M.; Cusi, K.; Rinella, M.; Harrison, S.A.; Brunt, E.M.; Sanyal, A.J. The diagnosis

and management of nonalcoholic fatty liver disease: Practice guidance from the American Association for the study of liver
diseases. Hepatology 2018, 67, 328–357. [CrossRef]

2. Borrelli, A.; Bonelli, P.; Tuccillo, F.M.; Goldfine, I.D.; Evans, J.L.; Buonaguro, F.M.; Mancini, A. Role of gut microbiota and oxidative
stress in the progression of non-alcoholic fatty liver disease to hepatocarcinoma: Current and innovative therapeutic approaches.
Redox Biol. 2018, 15, 467–479. [CrossRef]

3. Rinella, M.E. Nonalcoholic fatty liver disease: A systematic review. JAMA 2015, 313, 2263–2273. [CrossRef]
4. Zelber-Sagi, S.; Godos, J.; Salomone, F. Lifestyle changes for the treatment of nonalcoholic fatty liver disease: A review of

observational studies and intervention trials. Therap. Adv. Gastroenterol. 2016, 9, 392–407. [CrossRef] [PubMed]
5. European Association for the Study of the Liver (EASL); European Association for the Study of Diabetes (EASD); European

Association for the Study of Obesity (EASO). EASL-EASD-EASO clinical practice guidelines for the management of non-alcoholic
fatty liver disease. Obes. Facts 2016, 9, 65–90. [CrossRef]

6. Leung, C.; Rivera, L.; Furness, J.B.; Angus, P.W. The role of the gut microbiota in NAFLD. Nat. Rev. Gastroenterol. Hepatol. 2016,
13, 412–425. [CrossRef]

7. Aron-Wisnewsky, J.; Warmbrunn, M.V.; Nieuwdorp, M.; Clément, K. Nonalcoholic fatty liver disease: Modulating gut microbiota
to improve severity? Gastroenterology 2020, 158, 1881–1898. [CrossRef]

8. Canfora, E.E.; Meex, R.C.R.; Venema, K.; Blaak, E.E. Gut microbial metabolites in obesity, NAFLD and T2DM. Nat. Rev. Endocrinol.
2019, 15, 261–273. [CrossRef]

9. Day, C.P.; James, O.F. Steatohepatitis: A tale of two “hits”? Gastroenterology 1998, 114, 842–845. [CrossRef]
10. Anstee, Q.M.; Goldin, R.D. Mouse models in non-alcoholic fatty liver disease and steatohepatitis research. Int. J. Exp. Pathol. 2006,

87, 1–16. [CrossRef] [PubMed]
11. Abu-Shanab, A.; Quigley, E.M. The role of the gut microbiota in nonalcoholic fatty liver disease. Nat. Rev. Gastroenterol. Hepatol.

2010, 7, 691–701. [CrossRef]
12. Backhed, F.; Ding, H.; Wang, T.; Hooper, L.V.; Koh, G.Y.; Nagy, A.; Semenkovich, C.F.; Gordon, J.I. The gut microbiota as an

environmental factor that regulates fat storage. Proc. Natl. Acad. Sci. USA 2004, 101, 15718–15723. [CrossRef] [PubMed]
13. Rolo, A.P.; Teodoro, J.S.; Palmeira, C.M. Role of oxidative stress in the pathogenesis of nonalcoholic steatohepatitis. Free Radic.

Biol. Med. 2012, 52, 59–69. [CrossRef]
14. Serviddio, G.; Bellanti, F.; Vendemiale, G. Free radical biology for medicine: Learning from nonalcoholic fatty liver disease. Free

Radic. Biol. Med. 2013, 65, 952–968. [CrossRef]
15. Tilg, H.; Moschen, A.R. Evolution of inflammation in nonalcoholic fatty liver disease: The multiple parallel hits hypothesis.

Hepatology 2010, 52, 1836–1846. [CrossRef]
16. Tiniakos, D.G.; Vos, M.B.; Brunt, E.M. Nonalcoholic fatty liver disease: Pathology and pathogenesis. Annu. Rev. Pathol. Mech. Dis.

2010, 5, 145–171. [CrossRef]
17. Lorbek, G.; Urlep, Z.; Rozman, D. Pharmacogenomic and personalized approaches to tackle nonalcoholic fatty liver disease.

Pharmacogenomics 2016, 17, 1273–1288. [CrossRef] [PubMed]
18. Xu, R.Y.; Wan, Y.P.; Fang, Q.Y.; Lu, W.; Cai, W. Supplementation with probiotics modifies gut flora and attenuates liver fat

accumulation in rat nonalcoholic fatty liver disease model. J. Clin. Biochem. Nutr. 2012, 50, 72–77. [CrossRef] [PubMed]
19. Naudin, C.R.; Maner-Smith, K.; Owens, J.A.; Wynn, G.M.; Robinson, B.S.; Matthews, J.D.; Reedy, A.R.; Luo, L.; Wolfarth, A.A.;

Darby, T.M.; et al. Lactococcus lactis subspecies cremoris elicits protection against metabolic changes induced by a western-style
diet. Gastroenterology 2020, 159, 639–651. [CrossRef] [PubMed]

20. Tang, W.; Xing, Z.; Hu, W.; Li, C.; Wang, J.; Wang, Y. Antioxidative effects in vivo and colonization of Lactobacillus plantarum
MA2 in the murine intestinal tract. Appl. Microbiol. Biotechnol. 2016, 100, 7193–7202. [CrossRef]

21. Wang, Y.; Xu, N.; Xi, A.; Ahmed, Z.; Zhang, B.; Bai, X. Effects of Lactobacillus plantarum MA2 isolated from Tibet kefir on lipid
metabolism and intestinal microflora of rats fed on high-cholesterol diet. Appl. Microbiol. Biotechnol. 2009, 84, 341–347. [CrossRef]
[PubMed]

22. Tang, W.; Xing, Z.; Li, C.; Wang, J.; Wang, Y. Molecular mechanisms and in vitro antioxidant effects of Lactobacillus plantarum
MA2. Food Chem. 2017, 221, 1642–1649. [CrossRef] [PubMed]

23. Van Herck, M.A.; Vonghia, L.; Francque, S.M. Animal models of nonalcoholic fatty liver disease—A starter's guide. Nutrients
2017, 9, 1072. [CrossRef] [PubMed]

24. Zhou, D.; Pan, Q.; Xin, F.Z.; Zhang, R.N.; He, C.X.; Chen, G.Y.; Liu, C.; Chen, Y.W.; Fan, J.G. Sodium butyrate attenuates high-fat
diet-induced steatohepatitis in mice by improving gut microbiota and gastrointestinal barrier. World J. Gastroenterol. 2017, 23,
60–75. [CrossRef]

http://doi.org/10.1002/hep.29367
http://doi.org/10.1016/j.redox.2018.01.009
http://doi.org/10.1001/jama.2015.5370
http://doi.org/10.1177/1756283X16638830
http://www.ncbi.nlm.nih.gov/pubmed/27134667
http://doi.org/10.1159/000443344
http://doi.org/10.1038/nrgastro.2016.85
http://doi.org/10.1053/j.gastro.2020.01.049
http://doi.org/10.1038/s41574-019-0156-z
http://doi.org/10.1016/S0016-5085(98)70599-2
http://doi.org/10.1111/j.0959-9673.2006.00465.x
http://www.ncbi.nlm.nih.gov/pubmed/16436109
http://doi.org/10.1038/nrgastro.2010.172
http://doi.org/10.1073/pnas.0407076101
http://www.ncbi.nlm.nih.gov/pubmed/15505215
http://doi.org/10.1016/j.freeradbiomed.2011.10.003
http://doi.org/10.1016/j.freeradbiomed.2013.08.174
http://doi.org/10.1002/hep.24001
http://doi.org/10.1146/annurev-pathol-121808-102132
http://doi.org/10.2217/pgs-2016-0047
http://www.ncbi.nlm.nih.gov/pubmed/27377717
http://doi.org/10.3164/jcbn.11-38
http://www.ncbi.nlm.nih.gov/pubmed/22247604
http://doi.org/10.1053/j.gastro.2020.03.010
http://www.ncbi.nlm.nih.gov/pubmed/32169430
http://doi.org/10.1007/s00253-016-7581-x
http://doi.org/10.1007/s00253-009-2012-x
http://www.ncbi.nlm.nih.gov/pubmed/19444443
http://doi.org/10.1016/j.foodchem.2016.10.124
http://www.ncbi.nlm.nih.gov/pubmed/27979141
http://doi.org/10.3390/nu9101072
http://www.ncbi.nlm.nih.gov/pubmed/28953222
http://doi.org/10.3748/wjg.v23.i1.60


Foods 2021, 10, 3126 15 of 16

25. Kleiner, D.E.; Brunt, E.M.; Van Natta, M.; Behling, C.; Contos, M.J.; Cummings, O.W.; Ferrell, L.D.; Liu, Y.C.; Torbenson, M.S.;
Unalp-Arida, A.; et al. Nonalcoholic steatohepatitis clinical research network. Design and validation of a histological scoring
system for nonalcoholic fatty liver disease. Hepatology 2005, 41, 1313–1321. [CrossRef]

26. Nasiri-Ansari, N.; Dimitriadis, G.K.; Agrogiannis, G.; Perrea, D.; Kostakis, I.D.; Kaltsas, G.; Papavassiliou, A.G.; Randeva, H.S.;
Kassi, E. Canagliflozin attenuates the progression of atherosclerosis and inflammation process in APOE knockout mice. Cardiovasc.
Diabetol. 2018, 17, 106. [CrossRef] [PubMed]

27. Zhuge, Q.; Zhang, Y.; Liu, B.; Wu, M. Blueberry polyphenols play a preventive effect on alcoholic fatty liver disease C57BL/6 J
mice by promoting autophagy to accelerate lipolysis to eliminate excessive TG accumulation in hepatocytes. Ann. Palliat. Med.
2020, 9, 1045–1054. [CrossRef]

28. Schneider, K.M.; Mohs, A.; Kilic, K.; Candels, L.S.; Elfers, C.; Bennek, E.; Schneider, L.B.; Heymann, F.; Gassler, N.; Penders, J.; et al.
Intestinal microbiota protects against MCD diet-induced steatohepatitis. Int. J. Mol. Sci. 2019, 20, 308. [CrossRef]

29. Rogier, E.W.; Frantz, A.L.; Bruno, M.E.; Wedlund, L.; Cohen, D.A.; Stromberg, A.J.; Kaetzel, C.S. Secretory antibodies in breast
milk promote long-term intestinal homeostasis by regulating the gut microbiota and host gene expression. Proc. Natl. Acad. Sci.
USA 2014, 111, 3074–3079. [CrossRef] [PubMed]

30. Neuschwander-Tetri, B.A.; Caldwell, S.H. Nonalcoholic steatohepatitis: Summary of an AASLD single topic conference. Hepatol-
ogy 2003, 37, 1202–1219. [CrossRef]

31. Ivanovic, N.; Minic, R.; Djuricic, I.; Skodric, S.R.; Zivkovic, I.; Sobajic, S.; Djordjevic, B. Active Lactobacillus rhamnosus LA68 or
Lactobacillus plantarum WCFS1 administration positively influences liver fatty acid composition in mice on a HFD regime. Food
Funct. 2016, 7, 2840–2848. [CrossRef]

32. Ye, H.; Li, Q.; Zhang, Z.; Sun, M.; Zhao, C.; Zhang, T. Effect of a novel potential probiotic Lactobacillus paracasei Jlus66 isolated
from fermented milk on nonalcoholic fatty liver in rats. Food Funct. 2017, 8, 4539–4546. [CrossRef] [PubMed]

33. Chitturi, S.; Wong, V.W.; Farrell, G. Nonalcoholic fatty liver in Asia: Firmly entrenched and rapidly gaining ground. J. Gastroenterol.
Hepatol. 2011, 26, 163–172. [CrossRef]

34. Lonardo, A.; Byrne, C.D.; Caldwell, S.H.; Cortez-Pinto, H.; Targher, G. Global epidemiology of nonalcoholic fatty liver disease:
Meta-analytic assessment of prevalence, incidence, and outcomes. Hepatology 2016, 64, 1388–1389. [CrossRef]

35. Lv, L.X.; Hu, X.J.; Qian, G.R.; Zhang, H.; Lu, H.F.; Zheng, B.W.; Jiang, L.; Li, L.J. Administration of Lactobacillus salivarius LI01 or
Pediococcus pentosaceus LI05 improves acute liver injury induced by D-galactosamine in rats. Appl. Microbiol. Biotechnol. 2014,
98, 5619–5632. [CrossRef] [PubMed]

36. Roh, Y.S.; Seki, E. Toll-like receptors in alcoholic liver disease, non-alcoholic steatohepatitis and carcinogenesis. J. Gastroenterol.
Hepatol. 2013, 28, 38–42. [CrossRef] [PubMed]

37. Ceccarelli, S.; Panera, N.; Mina, M.; Gnani, D.; De Stefanis, C.; Crudele, A.; Rychlicki, C.; Petrini, S.; Bruscalupi, G.;
Agostinelli, L.; et al. LPS-induced TNF-alpha factor mediates pro-inflammatory and pro-fibrogenic pattern in non-alcoholic fatty
liver disease. Oncotarget 2015, 6, 41434–41452. [CrossRef]

38. Soares, J.B.; Pimentel-Nunes, P.; Roncon-Albuquerque, R.; Leite-Moreira, A. The role of lipopolysaccharide/toll-like receptor 4
signaling in chronic liver diseases. Hepatol. Int. 2010, 4, 659–672. [CrossRef]

39. Vahed, S.Z.; Sani, H.M.; Saadat, Y.R.; Barzegari, A.; Omidi, Y. Type 1 diabetes: Through the lens of human genome and
metagenome interplay. Biomed. Pharmacother. 2018, 104, 332–342. [CrossRef]

40. Wigg, A.J.; Roberts-Thomson, I.C.; Dymock, R.B.; McCarthy, P.J.; Grose, R.H.; Cummins, A.G. The role of small intestinal bacterial
overgrowth, intestinal permeability, endotoxaemia, and tumour necrosis factor alpha in the pathogenesis of non-alcoholic
steatohepatitis. Gut 2001, 48, 206–211. [CrossRef]

41. Jandhyala, S.M.; Talukdar, R.; Subramanyam, C.; Vuyyuru, H.; Sasikala, M.; Reddy, D.N. Role of the normal gut microbiota. World
J. Gastroenterol. 2015, 21, 8787–8803. [CrossRef]

42. Duarte, S.M.B.; Stefano, J.T.; Oliveira, C.P. Microbiota and nonalcoholic fatty liver disease/nonalcoholic steatohepatitis
(NAFLD/NASH). Ann. Hepatol. 2019, 18, 416–421. [CrossRef]

43. Zhao, Z.; Chen, L.; Zhao, Y.; Wang, C.; Duan, C.; Yang, G.; Niu, C.; Li, S. Lactobacillus plantarum NA136 ameliorates nonalcoholic
fatty liver disease by modulating gut microbiota, improving intestinal barrier integrity, and attenuating inflammation. Appl.
Microbiol. Biotechnol. 2020, 104, 5273–5282. [CrossRef] [PubMed]

44. Xiong, W.; Ma, H.; Zhang, Z.; Jin, M.; Wang, J.; Xu, Y.; Wang, Z. The protective effect of icariin and phosphorylated icariin against
LPS-induced intestinal goblet cell dysfunction. Innate Immun. 2020, 26, 97–106. [CrossRef] [PubMed]

45. Mullin, G.E. Article commentary: Intestinal dysbiosis: A possible mechanism of alcohol-induced endotoxemia and alcoholic
steatohepatitis in rats. Nutr. Clin. Pract. 2010, 25, 312–313. [CrossRef]

46. Vrieze, A.; Nood, E.V.; Holleman, F.; Salojarvi, J.; Kootte, R.S.; Bartelsman, J.F.; Dallinga-Thie, G.M.; Ackermans, M.T.; Serlie, M.J.;
Oozeer, R.; et al. Transfer of intestinal microbiota from lean donors increases insulin sensitivity in individuals with metabolic
syndrome. Gastroenterology 2012, 143, 913–916 e917. [CrossRef]

47. Li, F.; Duan, K.; Wang, C.; McClain, C.; Feng, W. Probiotics and alcoholic liver disease: Treatment and potential mechanisms.
Gastroenterol. Res. Pract. 2016, 2016, 5491465. [CrossRef]

48. Ruiz, A.G.; Casafont, F.; Crespo, J.; Cayon, A.; Mayorga, M.; Estebanez, A. Fernadez-Escalante JC, Pons-Romero F:
Lipopolysaccharide-binding protein plasma levels and liver TNF-alpha gene expression in obese patients: Evidence for the
potential role of endotoxin in the pathogenesis of non-alcoholic steatohepatitis. Obes. Surg. 2007, 17, 1374–1380. [CrossRef]

http://doi.org/10.1002/hep.20701
http://doi.org/10.1186/s12933-018-0749-1
http://www.ncbi.nlm.nih.gov/pubmed/30049285
http://doi.org/10.21037/apm.2020.03.38
http://doi.org/10.3390/ijms20020308
http://doi.org/10.1073/pnas.1315792111
http://www.ncbi.nlm.nih.gov/pubmed/24569806
http://doi.org/10.1053/jhep.2003.50193
http://doi.org/10.1039/C5FO01432H
http://doi.org/10.1039/C7FO01108C
http://www.ncbi.nlm.nih.gov/pubmed/29106426
http://doi.org/10.1111/j.1440-1746.2010.06548.x
http://doi.org/10.1002/hep.28584
http://doi.org/10.1007/s00253-014-5638-2
http://www.ncbi.nlm.nih.gov/pubmed/24639205
http://doi.org/10.1111/jgh.12019
http://www.ncbi.nlm.nih.gov/pubmed/23855294
http://doi.org/10.18632/oncotarget.5163
http://doi.org/10.1007/s12072-010-9219-x
http://doi.org/10.1016/j.biopha.2018.05.052
http://doi.org/10.1136/gut.48.2.206
http://doi.org/10.3748/wjg.v21.i29.8787
http://doi.org/10.1016/j.aohep.2019.04.006
http://doi.org/10.1007/s00253-020-10633-9
http://www.ncbi.nlm.nih.gov/pubmed/32335723
http://doi.org/10.1177/1753425919867746
http://www.ncbi.nlm.nih.gov/pubmed/31390916
http://doi.org/10.1177/0884533610368715
http://doi.org/10.1053/j.gastro.2012.06.031
http://doi.org/10.1155/2016/5491465
http://doi.org/10.1007/s11695-007-9243-7


Foods 2021, 10, 3126 16 of 16

49. Oshima, T.; Miwa, H.; Joh, T. Aspirin induces gastric epithelial barrier dysfunction by activating p38 MAPK via claudin-7. Am. J.
Physiol. Cell Physiol. 2008, 295, C800–C806. [CrossRef]

50. Kevil, C.G.; Oshima, T.; Alexander, J.S. The role of p38 MAP kinase in hydrogen peroxide mediated endothelial solute permeability.
Endothelium 2001, 8, 107–116. [CrossRef]

http://doi.org/10.1152/ajpcell.00157.2008
http://doi.org/10.3109/10623320109165320

	Introduction 
	Materials and Methods 
	Strain and Culture Conditions 
	Animal Treatment and Sample Collection 
	Histological Observation and Evaluation 
	Detection of Biomarkers in Serum 
	RNA Extraction and Real-Time PCR 
	Detection of Protein Expression 
	Analysis of the Intestinal Microbiota Diversity 
	Statistical Analysis 

	Results 
	Lactobacillus Plantrum MA2 Improved the Phenotype and Lipid Metabolism of the MCD-Induced NAFLD Rats 
	L. plantarum MA2 Improved Liver Lipid Deposition and Pathological Damage Caused by NAFLD 
	L. plantarum MA2 Protects the Rat Intestinal Mucosal Barrier System 
	Lactobacillus Plantrum MA2 has a Significant Regulating Effect on the Intestinal Microbiota 
	L. plantarum MA2 Reduces Liver Inflammation by Down-Regulating the Expression of Inflammation-Related Pathway Proteins 

	Discussion 
	L. plantrum MA2 Can Improve Lipid Metabolism and Relieve Liver Fat Accumulation and Liver Pathological Damage in MCD-Induced NAFLD Rats 
	L. plantarum MA2 Reduces Liver Inflammation by Acting on the LPS/TLR4 Inflammatory Pathway 
	L. plantarum MA2 Works by Improving the Structure of the Intestinal Microbiota and the Barrier of the Intestinal Mucosa 

	Conclusions 
	References

