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Lactobacillus plantarum NA136 ameliorates nonalcoholic fatty liver
disease by modulating gut microbiota, improving intestinal barrier
integrity, and attenuating inflammation

Zijian Zhao1
& Long Chen2

& Yujuan Zhao1
& Chao Wang1

& Cuicui Duan1
& Ge Yang1

& Chunhua Niu1
& Shengyu Li1

Received: 27 January 2020 /Revised: 13 April 2020 /Accepted: 17 April 2020
# Springer-Verlag GmbH Germany, part of Springer Nature 2020

Abstract
Gut microbiota dysbiosis, associated with insulin resistance, weak intestinal barrier integrity, and inflammation, may also play a
role in the development of dietary-induced nonalcoholic fatty liver disease (NAFLD). This study investigates the effects of
dietary Lactobacillus plantarum NA136 administration on gut microbiota composition in an insulin-resistant C57BL/6J mouse
NAFLD model. Comparison of mice with and without L. plantarum NA136 treatment revealed that L. plantarum NA136
treatment not only relieved insulin resistance but also significantly increased relative proportions of Desulfovibrio, Alistipes,
Prevotella, and Enterorhabdus in gut microbiota of NAFLD mice. Meanwhile, L. plantarum NA136 administration also
inhibited pathogenic bacterial growth, while promoting growth of probiotics such as Allobaculum, Lactobacillus, and, most
markedly, Bifidobacterium. Moreover, L. plantarum NA136 treatment of NAFLD mice improved intestinal barrier integrity and
attenuated high-fat and fructose diet (HFD/F)-induced inflammation. These results implicate gut-liver-axis-dependent microbiota
modulation as the underlying mechanism for L. plantarum NA136-induced amelioration of NAFLD.
Key points
• L. plantarum NA136 corrects gut microbiota disorders caused by a high-fat and fructose diet.
• L. plantarum NA136 strengthens the intestinal barrier and reduces inflammation in the liver.
• L. plantarum NA136 relieves NAFLD by improving the gut-liver axis.
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Introduction

In the developed world, nonalcoholic fatty liver disease
(NAFLD) has emerged as the most prevalent form of adult
chronic liver disease, paralleling the epidemic rise in obesity
there (Byrne and Targher 2015). Nevertheless, NAFLD cases

are not restricted to developed countries, as evidenced by an
increasingly global distribution of this disorder. Indeed, the
rising incidence of liver disease in the world, especially in
China, has been recently cited as a major contributor to world-
wide disease burden (Fan and Farrell 2009; Wang et al. 2014).

In spite of the growing importance of NAFLD as a global
disease, its pathogenesis has not yet been fully elucidated. In
recent years, evidence for the “two hits hypothesis” of
NAFLD development has accumulated and supported its
widespread acceptance. With regard to this hypothesis, insulin
resistance (IR) develops as a first hit that leads to excessive
triglyceride accumulation in hepatic cells. Concomitantly, a
second hit involving oxidative stress and increased generation
of inflammatory cytokines leads to liver injury, inflammation,
and fibrosis (Byrne 2010). Meanwhile, increasing evidence
supports a role for gut microbiota dysbiosis in NAFLD devel-
opment as yet another endogenous contributing factor to de-
velopment of this disease (Abu-Shanab and Quigley 2010;
Gkolfakis et al. 2015).
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The gut-liver axis, a bidirectional interactive relationship be-
tween the gut and the liver, is currently under intense scrutiny as
a key factor in NAFLD development (Caussy and Loomba
2018; Marra and Svegliati-Baroni 2018). This concept is sup-
ported by reports linking NAFLD to a disorder of the gut micro-
biota that causes the production of a gut microbiota-derived en-
dotoxin, leading to impaired liver function (Safari and Gérard
2019). As another possible contributing factor, long-term con-
sumption of a diet high in sugar and fat coupled with other
factors, such as lack of physical exercise and lack of restful sleep,
can cause gut Gram-negative bacterial overgrowth that is asso-
ciated with increased lipopolysaccharide (LPS) production.
Notably, it is known that LPS impairs intestinal barrier integrity,
activates inflammation, and promotes insulin resistance
(Compare et al. 2012). Meanwhile, studies have demonstrated
that considerably fewer organisms belonging to Bacteroidetes
and more members of Firmicutes exist in the gut microbiomes
of individuals with NAFLD than in gut microbiomes of healthy
individuals (Ley et al. 2006). Furthermore, numerous animal
studies have demonstrated that probiotics or prebiotics can alle-
viate NAFLD by correcting gut microbiota dysbiosis (Cesaro
et al. 2011), with recent evidence suggesting that probiotic ad-
ministration of Lactobacilli and Bifidobacteria could inhibit pro-
liferation of pathogenic bacteria and strengthen the intestinal
barrier (Plaza-Diaz et al. 2014). Indeed, results of a similar study
have even demonstrated that probiotic supplementation could
ameliorate the liver inflammatory response and, thus, improve
NAFLD patient health (Xue et al. 2017). Therefore, emerging
evidence supports that the therapeutic targeting of gut microbiota
composition restores the gut-liver axis function, which is a strat-
egy to prevent and ameliorate NAFLD.

Lactobacillus plantarum NA136 is a newly acquired pro-
biotic strain that is isolated from traditional Chinese pickles
produced in Yanbian Korean Autonomous Prefecture, China.
This strain has been reported to potentially alleviate NAFLD
by regulating fatty acid metabolism and combating oxidative
stress effects (Zhao et al. 2019). However, L. plantarum
NA136 effects on the gut microbiome are still unknown.
Here, we hypothesize that the main target acted upon by
L. plantarum NA136 to achieve NAFLD symptom improve-
ment lies within the gut-liver axis. Therefore, the goal of this
study is to identify underlying mechanisms whereby
L. plantarum NA136 administration alleviates insulin resis-
tance, reduces liver inflammation, strengthens intestinal barri-
er integrity, and corrects gut microbiome dysbiosis.

Materials and methods

L. plantarum NA136 isolation and culture methods

L. plantarum NA136, isolated from Chinese traditional-style
pickles and deposited in the China Center for Type Culture

Collection (accession M2018112; CCTCC, Wuhan, China),
was cultured at 37 °C for 18 h in de Man, Rogosa, and
Sharpe (MRS) broth. Bacteria were harvested from MRS
broth cultures by centrifugation (6000g for 10 min at 4 °C);
then, pellets were washed twice with phosphate-buffered sa-
line (PBS). Live bacteria intended for use as an oral probiotic
supplement were suspended in sterile physiological saline.
Bacterial suspensions were each adjusted to deliver an orally
administered dose of 1.0 × 109 colony-forming units (CFU)/
day/mouse.

Animals and their assignments to control
and experimental groups

Mice (C57BL/6J male 8-week-old animals) were obtained
from the Yisi Laboratory Animal Technology Company
(Yisi, Changchun, China). After 1-week acclimatization with
the administration of a normal diet and water, the mice were
divided at random into three groups (10 mice per group):
control (ND) group mice were fed a normal diet (with fat
providing 10% of total energy); high-fat and fructose diet
(HFD/F) group mice were fed a high-fat and fructose diet
(with fat providing 65% of total energy and 30% dietary vol-
ume provided as fructose solution); and L. plantarum NA136
group mice (HFD/F + NA136) were fed the same diet as the
HFD/F group, but concomitantly received a daily oral dose of
L. plantarum NA136 (1.0 × 109 CFU/day/mouse). All animal
experiments were conducted according to the Animal Care
Committee of the Jilin Academy of Agricultural Sciences
guidelines. The mice were sacrificed after 16 weeks adminis-
tration of the dietary regimens, at which time blood and fecal
samples were collected and intestinal and liver tissues were
harvested and stored until needed for analyses.

Oral glucose tolerance tests

Oral glucose tolerance tests (OGTTs) were performed on the
last day of breeding. All of the mice were fasted for 15 h, and
fasting blood glucose was tested prior to glucose administra-
tion (time = 0). Then, the mice were administrated with glu-
cose at a dose of 2 g/kg body weight (bw), and blood glucose
was measured at 30, 60, 90, and 120 min.

Biochemical assays

Plasma glucose (10 μL of each blood sample) was measured
using an Accu-Check Go glucose analyzer (Roche
Diagnostics GmbH, Penzberg, Germany). Serum was extract-
ed from blood samples; then, interleukin-1β (IL-1β),
interleukin-6 (IL-6), tumor necrosis factor α (TNF-α), insulin
(INS), and LPS levels were measured via enzyme-linked im-
munosorbent assay (ELISA) kits (Jianglai, Shanghai, China).
Insulin resistance was calculated using a homeostasis model-
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based insulin resistance index (HOMA-IR) formula, as
follows:

HOMA� IR ¼ plasma glucose mMð Þ � insulin mIU=Lð Þ
22:5

Histological analysis

Small liver tissue pieces were fixed in a solution of 10% neu-
tral formaldehyde. After 48 h, liver tissues were frozen and
sliced to 5-μm-thick cryosections using a microtome.
Cryosections were stained with Oil Red O and visualized
using an optical microscope (Olympus, Tokyo, Japan).

Western blot analysis

Liver and intestinal tissue slices were lysed then homogenized
in cold RIPA cell lysis buffer (Solarbio, Beijing, China).
Insoluble tissue materials were removed by centrifugation at
12,000g (10 min at 4 °C). Nuclear extracts from the liver were
prepared by using a Nuclear Protein Extraction Kit (Solarbio,
Beijing, China). A bicinchoninic acid (BCA) protein assay kit
(Thermo Scientific, Waltham, USA) was used to deter-
mine tissue lysate total protein concentration values.
Next, samples containing 40 μg of protein were subjected
to 10% sodium dodecyl sulfate (SDS)-polyacrylamide gel
electrophoresis followed by transfer of separated proteins
to polyvinylidene fluoride (PVDF) membranes to create
protein blots. After the blots were soaked in 5% bovine
serum albumin (BSA) to block nonspecific antibody bind-
ing to membrane surfaces, they were incubated with anti-
bodies: anti-nuclear factor kappa-B (NF-κB) P65, anti-
P38, anti-pP38 (Bioss, Beijing, China), anti-inhibitor of
nuclear factor kappa-B kinase (anti-IκB), anti-hypoxia-
inducible factor 1α (anti-HIF-1α), anti-zonula oc-
cludens-1 (anti-ZO-1), anti-occludin, anti-claudin-1
(Abcam, Cambridge, USA), β-actin (Sangon Biotech,
Shanghai, China), and lamin B (Solarbio, Beijing,
China). After three washes with tris-buffered saline tween
(TBST), the membranes were incubated with horseradish
peroxidase-conjugated antibody and detection of
antibody-bound proteins was performed via enhanced
chemiluminescence. Relative protein expression levels
were normalized to β-actin or lamin B.

Extraction of fecal genomic DNA for high-throughput
sequencing and sequence analysis

Fecal sample DNA was extracted and purified using an
E.Z.N.A™ Mag-Bind Soil DNA Kit (OMEGA, Norcross,
USA) as per kit instructions. Polymerase chain reaction
(PCR) amplification of bacterial 16S ribosomal RNA gene

(V3–V4 region) DNA was performed using 341F primer 5′-
CCTACGGGNGGCWGCAG-3′ and 805R primer 5′-GACT
ACHVGGGTATCTAATCC-3′. Successful amplification of
16S ribosomal DNA amplicons was assessed using the
Illumina MiSeq platform. The gene sequencing data have
been deposited in the National Center for Biotechnology
Information (NCBI) and can be accessed in the Short Read
Archive (SRA) under the accession number PRJNA604078.
Microbiota composition analysis was performed using
Quantitative Insights Into Microbial Ecology (QIIME,
v1.8.0) (Caporaso et al. 2010). Operational taxonomic unit
(OTU) assignments of high-quality sequences (sharing ≥
97% similarity) to clusters were performed using UCLUST
(Edgar 2010), with OTUs rarefaction metrics Shannon index
and Chao index employed to assess alpha diversity.
Concurrently, we conducted non-metric multidimensional
scaling (NMDS) analysis using QIIIME to compare cluster
groupings containing different samples.

Statistical analysis

Data presented in graphs and tables were expressed as means
± S.D. All data calculations were performed using SPSS soft-
ware version 15.0 (Norusis 2007), with statistical analysis
conducted using one-way analysis of variance (ANOVA). P
values < 0.05 were deemed statistically significant. The area
under the curve (AUC) of OGTTs was determined using the
trapezoidal rule.

Results

L. plantarum NA136 effects on liver histopathology

Long-term consumption of a high-fat and high-fructose diet
can induce liver injury and increase hepatic lipid accumula-
tion. In our previous study, the increasing activities of ALT
and AST in the HFD/F group, compared with those of ALT
and AST in the ND group, became normalized after treatment
with L. plantarum NA136. We measured hepatic lipid droplet
accumulation within hepatic tissues via Oil Red O staining
(Fig. 1). Compared to control mice (the ND group) (Fig. 1a,
b), mice in the HFD/F group exhibited significant liver lipid
accumulation (Fig. 1c, d). By contrast, after 16 weeks of
L. plantarum NA136 administration, the numbers and sizes
of hepatic lipid droplets were reduced in the HFD/F + NA136
group mice (Fig. 1e, f), as determined using Oil Red O stain-
ing in combination with our previous hematoxylin-eosin
(H&E) staining results. Collectively, these results demonstrate
that L. plantarumNA136 administration effectively attenuates
liver lipid accumulation.
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Improved HFD/F-induced insulin resistance
after L. plantarum NA136 treatment

Because NAFLD is accompanied by IR, we measured OGTTs
and serum insulin levels and then calculated HOMA-IR, with
results shown in Fig. 2. After administration with glucose, the
blood glucose values of the three groups reached the peak value
at 30 min, and fell back rapidly at 30–60 min. After 90 min, the
blood glucose values of each group tended to be stable (Fig. 2a).
From Fig. 2b, it can be seen that the HFD/F +NA136 group had
a significant lowering of the AUC value compared to theHFD/F
group (P < 0.01). This suggested that L. plantarum NA136
could ameliorate impaired glucose tolerance.

In Fig. 2c, a high-fat and high-fructose diet led to increased
insulin levels relative to levels in the ND group mice, while
relatively lower insulin levels were more evident in
L. plantarum NA136-treated mice than in untreated HFD/F
mice. In addition, the HOMA-IR index was apparently de-
creased in the HFD/F + NA136 group relative to its level in
HFD/F group mice (Fig. 2d). These results collectively sug-
gest that L. plantarum NA136 administration can effectively
reverse insulin resistance.

L. plantarum NA136 effects on gut microbiota
composition

Investigation of L. plantarum NA136 effects on gut microbi-
ota composition that is obtained by Illumina MiSeq sequenc-
ing generated a total number of 1,035,886 clean sequence
reads. Based on 97% sequence similarity, validated reads were
selected and then grouped into OTUs. As shown in Table 1,
the OTU number of the HFD/F group was the lowest in the
three groups, and L. plantarum NA136 intervention had in-
creased the similarity of OTUs of HFD/F-fed mice. After
Chao index and Shannon metric calculations were conducted
to determine gut microbiota species richness and diversity, the
Chao index results indicated that gut microbiota richness of
HFD/F mice was reduced relative to that of the ND group,
while L. plantarum NA136 treatment significantly increased
NAFLDmice gut microbiota richness (P < 0.05). Meanwhile,
HFD/F + NA136 group Shannon index values were increased
relative to those of the HFD/F group, suggesting that
L. plantarum NA136 increased gut microbiota species diver-
sity in NAFLD mice. However, there is no significant differ-
ence in Shannon index values of the ND group and the HFD/F

Fig. 1 Histopathology of the liver
sections stained with Oil Red O
staining (magnification ×200 at
left and magnification ×400 at
right). a and b ND group; c and d
HFD/F group; e and f HFD/F +
NA136 group
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group, which suggests that HFD/F could not change the di-
versity of gut microbiota, and such result was also observed
by Lu’s study (Lu et al. 2016). Notably, assessments of struc-
tural alterations of gut microbiota using non-metric multidi-
mensional scale analysis (NMDS) (Fig. 3a) generated a dis-
tinct gut microbiota composition clustering pattern for each
group, with the most similar clustering patterns observed for
the HFD/F and HFD/F + NA136 groups.

At the genus level, the number of Allobaculum,
Lactobacillus , Bifidobacterium , Helicobacter, and
Parasutterella was reduced significantly in the HFD/F group
versus their corresponding levels in the ND group (Fig. 3b and
Supplemental Fig. S1 and Supplemental Table S1).
Meanwhile, the HFD/F diet may have boosted relative pro-
portions of Desulfovibrio, Alistipes, Acetatifactor,
Oscillibacter, Prevotella, and Enterorhabdus. Notably, Fig.

3b and Supplemental Table S1 show that L. plantarum
NA136 treatment effectively regulated gut microbiota
dysbiosis induced by long-term consumption of a high-fat
and high-fructose diet. Interestingly, relative proportions of
Barnesiella, Parabacteroides, and Bifidobacterium, key ge-
nus cited for anti-obesity effects (Fang et al. 2019; Leung
et al. 2016; Wu et al. 2018), increased markedly after
L. plantarum NA136 administration.

L. plantarum NA136 attenuated expression
of HFD/F-induced tight junction proteins

It has been shown that high-fat and high-fructose dietary in-
duction of Gram-negative intestinal bacterial growth can sub-
sequently undermine intestinal barrier integrity (Hung et al.
2016). Thus, we examined intestinal HIF-1α, claudin-1,

Fig. 2 Effect of L. plantarum
NA136 on oral glucose tolerance
tests (OGTTs) insulin resistance
(IR). a OGTTs; b area under the
glucose response curve (AUC); c
serum insulin level; d HOMA-IR
index. Data represent the mean ±
SD of each group. ##P < 0.01
versus ND group; *P < 0.05 and
**P < 0.01 versus HFD/F group

Table 1 Effects of L. plantarum
NA136 treatment on richness and
diversity index of gut microbiota

Groups OTUs Chao index Shannon index

ND 739.5 ± 62.09 1131.14 ± 74.68 3.81 ± 0.06

HFD/F 543.01 ± 55.46## 771.74 ± 107.74## 3.93 ± 0.12

HFD/F + NA136 641.25 ± 434.41* 916.55 ± 62.41* 4.19 ± 0.19*

Data represent the mean ± SD of each group
##P < 0.01 versus ND group; *P < 0.05 versus HFD/F group
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occludin, and ZO-1 expression levels (Fig. 4a) and ob-
served that HIF-1α expression was obviously decreased
in L. plantarum NA136-treated NAFLD mice. Because
tight junction (TJ) proteins are thought to play key regula-
tory roles in intestinal permeability, it is noteworthy that
consumption of a diet high in fat and fructose led to re-
duced ZO-1, claudin-1, and occludin expression levels
(Fig. 4b, c) that were restored to normal levels after
L. plantarum NA136 treatment.

Effect of L. plantarum NA136 treatment on HFD/F
diet-induced inflammatory responses

The concept that LPS, a component of Gram-negative bacte-
rial outer membranes, may weaken the intestinal barrier prior
to traversing it and inducing inflammation was supported
here. Specifically, with increased serum LPS levels observed
in HFD/F group mice, levels of inflammatory cytokines
TNF-α, IL-1β, and IL-6 were markedly higher in HFD/F

Fig. 4 Effects of L. plantarum
NA136 treatment on intestinal
barrier. a Protein expression of
HIF-1α, claudin-1, occludin, ZO-
1, and β-actin; b relative protein
levels of HIF-1α and claudin-1; c
relative protein levels of occludin
and ZO-1. β-Actin was used as a
loading control. Data represent
the mean ± SD of each group.
##P < 0.01 versus ND group;
**P < 0.01 versus HFD/F group

Fig. 3 L. plantarumNA136 modulated gut microbiota in NAFLDmice. aNMDS score plot based onOUT; b fecal microbiota composition at the genus
level in ND, HFD/F, and HFD/F + NA136 groups
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group sera than in the sera of ND-fed mice (Table 2). Notably,
oral administration of L. plantarum NA136 inhibited in-
creases in serum LPS, TNF-α, IL-6, and IL-1β levels.

Activation of NF-κB, the key transcriptional regulator of
immune and proinflammatory responses, is known to be in-
fluenced by a wide variety of factors, such as LPS, IL-1,
TNF-α, and bacteria (Jobin and Sartor 2000). Here, western
blotting revealed that nuclear NF-κB P65 expression in-
creased in the HFD/F group mice relative to levels in ND
group mice, while L. plantarum NA136 treatment of HFD/F
mice led to markedly decreased NF-κB P65 protein expres-
sion with increased IκB protein expression (Fig. 5a, b).
Furthermore, elevated P38 phosphorylation was observed in
HFD/F group samples, while decreased P38 phosphorylation
was observed in HFD/F + NA136 group samples (Fig. 5c).

Discussion

Long-term high-fat and high-fructose consumption causes in-
sulin resistance, inflammation, gut microbiota dysbiosis, and
even NAFLD (Liu et al. 2017). Due to accumulating evidence
for a pivotal role of gut microbiota in NAFLD development
(Leung et al. 2016), the gut microbiome is a prime candidate
for therapeutic targeting to ameliorate NAFLD (Caussy et al.
2019). Meanwhile, our previous study showed that adminis-
tration of L. plantarumNA136, a strain isolated from Chinese
traditional-style pickles produced in Yanbian Korean
Autonomous Prefecture, could effectively decrease body
weight, counteract hepatic lipid metabolic disorders, and acti-
vate antioxidant responses in NAFLDmice (Zhao et al. 2019),
prompting this investigation of L. plantarum NA136 effects
on insulin resistance, gut microbiota composition, gut barrier
integrity, and inflammation in NAFLD mice.

In recent years, gut microbiota has been shown not only to
influence energy acquisition and fat storage but also to play
key roles in the development of insulin resistance and in the
growing incidence of other related metabolic diseases (Vanni
and Bugianesi 2010). Meanwhile, accumulating scientific ev-
idence attributes NAFLD and associated gut microbiota
dysbiosis to observed intestinal Gram-negative bacterial over-
growth that boosts both endotoxin (LPS) levels and production
of toxic gases such as hydrogen sulfide (H2S) (Mani et al.

2014; Vanni and Bugianesi 2010). In this study, a high-fat
and high-fructose diet decreased both the richness and the di-
versity of the gut microbiome community, as observed in pre-
vious studies that also linked low microbiota richness to in-
flammation, type 2 diabetes, inflammatory bowel disorder
(IBD), and obesity (Chatelier et al. 2013). Here, L. plantarum
NA136 treatment led to increased gut microbiome community
diversity and noticeable enhancement of gut microbiota rich-
ness; conversely, untreated HFD/F mice exhibited relatively
increased proportions of Alistipes, Prevotella, and
Enterorhabdus, each of which produces LPS and which there-
fore may induce insulin resistance, obesity, and proinflamma-
tory cytokine production (Chen et al. 2018; Li et al. 2018;
Vanni and Bugianesi 2010). Furthermore, HFD/F mice also
possessed a greater relative abundance of Desulfovibrio than
ND group mice did. This result is noteworthy, since
Desulfovibrio has been shown to interact with intestinal epi-
thelial cells to form a surface biofilm and also produce H2S that
triggers epithelial cell apoptosis and intestinal barrier weaken-
ing (Figliuolo et al. 2018). By contrast, L. plantarum NA136-
treated HFD/F mice harbored greater proportions of beneficial
intestinal bacteria, such as Allobaculum, Lactobacillus,
Bifidobacterium, Helicobacter, Barnesiella, Parabacteroides,
and Parasutterella, that produce short-chain fatty acids
(SCFA) known to strengthen the intestinal barrier, reduce in-
testinal permeability and LPS levels, and competitively inhibit
pathogenic bacterial growth (Eslamparast et al. 2013).

NAFLD is a disorder linked to an increased abundance of
harmful bacteria that produce proinflammatory substances,
such as endotoxin, ammonia, phenols, and H2S; such sub-
stances subsequently promote mucolysis and mucus layer
degradation, epithelial cell apoptosis, and inflammatory acti-
vation (Figliuolo et al. 2018). Meanwhile, NAFDL-associated
gut microbiota dysbiosis induced by long-term consumption
of a high-fat and high-fructose diet may disrupt intestinal bar-
rier function by reducing expression of intestinal tight junction
proteins (occludin, claudin-1, and ZO-1) (Gangarapu et al.
2014). Here, we observed a reduction in expression levels of
ZO-1, claudin-1, and occludin in the HFD/F group, which,
when considered together with the results of our gut microbi-
ota analysis, suggests that HFD/F consumption could cause
gut microbiota dysbiosis that ultimately weakens the intestinal
barrier. By contrast, after L. plantarum NA136 treatment,

Table 2 Effects of L. plantarum
NA136 treatment on secretion of
inflammation cytokines

Groups LPS (ng/L) TNF-α (ng/L) IL-6 (pg/mL) IL-1β (ng/L)

ND 161.62 ± 6.41 211.82 ± 27.73 23.77 ± 4.44 17.73 ± 1.79

HFD/F 251.69 ± 13.04## 258.15 ± 21.25# 51.96 ± 3.51## 23.83 ± 2.92#

HFD/F + NA136 164.23 ± 5.65** 215.59 ± 10.19* 29.72 ± 3.78** 18.67 ± 2.39*

Data represent the mean ± SD of each group
#P < 0.05 and ##P < 0.01 versus ND group; *P < 0.05 and **P < 0.01 versus HFD/F group
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expression levels of tight junction proteins were normalized,
in agreement with previous studies (Lim et al. 2016; Mujagic
et al. 2017). This effect possibly stemmed from L. plantarum
NA136 promotion of SCFA-producing bacterial growth.
SCFA are known to exert multiple beneficial effects on the
host, including promotion of lactic acid bacterial growth, re-
duction of insulin resistance and inflammation, improvement
of intestinal barrier function, and stimulation of lipid oxidation
(Hamer et al. 2008; Hosseini et al. 2011; van der Beek et al.
2016). Moreover, the function of HIF-1, a transcription factor
composed of HIF-1α and HIF-1β subunits that may play a
crucial role in hypoxia, intestinal injury, and intestinal muco-
sal integrity (Yang et al. 2014), was also evaluated in this
work, since HIF-1 inhibition by L. plantarumC88 supplemen-
tation, as shown in our previous studies, prevented epithelial
barrier dysfunction (Duan et al. 2018; Zhao et al. 2017). Here,
gut bacterial translocation was inhibited by L. plantarum
NA136 treatment, confirming that L. plantarum NA136 can
also prevent intestinal barrier dysfunction.

Although the intestinal barrier normally prevents passage
of harmful factors into blood, once this barrier is disrupted,
Gram-negative bacteria-derived LPS has been shown to enter
the blood and induce inflammation (Figliuolo et al. 2018).
Here, increased blood inflammatory cytokine levels of
TNF-α, IL-6, and IL-1β in HFD/F group mice were observed,
reflecting increased serum LPS levels. However, administra-
tion of L. plantarum NA136 reversed this trend, suggesting

that treatment reduced HFD/F diet-induced inflammatory cy-
tokine expression, as observed for other probiotics (Kim et al.
2018; Xue et al. 2017). Meanwhile, proinflammatory cyto-
kines, inflammatory cytokines, and HIF-1 are known to acti-
vate NF-κB expression and trigger inflammation (Yang et al.
2014). Importantly, in a noninflammatory state, NF-κB is
retained within the cytoplasm in a form that is bound to inhib-
itory protein IκB; upon external cell stimulation, NF-κB is
released from IκB, and the free NF-κB translocates from the
cytoplasm to the nucleus, where it activates downstream in-
flammatory pathway target genes (Chen et al. 2015). Our re-
sults indicated that HFD/F could result in a decrease in IκB,
and an increase in nuclear NF-κB translocation with elevated
levels of phosphorylated P38, which subsided after
L. plantarum NA136 treatment. When taken together, all of
these findings demonstrate that L. plantarum NA136 admin-
istration improved intestinal barrier function and attenuated
HFD/F-induced inflammation.

The gut-liver axis encompasses bidirectional interactions
occurring between the gut and liver (Vajro et al. 2013), with
studies supporting a key role for gut-liver axis functional im-
balances in NAFLD development (Caussy and Loomba 2018;
Marra and Svegliati-Baroni 2018). Such imbalances can be
triggered through long-term consumption of a high-fat diet,
whereby endotoxin and inflammatory factors produced in the
gut then enter the liver through the gut-liver axis, triggering
liver inflammation, oxidative stress, insulin resistance, and

Fig. 5 L. plantarumNA136 attenuated the NF-κB P65-mediated inflam-
matory response in the liver. a Protein expression of IκB, cytoplasm NF-
κB P65, nuclear NF-κB P65, P38, pP38, β-actin, and lamin B; b relative
protein level of nuclear NF-κB P65; c quantification of P38

phosphorylation. β-Actin and lamin B were used as a loading control.
Data represent the mean ± SD of each group. ##P < 0.01 versus ND group;
**P < 0.01 versus HFD/F group
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dysfunctional lipid metabolism (Frasinariu et al. 2012; Vajro
et al. 2013). Here, we found that L. plantarumNA136 induced
growth of probiotic organisms and inhibited growth of harm-
ful bacteria to subsequently improve intestinal barrier integrity
and reduce inflammatory responses. Evidence obtained here
collectively suggests that L. plantarumNA136 can effectively
improve gut microbiome composition.

This study demonstrated that L. plantarum NA136 treat-
ment of mice with HFD/F-induced NAFLD led to significant
increase of gut microbiota species richness and diversity,
while correcting gut microbiota dysbiosis. Furthermore,
L. plantarum NA136 treatment improved intestinal barrier
strength, reduced liver inflammation, and decreased insulin
resistance via gut-liver axis-dependent mechanisms. These re-
sults suggest that L. plantarum NA136 has therapeutic poten-
tial for ameliorating HFD/F-induced NAFLD.
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