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1 | INTRODUCTION

| Jilong Fan*

Abstract

Nonalcoholic fatty liver disease (NAFLD) is a common chronic liver disease, but there
is currently no effective treatment method. Probiotics have been used as an adjunct
therapy for NAFLD, but the mechanism is not clear. This study used Bifidobacterium
longum BL19 (BL-19) to treat the NAFLD mice induced by a high-fat diet, and ex-
plored the treatment mechanism through gut microbiota and serum metabolomics
techniques. We found that BL-19 effectively prevented rapid weight gain in NAFLD
mice and reduced their overall food and energy intake, decreased liver inflammatory
factors expressions, and increased the bile acid synthetase enzyme CYP7A1 and su-
peroxide dismutase. After BL-19 treatment, the abundances of butyric acid bacteria
(Oscillospira and Coprococcus) in the feces of mice increased significantly, and the con-
centration of butyric acid also increased significantly. We believe that BL-19 promotes
the production of butyrate in the intestines, which in turn regulates the activity of
CYP7A1 in the liver and bile acid synthesis, ultimately treating liver inflammation and
lipid accumulation in NAFLD mice. Serum metabolomics results indicated that BL-19
affected multiple pathways related to inflammation and lipid metabolism in NAFLD
mice. These findings suggest that BL-19 shows promise as an adjunct therapy for
NAFLD, as it can significantly improve oxidative stress, reduce inflammation in the

liver, and decrease lipid accumulation.
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Bifidobacterium longum BL-19 (B. longum BL-19), butyric acid, CYP7A1, inflammation,
nonalcoholic fatty liver (NAFLD), oxidative stress

untreated, simple fatty liver can progress to liver fibrosis, cirrhosis,

and liver cancer (Tanwar et al., 2020). It is estimated that by 2030, the
prevalence of NAFLD in the global population aged 15 and above could
reach 33.5% (Teng et al., 2023). The pathogenesis of NAFLD is not fully
understood, but the “multiple hits” hypothesis is widely accepted (Tilg

Nonalcoholic fatty liver disease (NAFLD) is closely associated
with insulin resistance, gut microbiota, and genetic susceptibility
(Chiang, 2013; Loomba et al., 2021; Muzurovi¢ et al., 2021). If left
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et al., 2021). This hypothesis suggests that various factors, such as di-
etary patterns, insulin resistance, lipotoxicity, proinflammatory factors,
and gut microbiota, contribute to the development of NAFLD (Zhang
etal., 2024). Imbalanced diets can disrupt the gut microbiota, leading to
chronic inflammation and increased intestinal permeability (Amabebe
et al., 2020). Sustained low-grade inflammation may play a crucial role
in the progression from simple hepatic steatosis to fatty liver hepatitis
and liver fibrosis (Salehi-Sahlabadi et al., 2021).

Another factor that induces intestinal flora disorder should not
beignored. The widespread use of antibiotics not only in humans but
also in animals has led to the presence of residues in derived foods,
such as milk and dairy products. Recently, it has been emphasized
that antibiotic-induced changes in microbial composition reduce
microbial diversity and alter the functional attributes of the micro-
biota. These antibiotic residues impact human gut flora, setting in
motion a chain of events that leads straight to various metabolic al-
terations that can ultimately contribute to the onset and progression
of NAFLD (Tarantino & Citro, 2024).

Clinical doctors have utilized probiotic-based approaches as ad-
junctive treatments for NAFLD (Liang et al., 2023). Commonly used
probiotics include Lactobacillus, Streptococcus, and Bifidobacterium.
It is noted that several studies have demonstrated the cholesterol-
lowering and blood lipid-regulating effects of certain probiot-
ics, including Lactobacillus plantarum, Lactobacillus acidophilus,
Bifidobacterium, and Lactobacillus rhamnosus, as well as fermented
products containing probiotics (Huang et al., 2020; Olas, 2020).
Consuming these probiotics in appropriate amounts can effectively
regulate blood lipid levels and significantly contribute to the pre-
vention of various metabolic diseases (Li et al., 2020). Sarcopenia,
closely linked to NAFLD, could be usefully approached by probiot-
ics (Tarantino et al., 2023). Probiotics offer advantages such as high
safety and minimal side effects, making them highly marketable as
an adjunctive treatment option (Bustamante et al., 2020).

Bifidobacterium longum is a strain of Bifidobacteria that is com-
monly used and has been proven to effectively colonize the human
gut in various trials. Once it establishes itself, B. longum positively in-
fluences the existing microbial community by increasing levels of pro-
pionic acid, biotin, and butyric acid, thereby impacting gut metabolism
(Marras et al., 2021; Pham et al., 2021). However, there is limited re-
search on its therapeutic effects on NAFLD. This study aims to explore
the potential therapeutic effects of B. longum to NAFLD mice, offering
a novel approach to the clinical treatment of NAFLD.

2 | MATERIALS AND METHODS

2.1 | NAFLD mice model and grouping

Male ICR mice weighing 27g+3g were obtained from Wukong
Biotechnology Company in Nanjing, China and were housed at the
Experimental Animal Center of Jiangsu University. The study con-
sisted of three experimental groups: a normal control group (NC
group), a NAFLD group, and a BL-19 strain intervention group (BL

group), with 12 mice in each group. The NAFLD and BL groups were
fed a high-fat diet (60% fat energy) to induce NAFLD (product num-
ber: D12109, Future Biotech, Beijing, China), while the NC group was
fed a regular diet. The regular diet had a caloric value of 3.84 kcal/g,
while the high-fat diet had a caloric value of 5.24 kcal/g.

During the experiment, the average body weight of each group of
mice was monitored every 7 days, and the feed consumption of each
mouse was calculated at the end of the experiment. The B. longum
BL-19 strain used in the study was obtained from Zhongke-Jiayi
Company in Qingzhou, Shandong, China. The mice in the BL group
were orally administered the B. longum BL-19 strain (1 x 10’ CFU) daily
until the end of the 12th week of the experiment. All three groups of
mice were provided with sterile purified water and had unrestricted
access to drink. At the conclusion of the experiment, serum, liver, and
colon contents were collected from the mice and stored at-80°C for
future experiments. Additionally, mouse liver samples were fixed in
10% formalin for 48 h and stained with hematoxylin and eosin (HE).

2.2 | Measurement of serum biochemical
indicators and feces butyric acid

The measurement of alanine aminotransferase (ALT), aspartate
aminotransferase (AST), total bile acids (TBA), triglycerides (TG),
total cholesterol (TC), total bile acids (TBA), superoxide dismutase
(SOD), and malondialdehyde (MDA) in mouse serum was conducted
using kits from Nanjing Jiancheng Bioengineering Institute (Nanjing,
China). These kits were carefully tested in accordance with the pro-
vided instructions to ensure accurate results.

The content of butyric acid in mouse feces was detected using
the HPLC-MS/MS method by Shanghai Labway Medical Testing
Laboratory (Shanghai, China).

2.3 | The qPCR assay

The quantitative PCR was used to detect the expression levels of
inflammation and bile acid metabolism-related genes in mouse liver.
The primers were synthesized by GENEWIZ company (Suzhou, China)
(Table 1.). The total volume of qRT-PCR was 20 pL, with 20 uL of SYBR
Green Master Mix (Vazyme, Nanjing, China), 0.4 pL (10 pmol/L) of up-
stream and downstream primers, and 2uL of cDNA template. The
reaction program was as follows: predenaturation at 95°C for 5min,
denaturation at 95°C for 55, annealing at 58°C for 20s, extension at
72°C for 30s, and a total of 40 reaction cycles for gPCR.

2.4 | Mouse liver HE staining and oil red O staining
Shanghai Labway Medical Laboratory (Shanghai, China) conducted
HE staining and oil red O staining on mouse liver tissue. The liver
tissue was fixed in 10% formalin for 48h before undergoing HE
staining. After fixation, the liver tissue was dehydrated using graded
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TABLE 1 The primer sequence of gPCR assay.

Genes Primer sequences (5" — 3’)
Mum_GAPDH F: AATGGATTTGGACGCATTGGT
R: TTTGCACTGGTACGTGTTGAT
Mum_TNF-a F: GAACTGGCAAAAGGATGGTGA
R: TGTGGGTTGTTGACCTCAAAC
Mum_NLRP3 F: ATTACCCGCCCGAGAAAGG
R: CATGAGTGTGGCTAGATCCAAG
Mum_IL-10 F: GAAGCTCCCTCAGCGAGGACA
R: TTGGGCCAGTGAGTGAAAGGG
Mum_FXR F: GTGAGGGCTGCAAAGGTTTC
R: CAAACCTGTATACATACATTCAGCC
Mum_FGF-15 F: ACTGCGAGGAGGACCAAAAC
R: GAGTAGCGAATCAGCCCGTA
Mum_CYP7A1 F: CCGATGGATGGAAATACCAC

R: GGCAGCGGTCTTTGAGTTAG

alcohols and embedded in paraffin for sectioning, resulting in sec-
tions with a thickness of 4 um. The liver tissue morphology was then
observed under a microscope following the completion of HE stain-
ing. For frozen sections of mouse liver tissue, samples were fixed in
4% formaldehyde-phosphate buffer (pH 7.4) for 10 min, followed by
rinsing with distilled water and 60% isopropanol. Subsequently, the
samples were stained with 4% oil red O dye for 10 min. After wash-
ing with water and 60% isopropanol, the mouse liver tissue sections
were stained with hematoxylin. The distribution of fat within the
liver cells was observed under a microscope after staining.

2.5 | Analysis of 16S rRNA gene sequencing of
mouse colon contents

We collected the contents of the mouse colon and extracted bac-
terial genomic DNA from mouse feces using a bacterial genomic
DNA extraction kit (TIANGEN, Beijing, China). The bacterial 16S
rRNA gene sequencing analysis was conducted by ekemo Tech
Group Co., Ltd. (Shenzhen, China). The sequencing was performed
on the lllumina HiSeq high-throughput sequencing platform, and the
sequence analysis and species annotation were carried out using
bioinformatics analysis. We further conducted various analyses, in-
cluding OTU clustering analysis, a-diversity analysis, and B-diversity

analysis.

2.6 | Nontargeted metabolomic analysis of
mouse serum

The method used to collect mouse serum samples for nontargeted
metabolomic analysis was as follows: mouse serum was collected
in a blood collection tube without anticoagulant and left at room
temperature for 30 min to allow for serum separation. The separated

serum was then centrifuged at 6000x g for 10 min to obtain serum for
nontargeted metabolomic analysis. To prepare the samples, 200 pL
of mouse serum was mixed with 600 uL of methanol by vortexing for
15s. After centrifugation at 15,000x g for 15min, the supernatant
was taken for nontargeted metabolomic analysis. The nontargeted
metabolomic analysis was conducted by ekemo Tech Group Co., Ltd.
(Shenzhen, China). The LC-MS/MS data collected were subjected to
peak extraction and matching, and the data of total peak area were
normalized. Principal component analysis (PCA) and orthogonal par-
tial least square-discriminate analysis (OPLS-DA) were performed
using SIMCA 14.1 software. Metabolite selection was based on
variable importance in projection (VIP) and t-test (p <.05) using the
Metabo Analyst 4.0 platform. Further clustering analysis and path-
way analysis of the differentially expressed metabolites in the serum

were conducted.

2.7 | Statistical analysis

The data are presented in the format of mean +standard deviation
(SD), and statistical analysis is conducted using SPSS 23.0 statisti-
cal software. To determine significant differences between multiple
groups of samples, single-factor analysis of variance (ANOVA) and
the least squares degeneracy (LSD) method are employed, with a
significance level of p<.05. GraphPad Prism 8.0 software (Prism,

San Diego, CA, USA\) is utilized for data visualization.

3 | RESULTS

3.1 | BL-19 strain reduced body weight and energy
intake in NAFLD mice

Starting from the 5th week, the mice in the NAFLD group had a sig-
nificantly higher body weight compared to the mice in the NC group
(p<.05). Throughout the entire experiment, there was no significant
difference in body weight between the mice in the BL group and
either the NAFLD group or the NC group (p>.05) (Figure 1A). Both
the NAFLD group and the BL group mice had significantly decreased
feed consumption compared to the NC group (p <.05). Additionally,
the BL group mice had a significant reduction in feed consumption
compared to the NAFLD group (p<.05) (Figure 1B). The energy in-
take of the mice in the NAFLD group was significantly higher than
that of the mice in the NC and BL groups throughout the entire ex-
periment (p<.05). However, there was no significant difference in
energy intake between the NC and BL groups (p>.05) (Figure 1C).

3.2 | BL-19 regulates the inflammation and bile
acid synthesis genes in liver

Compared to the NC group, the levels of proinflammatory factors
TNF-aand NLRP3 in the liver tissues were significantly higher in both
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the NAFLD and BL groups (p <.05). However, the BL group showed
a significant decrease in TNF-a and NLRP3 expression levels com-
pared to the NAFLD group (p<.05) (Figure 2A,B). Additionally, the
levels of anti-inflammatory cytokine IL-10 in the liver tissues were
significantly higher in both the NAFLD and BL groups compared to
the NC group (p <.05). However, the BL group exhibited a significant

decrease in IL-10 expression levels compared to the NAFLD group

In comparison to the NC group, the liver tissues of the NAFLD
and BL groups exhibited significant decreases in the expression lev-
els of bile acid metabolism-related factors FXR and FGF-15, while
the expression level of CYP7A1 increased (p <.05). When compared
to the NAFLD group, only the expression level of CYP7A1 in the liver
tissues of the BL group mice significantly increased (p <.05), with

no significant changes observed in the expression levels of FXR and

BL-19 improved serum inflammatory and
oxidative stress indexes and fecal butyric acid content
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significant decrease compared to the NAFLD group (p<.05), while
other indicators showed no significant changes (p>.05). The serum
HDL levels in all three groups of mice remained unchanged (p>.05)
(Figure 3A-F).

Compared to the NC group, the serum levels of TBA were sig-
nificantly higher in the NAFLD and BL groups (p <.05). Although the

TBA level in the BL group mice seemed to be higher compared to the
NAFLD group, the difference was not statistically significant (p>.05)
(Figure 3G).

The serum levels of SOD were significantly lower in the NAFLD
and BL groups compared to the NC group (p<.05). However, the
BL group showed significantly higher SOD levels compared to the
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NAFLD group (p<.05) (Figure 3H). Conversely, the serum levels of
MDA were significantly higher in the NAFLD and BL groups com-
pared to the NC group (p <.05). However, the BL group showed sig-
nificantly lower MDA levels compared to the NAFLD group (p <.05)
(Figure 3l).

The butyric acid level in the feces of the NAFLD group mice
was significantly lower compared to the NC group, but significantly
higher in the BL group (p <.05). Additionally, the BL group mice had a
significantly higher butyric acid level in their feces compared to the
NAFLD group (p<.05) (Figure 3J).

3.4 | BL-19 alleviates liver damage and lipid
deposition in NAFLD mice

According to the results of HE staining, the NC group exhibited a
regular arrangement of hepatic lobules and cords, with no presence
of inflammatory cells or visible fat vacuoles (Figure 4A). Conversely,
the NAFLD group displayed a significantly irregular arrangement
of hepatic lobules and cords, along with hepatocyte degeneration,
swelling, and visible fat vacuoles (Figure 4B). In comparison to the
NAFLD group, the BL group exhibited a decrease in inflammatory
cells within liver cells, a reduction in fat infiltration, and a decrease
in fat vacuoles (Figure 4C). Additionally, oil red O staining revealed
no lipid accumulation in liver cells in the NC group (Figure 4D). In
contrast, the NAFLD group displayed deeply stained and larger lipid
droplets within liver cells (Figure 4E). In the BL group, the staining of

FIGURE 4 Mouse liver was stained
with HE and oil red O. (A) HE staining

of liver tissue in the NC group; (B) HE
staining of liver tissues in the NAFLD
group; (C) HE staining of liver tissue in
the BL group; (D) Oil red O staining of
liver tissue in the NC group; (E) Oil red

O staining of liver tissue in the NAFLD
group; (F) Liver tissue oil red O staining in
the BL group.

liver cells was lighter, and the number and volume of lipid droplets

were reduced (Figure 4F).

3.5 | BL-19 remodeled the intestinal flora of
NAFLD mice

Using Illumina Hiseq high-throughput sequencing technology, we
obtained OTU sequences to examine the diversity and species
composition of the intestinal microbiota in various groups of mice.
Our goal was to assess the impact of B. longum BL-19 on reshap-
ing the intestinal microbiota in NAFLD mice. The a-diversity analysis
results indicated that there were no significant differences in the
Shannon index among the three groups of mouse intestinal micro-
biota (p>.05) (Figure 5A).

The p-diversity analysis results demonstrate a notable distinc-
tion and separate clustering between the samples from the NC and
NAFLD groups, indicating a significant disparity in gut microbiota
composition between NAFLD mice and normal mice. While the sam-
ples from the BL group also displayed significant separation from the
NC and NAFLD groups, they may not necessarily cluster together.
This finding suggests a substantial distinction in the gut microbiota
composition of the BL group, but a significant difference remains in
the gut microbiota composition among all three groups (Figure 5B).

We conducted a more detailed examination of the variations in

the composition of gut microbiota among three different groups of

mice, focusing on the phylum, genus, and species levels. In terms
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of phylum, we observed that the NAFLD group exhibited a note-
worthy rise in the relative abundance of TM7 and Verrucomicrobia,
while the relative abundance of Firmicutes was significantly re-
duced compared to the NC group. However, following the ad-
ministration of BL-19, we observed a significant decrease in the
relative abundance of TM7 and Verrucomicrobia, accompanied by a
substantial increase in the relative abundance of Acidobacteria and
Firmicutes (Figure 5C).

Compared to the NC group, the NAFLD group exhibited a
significant increase in the relative abundance of Bacteroides,
Parabacteroides, and Ruminococcus at the genus level. Conversely,
the relative abundance of Lactobacillus and Spirochaetes decreased.
Following treatment with B. longum BL-19, there was a decrease
in the relative abundance of Bacteroides, Parabacteroides, and
Ruminococcus, while Anaerostipes, Fusobacterium, and Clostridium
showed a significant increase (Figure 5D).

At the level of species, the NAFLD group showed a significant
increase in the relative abundance of Geobacillus, Bacteroides, and
Fusobacterium compared to the NC group. Conversely, Helicobacter,
Enterococcus, Prevotella, Staphylococcus, and Pseudomonas were sig-
nificantly decreased in the NAFLD group. Following treatment with
BL-19, there was a significant decrease in the relative abundance
of Geobacillus, Bacteroides, and Fusobacterium, while Ruminococcus,
Lactobacillus, and Ruminococcus showed a significant increase
(Figure 5E).

3.6 | Results of nontargeted metabolomics analysis
in mouse serum

The PCA analysis of mouse serum metabolomics showed that
the three groups of samples were significantly separated in both
ESI* and ESI” modes, and the samples in each group clustered
well in the ESI-mode (Figure 6A,B). Further OPLS-DA analysis
showed that the three groups of serum samples clustered well
and were significantly separated (Figure 6C-F). Based on the
VIP>1 and p <.05 criteria, differential metabolites were selected
(Tables 2 and 3, Figure 6G,H). Compared with the NC group,
the levels of inflammation and oxidative stress-related factors
Hypoxanthine, Galactinol, Adrenic acid, Heptadecanoic acid, and
2-Dodecylbenzenesulfonic acid in mouse serum metabolites of
the NAFLD group were significantly increased; the levels of pro-
inflammatory lipid metabolites 1-Palmitoyl phosphatidylcholine,
LysoPC (20:4(82,11Z,14Z,177)/0:0), LysoPC (18:1(9Z)/0:0), and
LysoPE (0:0/22:6(42,72,102,13Z,16Z,19Z)) were also increased.
Compared with the NAFLD group, the levels of proinflammatory
lipid metabolites 2-Lysophosphatidylcholine, Palmitoylcarnitine,
and Oleoylcarnitine in mouse serum metabolites of the BL group
were significantly decreased, while the levels of anti-inflammatory
and antioxidative stress metabolites, indoleacrylic acid, glycer-
ophosphocholine, uric acid, stearoylethanolamide, L-carnitine,
and 3-O-sulfogalactosylceramide (d18:1/20:0) were significantly
increased.

3.7 | Enrichment results of serum
metabolic pathways

Import the obtained differential metabolites into MetaboAnalyst 5.0
(http://www.metaboanalyst.ca) website for metabolite pathway en-
richment analysis. The X-axis represents VIP values, and the Y-axis
represents P-values. BL-19 regulates multiple metabolic pathways in
NAFLD mice, including lipid metabolism, inflammation metabolism,
and others such as glycerophospholipid metabolism, arachidonic
acid metabolism, sphingolipid metabolism, glutathione metabolism,
and peanut oil metabolism (Figure 7).

4 | DISCUSSION

Bifidobacterium is a type of bacteria that does not require oxygen to
surviveandproduceslacticacid (Heetal.,2023). Itisbeneficial forthe
human gut and helps maintain overall health (Derrien et al., 2022).
B. longum is the most common species of Bifidobacterium found in
both infants and adults (Saturio et al., 2021; Sims & Tannock, 2020).
It has been recognized as safe by regulatory authorities and is ap-
proved for use in food and dietary supplements in China (Skrzydto-
Radomanska et al., 2023; Yao et al., 2021). B. longum has various
health benefits, including inhibiting the growth of harmful bacteria
in the gut, reducing triglyceride and cholesterol levels in the blood,
and having antioxidant, antiaging, and immune-enhancing effects.
Our research findings indicate that B. longum BL-19 can effectively
prevent weight gain and reduce total energy intake in mice with
NAFLD, although it does not significantly affect serum triglyceride
and cholesterol levels.

After administering B. longum BL-19 orally to mice, the analysis of
their gut microbiota revealed a significant increase in the abundance
of butyrate-producing bacteria like Oscillospira and Coprococcus in
their intestines. Additionally, UPLC-MS/MS detection confirmed a
notable rise in butyrate concentration in the mice's feces. Butyrate
is a SCFAs that is produced by specific anaerobic bacteria during the
fermentation of dietary fiber in the colon (Ishizuka et al., 2023). It is
commonly found in the body as sodium salt (Ashaolu et al., 2021;
Nogal et al., 2021; van der Hee & Wells, 2021). Sodium butyrate, a
typical histone deacetylase inhibitor (HDACI), has anti-inflammatory
effects by inhibiting acetylase activity (Wang et al., 2023). Numerous
studies have demonstrated that sodium butyrate can increase leptin
secretion in animals, leading to appetite suppression, increased en-
ergy expenditure, and a slower rate of weight gain caused by a high-
fat diet (Jiao et al., 2021; Kushwaha et al., 2022; Peng et al., 2023).
We speculate that the inhibition of rapid weight gain and total en-
ergy intake in NAFLD mice by B. longum BL-19 may be attributed to
this mechanism.

Butyrate has an important biological function in reducing in-
flammation. Sodium butyrate has been found to inhibit the activa-
tion of macrophages and the release of proinflammatory cytokines
like interleukins, nitric oxide synthase, and cyclooxygenase-2 (Han
et al., 2020; Siddiqui & Cresci, 2021; Thaweesest et al., 2022).
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15.48383333

14.4011

780.5662762

HMDB0008060
HMDB0002259
HMDB0000381
HMDB0031031

C42H84NO7P
C17H3402
C24H4003

PC(18:0/P_16:0)

34
35
36

269.2474664
357.27914

Heptadecanoic acid

13.82195
13.79445

Allolithocholic acid

325.1835593
265.1468937

C18H3003s

2-Dodecylbenzenesulfonic acid

37

13.78758333

HMDB0033483

C18H22NO2+

6,7-Dihydro-4-(hydroxymethyl)-2-(p-hydroxyphenethyl)-7-methyl-5H-2-

pyrindinium

38

Patients with hyperlipidemia and insulin resistance often exhibit
abnormal levels of inflammatory factors, such as IL-1p and TNF-«
in their adipose tissue and serum compared to healthy individuals
(Cheon & Song, 2022; Gasmi et al., 2021).

The abnormal levels of inflammatory factors further lead to oxi-
dative stress, causing damage to tissues and DNA, ultimately contrib-
uting to the development of chronic diseases and cancer (Fishbein
etal.,, 2021; Hajam et al., 2022; Jomova et al., 2023). In the study, we
discovered that B. longum BL-19 effectively suppresses the expres-
sions of NLRP3 and TNF-a in NAFLD mice liver, while simultane-
ously increasing the IL-10 expression, thereby exerting a significant
anti-inflammatory effect. Additionally, it enhances the production
of the liver's antioxidant factor SOD and inhibits the production of
lipid peroxide MDA, demonstrating a substantial inhibitory effect
on oxidative stress. We hypothesize that B. longum BL-19 enhances
the population of butyrate-producing bacteria in the intestinal tract,
leading to increased production of butyrate. This, in turn, improves
inflammation and oxidative stress in the livers of NAFLD mice and
inhibits excessive weight gain in mice.

Bile acid is a product of cholesterol metabolism in the liver and is
an important substance for regulating fat absorption in the intestines
(Zhang et al., 2021). Under normal circumstances, cholesterol in the
liver is converted into bile acids by the key enzyme CYP7A1, and the
bile acids entering the intestines help with lipid absorption (Yu Cai Lim
& Kiat Ho, 2023). Bile acid metabolism is crucial for energy metabolism
in the body, and an imbalance in bile acid metabolism can lead to lipid
metabolism disorders and changes in the immune environment, which
is an important pathological mechanism of NAFLD (Guan et al., 2022).

Bile acid, derived from cholesterol metabolism, plays a signifi-
cant role in regulating fat absorption in the intestines. Normally,
cholesterol in the liver is converted into bile acids by the key enzyme
CYP7A1, and these bile acids aid in lipid absorption in the intestines
(Yu Cai Lim & Kiat Ho, 2023). The metabolism of bile acid is essential
for energy metabolism in the body, and an imbalance in this process
can result in lipid metabolism disorders and alterations in the im-
mune environment, which are important pathological mechanisms
of NAFLD (Guan et al., 2022).

FXR, an important receptor for bile acids, plays a crucial role
in their composition and content (Ku et al., 2012). The activity of
FXR can either activate or inhibit the biological effects of bile acids
(Radun & Trauner, 2021). Specifically, FXR primarily regulates the
synthesis of bile acids by controlling the expression of CYP7A1
(Chiang & Ferrell, 2022). Activation of FXR in liver cells induces
the expression of small heterodimer partner (SHP), which acts as
an auxiliary inhibitor to suppress the transcriptional activity of
liver-related homolog-1 (LRH-1) or hepatocyte nuclear factor 4a
(HNF4a), leading to the inhibition of CYP7A1 transcription and sub-
sequent reduction in bile acid synthesis (Panzitt & Wagner, 2021).
We observed a significant downregulation of FXR expression in the
liver of NAFLD mice, accompanied by a significant upregulation of
CYP7A1 expression. This resulted in excessive bile acid synthesis
and accumulation in the liver, exacerbating inflammation and liver

fibrosis in the mice. Surprisingly, treatment with B. longum BL-19 did
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TABLE 3 Serum differential metabolites of mice in the NAFLD and the BL groups.

No.

1
2
3
4

w

10

11
12

13
14
15
16
17
18
19
20
21
22
23

24

25
26
27
28
29

30
31
32

33

Metabolite
2-Lysophosphatidylcholine
1-Stearoylglycerol
LysoPC_17_00_0

PC_P_16_020_4_57,87,117,14Z _
OH_19S

PC_P_18_1_97PGJ2

LysoPC_22_6_47,77,10Z,13Z,16
7,1970_0

Indoleacrylic acid
Glycerophosphocholine
Uric acid

PC_22_6_47,77,107,13Z,16Z,
19720_

L-Proline

DG_22_6_47,77,10Z,13Z,16Z,
19720_2_

Stearoylethanolamide
PC_0_16_016_1 97
LysoPC_18_2_97,1270_0
Palmitoylcarnitine
1-Palmitoylphosphatidylcholine
Oleoylcarnitine

L-Carnitine

L-Tyrosine

Sphinganine
Dodecenoylcarnitine

2-Acetyloxy-3-
octadecoxypropyl2-trimethylazan
iumylethylphosphate

4 [4_[_2R,5R_5_[2__
Dibenzylamino_2_oxoethyl] _2_
heptyl_4_oxo_1,3_thiazolidin_3_
yl]butyl]benzoicacid
TG_15_014_1.970_18_0
Mdo_npa

3-Palmitoyl-sn-glycerol
Cer_d17_116_0
2_Oxa_4,7,12_triazatridecan_13_
oicacid,9_hydroxy_5__1_
methylethyl_3,6_dioxo_8,11_bis_
phenylmethyl_1__2_pyridinyl_,3_
pyridinylmethylester,_5S,8S,9S
,11S_

2-Hydroxydocosanoylcarnitine
Galactinol

LysoPC(20:4(8Z,11Z,14Z,
177)/0:0)

3-0O-Sulfogalactosylceramid
e(d18:1/20:0)

ZHANG ET AL.
Retention time
Formula HMDB m/z (min) Which-Max
C26H54NO7P HMDBO0258493 524.3713425 10.8386 l
C21H4204 HMDB0244009 341.3050936 16.64133333 I
C25H52NQO7P HMDB0012108 510.3559962 10.15123333 l
C44HB80ONO8P HMDBO0289433 782.5674368 15.82958333 T
C46H8BONO9P HMDB0289769 804.5498197 15.47225 T
C30H50NO7P HMDB0010404 568.3399228  8.58445 !
C11H9NO2 HMDB0000734 188.0706996 4.4529 T
C8H20NO6P HMDB0000086 258.1102437 0.900233333 T
C5H4N403 HMDB0000289 169.0356496 2.205783333 i
C50H82NO8P HMDB0008738 838.5774169 18.55208333 T
C5H9NO2 HMDBO0000162 80.04910278 21.01291667 T
C45H7205 HMDBO0007776 675.5379387 17.31501667 [
C20H41NO2 HMDBO0013078 310.3105902 16.49685 T
C40H80ONO7P HMDB0013404 718.5711487 15.5546 T
C26H50NO7P HMDBO0010386 542.3219489 8.625666667 T
C23H45N0O4 HMDB0000222 400.34191 9.02425 i
C24H50NO7P HMDBO0256091 518.3219085 9.223533333 T
C25H47NO4 HMDBO0005065 426.3571322 9.333583333 I
C7H15NO3 HMDBO0000062 162.1125045 0.96895 T
C9H11NO3 HMDB0000158 146.0598752 4.4529 T
C18H39NO2 HMDBO0000269 302.305486 7.388183333 T
C19H35N0O4 HMDB0251567 342.2643001 5.800466667 T
C28H58NO7P HMDB0242460 574.3835978 14.21456667 l
C37H46N204S HMDB0252985 659.286707 14.18706667 T
C50H9605 HMDB0043191 815.6899579 14.86061667 l
C20H21NO2 HMDB0254383 637.3052136 14.17333333 T
C19H3804 HMDB0245964 313.2736158 14.1321 l
C33H65N0O3 HMDBO0240685 524.5014874 11.23715 I
C37H43N506 HMDBO0244627 654.3303822 14.16645 )
C29H57NO5 HMDB0241600 538.3854429  12.05543333 i}
C12H22011 HMDB0005826 377.0852857 0.7602 l
C28H50NO7P HMDBO001039%96 588.3293491 10.39696667 T
C44H85N0O11S HMDBO0012315 870.5483222 10.28015 T
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TABLE 3 (Continued)
Retention time
No. Metabolite Formula HMDB m/z (min) Which-Max
34 PE(20:0/18:3(97,12Z,157)) C43HBONO8P HMDB0009227 790.5408607  10.87353333 l
35 12_KETE C20H3003 HMDB0013633 317.211439 10.99723333 T
36 16-Hydroxyhexadecanoic acid C16H3203 HMDB0006294 317.2115701 11.61945 l
37 Docosahexaenoic acid C22H3202 HMDB0002183 327.2326495 12.73883333 )
38 (2'E,4'Z2,7'Z,8E)_Colnelenic acid C18H2803 HMDB0030996 629.4549201 12.93863333 1
39 DG(15:0/22:5(72,102,13Z2,16Z, C40H6805 HMDB0007091 6274984601 13.79445 1
197)/0:0)
40 LysoPC(17:0/0:0) C25H52NO7P HMDB0012108 554.3451641  11.52316667 l
41 LysoPC(18:1(92)/0:0) C26H52NO7P HMDBO0002815 566.3451239 11.05395 T
42 LysoPE(18:2(9Z,127)/0:0) C23H44NO7P HMDB0011507 476.277269 10.4382 l
43 Kinetensin 4-7 C26H37N906 HMDBO0012986 592.2640484 10.45195 T
44 PE(22:5(77,10Z,13Z,16Z, C43H76NO8P HMDB0009649 764.5268842  10.85291667 T
197)/16:0)
45 Allylestrenol C21H320 HMDB0015500 345.242761 11.8056 l
46 Avocadene C17H3403 HMDBO0031042 267.2318903 13.40783333 T
47 Adrenic acid C22H3602 HMDB0002226 331.2633988  13.6364 1
48 PC(18:0/P_16:0) C42H84NO7P HMDB0008060 780.5662762  15.48383333 T
49 Heptadecanoic acid C17H3402 HMDB0002259 269.2474664 14.4011 1
50 2-Dodecylbenzenesulfonic acid C18H3003S HMDB0031031 325.1835593 13.79445 T
51 6,7-Dihydro-4-(hydroxymethyl)- C18H22NO2+ HMDB0033483 265.1468937  13.78758333 1
2-(p-hydroxyphenethyl)-7-
methyl-5H-2-pyrindinium
52 N-Undecanoylglycine C13H25N0O3 HMDB0013286 242.1752641 13.77385 1
53 LysoPE(0:0/24:6(67,97,127,15Z, C29H48NO7P HMDB0011499 552.3085608  10.38323333 1
187,217))
54 LysoPC(O_18:0/0:0) C26H56NO6P HMDB0011149 554.3827441  9.472233333 l
55 L-Glyceric acid C3H604 HMDB0006372 151.0250207  1.236283333 1
56 Xanthosine C10H12N406 HMDB0000299 283.0673341  2.428966667 T
57 Inosine L C10H12N405 HMDBO0000195 267.0722339 1.719116667 T
58 Oxidized glutathione C20H32N601252 HMDB0003337 611.1451283 1.1469 T
59 Dithianon C14H4N202S2 HMDB0031780 316.9468431  0.6846 1

not significantly alter the expression of FXR and FGF-15 in mice,
nor did it significantly change the serum TBA content. However, it
did significantly increase the expression of CYP7A1. These findings
contradict the notion that improving NAFLD symptoms involves in-
hibiting CYP7A1 expression and bile acid synthesis through the FXR
signaling pathway.

We hypothesize that B. longum BL-19 has the ability to enhance
butyrate production in the intestines. This, in turn, directly stimu-
lates the expression of CYP7A1 in the liver which could accelerate
the reaction that consumes cholesterol and synthesizes bile acids
(Guo et al.,, 2023; Hamada et al., 2020). Some intestinal bacteria
possess bile salt hydrolase (BSH), which aids in the conversion of
bile acids (Bourgin et al., 2021). In their study, He et al. found that
Bifidobacterium had a significant impact on the levels of butyrate in
the intestines. Additionally, it increased the abundance of bacteria
with BSH activity, leading to a greater conversion of conjugated bile

acids to free bile acids within the intestinal lumen (He et al., 2021).
Due to their lower solubility and absorption efficiency in the intesti-
nal lumen, free bile acids are found in higher quantities in feces com-
pared to conjugated bile acids (Laustiola et al., 1988). Consequently,
this leads to an accelerated rate of cholesterol synthesis into bile
acids in the liver and an upregulation in the expression of CYP7A1
(Chiang & Ferrell, 2020).

Additional metabolomics research has revealed that B. longum
BL-19 has a significant impact on the serum metabolomics of mice
with NAFLD. This impact primarily involves multiple metabolic
pathways, including lipid metabolism and inflammation metabolism.
Uric acid, an endogenous danger signal and activator of the inflam-
masome, is an independent risk factor for the development of liver
cirrhosis (Fernandez Rodriguez et al., 2019). Studies have discovered
a positive correlation between blood uric acid levels and the severity
of NAFLD in patients.
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FIGURE 7 Enrichment Results of Serum Metabolic Pathways. (A) NC group versus NAFLD group (ESI). 1: Glycerophospholipid
metabolism; 2: Purine metabolism; 3: Linoleic acid metabolism; 4: a-linolenic acid metabolism; 5: Arachidonic acid metabolism. (B) NAFLD
group versus BL group (ESI*). 1: Glycerophospholipid metabolism; 2: Aminoacyl-tRNA biosynthesis; 3: Biosynthesis of phenylalanine,
tyrosine, and tryptophan; 4: Linoleic acid metabolism; 5: Ubiquinone biosynthesis; 6: Phenylalanine metabolism; 7: a-linolenic acid
metabolism; 8: Arachidonic acid metabolism. (C) NC group versus NAFLD group (ESI™). 1: Glycerophospholipid metabolism; 2: Linoleic
acid metabolism; 3: a-linolenic acid metabolism; 4: Glycosyl phosphatidylinositol (GPI) anchored biosynthesis; 5: Sphingolipid metabolism;
6: Folate biosynthesis; 7: Galactose metabolism. (D) NAFLD group versus BL group (ESI"). 1: Glycerophospholipid metabolism; 2: Linoleic
acid metabolism; 3: Purine metabolism; 4: a-linolenic acid metabolism; 5: Glycosyl phosphatidylinositol (GPI) anchored biosynthesis; 6:
Arachidonic acid metabolism; 7: Sphingolipid metabolism; 8: Folate biosynthesis; 9: Galactose metabolism; 10: Glutathione metabolism.

Palmitoyl phosphatidylcholine reflects the level of endogenous
lipid synthesis and metabolism. An increase in the level of palmitoyl
phosphatidylcholine in the serum indicates enhanced lipid synthesis
(Mato et al., 2019). Insulin resistance leads to increased de novo syn-
thesis of fat in the liver and inhibits the breakdown of fat in adipose
tissue, ultimately resulting in an increase in total fatty acid content

in liver cells (Tong et al., 2022). Prolonged excess lipid supply sat-
urates the liver's capacity for fatty acid oxidation and secretion of
triglycerides, leading to the accumulation of toxic lipid metabolites
through nonoxidative pathways in liver cells (Wang et al., 2019).
NAFLD patients have
Lysophosphatidylcholine (LysoPE) in their bodies (Yamamoto

significantly elevated levels of
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et al., 2021). High concentrations of LysoPE in the liver can disrupt
mitochondrial integrity and lead to the release of proinflammatory
substance cytochrome C from mitochondria, thereby activating ox-
idative stress and inflammatory responses (Li et al., 2022). NAFLD
mice treated with B. longum BL-19 showed a significant decrease in
serum LysoPE levels.

Indoleacrylic acid is a tryptophan metabolite produced by bac-
teria in the intestines. Indoleacrylic acid has significant antioxidant
abilities and can eliminate free radicals and prevent oxidative dam-
age (Hendrikx & Schnabl, 2019). Indoleacrylic acid can inhibit mac-
rophage activation and proinflammatory cytokine secretion induced
by bacterial lipopolysaccharides (Hendrikx & Schnabl, 2019). In this
study, the level of indoleacrylic acid in mouse serum was significantly
increased, which is related to the anti-inflammatory and antioxidant
abilities of B. longum BL-19.

Glycerophosphocholine is also a compound with anti-
inflammatory and antioxidant functions. Its concentration in the
serum of NAFLD patients is significantly decreased compared to
healthy individuals, making it a biomarker for liver damage and fibro-
sis in NAFLD patients (Beyoglu & Idle, 2020). In this study, NAFLD
mice treated with B. longum BL-19 showed a significant increase in
serum glycerophosphocholine levels, indicating that liver damage
in mice was inhibited. Stearoylethanolamide is also closely associ-
ated with obesity and insulin resistance (Li & Chiang, 2014). When
its concentration increases, it can significantly alleviate chronic in-
flammation and insulin resistance in the body (Mock et al., 2023). In
this study, the serum Stearoylethanolamide levels in NAFLD mice
were significantly increased, which is also related to the alleviation
of chronic inflammation in mice by B. longum BL-19. L-carnitine has
significant antioxidant stress ability, can maintain normal mitochon-
drial function, and alleviate insulin resistance (Li & Zhao, 2021).
Upregulating the serum L-carnitine levels in NAFLD mice treated
with B. longum BL-19 can help improve inflammation and oxida-
tive stress in mice, as well as liver inflammation damage and lipid
deposition.

16-hydroxyhexadecanoic acid is a saturated fatty acid. The
concentration of 16-hydroxyhexadecanoic acid in the blood sig-
nificantly increases during a high-fat diet and may further in-
duce disturbances in glucose and lipid metabolism in the human
body (Chen et al., 2023). Docosahexaenoic acid is a beneficial
medium-chain fatty acid. Studies have shown that docosahexae-
noic acid can inhibit de novo lipogenesis in the liver, redirecting
fatty acids used for triglyceride synthesis toward p-oxidation.
Docosahexaenoic acid can also upregulate the activity of fatty
acid p-oxidation enzymes in liver mitochondria, ultimately re-
ducing hepatic lipid deposition and circulating triglyceride levels
(Calder, 2022). Clinical research has also found that supplement-
ing docosahexaenoic acid to NAFLD patients significantly re-
duces hepatic lipid accumulation (Valenzuela & Videla, 2020).
N-undecanoylglycine is a glycine derivative primarily involved
in fatty acid oxidation and NAFLD patients have significantly
elevated levels of N-undecanoylglycine (Goon et al., 2021). In

this study, after treatment with B. longum BL-19, the level of N-
undecanoylglycine in mouse serum was significantly reduced,
indicating improved fatty acid oxidation and decreased oxida-
tive stress levels in the body. Inosine has anti-inflammatory and
hepatoprotective functions. It can reduce the levels of alanine
aminotransferase (ALT) and aspartate aminotransferase (AST) in
the serum of mice with acute liver injury and increase the activ-
ity of antioxidant enzymes such as superoxide dismutase (SOD)
in the serum (Guo et al., 2021; Morrell et al., 2020). In this study,
after treatment with B. longum BL-19, the level of inosine in mouse
serum significantly increased, and the inflammatory response and
liver damage in mice were alleviated.

5 | CONCLUSIONS

To summarize, B. longum BL-19 shows promise as a drug for adjunc-
tive treatment of NAFLD. It effectively improves oxidative stress
and inflammation in the liver of NAFLD mice, while also reducing
lipid deposition. Additionally, B. longum BL-19 increases levels of
antioxidant metabolites in the serum of NAFLD mice, as indicated
by nontargeted metabolomics results. Furthermore, B. longum BL-19
enhances the production of butyric acid in the mouse gut, as ob-
served through mouse gut microbiota and UPLC-MS/MS detection.
This increase in butyric acid regulates liver CYP7A1 activity and bile
acid production, effectively treating inflammation and lipid deposi-
tion in the liver of NAFLD mice.

AUTHOR CONTRIBUTIONS

Xiajun Zhang: Conceptualization (equal); data curation (equal); fund-
ing acquisition (equal); writing - original draft (equal). Jingwen Xu:
Data curation (equal); formal analysis (equal); methodology (equal).
Xueyun Dong: Conceptualization (equal); data curation (equal);
visualization (equal). Jiajun Tang: Methodology (equal); visualization
(equal); writing - original draft (equal). Yan Xie: Data curation (equal);
formal analysis (equal). Jie Yang: Data curation (equal); formal analy-
sis (equal); investigation (equal). Limin Zou: Methodology (equal);
resources (equal); software (equal). Liang Wu: Conceptualization
(equal); data curation (equal); investigation (equal); project admin-
istration (equal); supervision (equal); visualization (equal); writing
- original draft (equal); writing - review and editing (equal). Jilong
Fan: Conceptualization (equal); data curation (equal); formal analysis
(equal); funding acquisition (equal); project administration (equal);
supervision (equal); visualization (equal); writing - original draft

(equal); writing - review and editing (equal).

ACKNOWLEDGMENTS
This research was funded by Jiangsu Administration of Traditional
Chinese Medicine (MS2022126).

CONFLICT OF INTEREST STATEMENT
The authors declare that they have no conflict of interest.



ZHANG ET AL.

6458
—I—WI LEY-

DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be made

available by the authors.

ETHICS STATEMENT

The study was conducted in accordance with the National Institutes
of Health guide for the care and use of Laboratory animals (NIH
Publications No. 8023, revised 1978) and approved by the Ethics
Committee of the Jiangsu University (protocol code UJS-IACUC-
AP-2021032009 and date of approval: January 2021).

ORCID

Liang Wu "= https://orcid.org/0000-0002-8241-2433
Jilong Fan "= https://orcid.org/0009-0004-5471-6562
REFERENCES

Amabebe, E., Robert, F. O., Agbalalah, T., & Orubu, E. (2020). Microbial
dysbiosis-induced obesity: Role of gut microbiota in homoeosta-
sis of energy metabolism. The British Journal of Nutrition, 123(10),
1127-1137.

Ashaolu, T. J., Ashaolu, J. O., & Adeyeye, S. (2021). Fermentation of pre-
biotics by human colonic microbiota in vitro and short-chain fatty
acids production: A critical review. Journal of Applied Microbiology,
130(3), 677-687.

Beyoglu, D., & Idle, J. R. (2020). Metabolomic and lipidomic biomarkers
for premalignant liver disease diagnosis and therapy. Metabolites,
10(2), 50.

Bourgin, M., Kriaa, A., Mkaouar, H., Mariaule, V., Jablaoui, A., Maguin, E.,
& Rhimi, M. (2021). Bile salt hydrolases: At the crossroads of micro-
biota and human health. Microorganisms, 9(6), 1122.

Bustamante, M., Oomah, B. D., Mosi-Roa, Y., Rubilar, M., & Burgos-Diaz,
C.(2020). Probiotics as an adjunct therapy for the treatment of hal-
itosis, dental caries and periodontitis. Probiotics and Antimicrobial
Proteins, 12(2), 325-334.

Calder, P. C. (2022). Omega-3 fatty acids and metabolic partitioning of
fatty acids within the liver in the context of nonalcoholic fatty liver
disease. Current Opinion in Clinical Nutrition and Metabolic Care,
25(4), 248-255.

Chen, J., Wang, L., Wang, Y., Jin, A, Wang, S., Li, X., & Jiang, Y. H. (2023).
Effects of Banxia Baizhu Tianma decoction in alleviating athero-
sclerosis based on the regulation of perivascular adipose. Journal of
Ethnopharmacology, 322, 117575.

Cheon, S. Y., & Song, J. (2022). Novel insights into non-alcoholic fatty
liver disease and dementia: Insulin resistance, hyperammonemia,
gut dysbiosis, vascular impairment, and inflammation. Cell &
Bioscience, 12(1), 99.

Chiang, J., & Ferrell, J. M. (2020). Up to date on cholesterol 7 alpha-
hydroxylase (CYP7A1) in bile acid synthesis. Liver Research, 4(2),
47-63.

Chiang, J., & Ferrell, J. M. (2022). Discovery of farnesoid X receptor and
its role in bile acid metabolism. Molecular and Cellular Endocrinology,
548,111618.

Chiang, J. Y. (2013). Bile acid metabolism and signaling. Comprehensive
Physiology, 3(3), 1191-1212.

Derrien, M., Turroni, F., Ventura, M., & van Sinderen, D. (2022). Insights
into endogenous Bifidobacterium species in the human gut microbi-
ota during adulthood. Trends in Microbiology, 30(10), 940-947.

Fernédndez Rodriguez, C. M., Aller, R., Gutiérrez Garcia, M. L., Ampuero,
J., Gémez-Camarero, J., Martin-Mateos, R. M., Burgos-Santamaria,
D., Rosales, J. M., Aspichueta, P., Buque, X., Latorre, M., Andrade,
R. J.,, Hernandez-Guerra, M., & Romero-Gémez, M. (2019). Higher

levels of serum uric acid influences hepatic damage in patients
with non-alcoholic fatty liver disease (NAFLD). Revista Esparola de
Enfermedades Digestivas, 111(4), 264-269.

Fishbein, A., Hammock, B. D., Serhan, C. N., & Panigrahy, D. (2021).
Carcinogenesis: Failure of resolution of inflammation. Pharmacology
& Therapeutics, 218, 107670.

Gasmi, A., Noor, S., Menzel, A., Dosa, A., Pivina, L., & Bjgrklund, G.
(2021). Obesity and insulin resistance: Associations with chronic
inflammation, genetic and epigenetic factors. Current Medicinal
Chemistry, 28(4), 800-826.

Goon, D. E., Ab-Rahim, S., Mohd Sakri, A. H., Mazlan, M., Tan, J. K., Abdul
Aziz, M., Mohd Noor, N., Ibrahim, E., & Sheikh Abdul Kadir, S. H.
(2021). Untargeted serum metabolites profiling in high-fat diet mice
supplemented with enhanced palm tocotrienol-rich fraction using
UHPLC-MS. Scientific Reports, 11(1), 21001.

Guan, B., Tong, J., Hao, H., Yang, Z., Chen, K., Xu, H., & Wang, A. (2022).
Bile acid coordinates microbiota homeostasis and systemic immu-
nometabolism in cardiometabolic diseases. Acta Pharmaceutica
Sinica B, 12(5), 2129-2149.

Guo, Q. Li, Y, Dai, X.,, Wang, B., Zhang, J.,, & Cao, H. (2023).
Polysaccharides: The potential prebiotics for metabolic associated
fatty liver disease (MAFLD). Nutrients, 15(17), 3722.

Guo, W, Xiang, Q., Mao, B., Tang, X., Cui, S., Li, X., Zhao, J., Zhang, H.,
& Chen, W. (2021). Protective effects of microbiome-derived ino-
sine on lipopolysaccharide-induced acute liver damage and inflam-
mation in mice via mediating the TLR4/NF-xB pathway. Journal of
Agricultural and Food Chemistry, 69(27), 7619-7628.

Hajam, Y. A., Rani, R., Ganie, S. Y., Sheikh, T. A., Javaid, D., Qadri, S. S.,
Pramodh, S., Alsulimani, A., Alkhanani, M. F., Harakeh, S., Hussain,
A., Haque, S., & Reshi, M. S. (2022). Oxidative stress in human pa-
thology and aging: Molecular mechanisms and perspectives. Cells,
11(3), 552.

Hamada, Y., Goto, M., Nishimura, G., Nagasaki, H., Seino, Y., Kamiya,
H., & Nakamura, J. (2020). The alpha-glucosidase inhibitor migli-
tol increases hepatic CYP7A1 activity in association with altered
short-chain fatty acid production in the gut of obese diabetic mice.
Metabolism Open., 5, 100024.

Han, Y., Zhao, Q. Tang, C., Li, Y., Zhang, K., Li, F., & Zhang, J. (2020).
Butyrate mitigates weanling piglets from lipopolysaccharide-
induced colitis by regulating microbiota and energy metabolism of
the gut-liver axis. Frontiers in Microbiology, 11, 588666.

He,B. L., Xiong,Y.,Hu, T.G.,Zong, M. H., & Wu, H. (2023). Bifidobacterium
spp. as functional foods: A review of current status, challenges, and
strategies. Critical Reviews in Food Science and Nutrition, 63(26),
8048-8065.

He, C., Shen, W., Chen, C., Wang, Q,, Lu, Q., Shao, W., Jiang, Z., & Hu, H.
(2021). Circadian rhythm disruption influenced hepatic lipid metab-
olism, gut microbiota and promoted cholesterol gallstone forma-
tion in mice. Frontiers in Endocrinology (Lausanne), 12, 723918.

Hendrikx, T., & Schnabl, B. (2019). Indoles: Metabolites produced by in-
testinal bacteria capable of controlling liver disease manifestation.
Journal of Internal Medicine, 286(1), 32-40.

Huang, W., Wang, G., Xia, Y., Xiong, Z., & Ai, L. (2020). Bile salt hydrolase-
overexpressing Lactobacillus strains can improve hepatic lipid ac-
cumulation in vitro in an NAFLD cell model. Food Nutrition Research,
64, 10.

Ishizuka, N., Nagahashi, M., Mochida, Y., Hempstock, W., Nagata, N., &
Hayashi, H. (2023). Na(+)-dependent intestinal glucose absorption
mechanisms and its luminal Na(+) homeostasis across metamorpho-
sis from tadpoles to frogs. American Journal of Physiology. Regulatory,
Integrative and Comparative Physiology, 324(5), R645-R655.

Jiao, A., Yu, B, He, J., Yu, J., Zheng, P,, Luo, Y., Luo, J.,, Yan, H., Wang, Q.,
Wang, H., Mao, X., & Chen, D. (2021). Sodium acetate, propionate,
and butyrate reduce fat accumulation in mice via modulating appe-
tite and relevant genes. Nutrition, 87-88, 111198.


https://orcid.org/0000-0002-8241-2433
https://orcid.org/0000-0002-8241-2433
https://orcid.org/0009-0004-5471-6562
https://orcid.org/0009-0004-5471-6562

ZHANG ET AL.

Jomova, K., Raptova, R., Alomar, S. Y., Alwasel, S. H., Nepovimova, E.,
Kuca, K., & Valko, M. (2023). Reactive oxygen species, toxicity,
oxidative stress, and antioxidants: Chronic diseases and aging.
Archives of Toxicology, 97(10), 2499-2574.

Ku, B. J., Kim, T. H., Lee, J. H., Buras, E. D., White, L. D., Stevens, R.
D., llkayeva, O. R., Bain, J. R., Newgard, C. B., DeMayo, F. J,, &
Jeong, J. W. (2012). Mig-6 plays a critical role in the regulation of
cholesterol homeostasis and bile acid synthesis. PLoS ONE, 7(8),
e42915.

Kushwaha, V., Rai, P., Varshney, S., Gupta, S., Khandelwal, N., Kumar, D.,
& Nilkanth Gaikwad, A. (2022). Sodium butyrate reduces endoplas-
mic reticulum stress by modulating CHOP and empowers favorable
anti-inflammatory adipose tissue immune-metabolism in HFD fed
mice model of obesity. Food Chem (Oxf), 4, 100079.

Laustiola, K. E., Lassila, R., Kaprio, J., & Koskenvuo, M. (1988). Decreased
beta-adrenergic receptor density and catecholamine response in
male cigarette smokers. A study of monozygotic twin pairs discor-
dant for smoking. Circulation, 78(5 pt 1), 1234-1240.

Li, H., Liu, F., Lu, J., Shi, J., Guan, J., Yan, F, Li, B., & Huo, G. (2020).
Probiotic mixture of Lactobacillus plantarum strains improves lipid
metabolism and gut microbiota structure in high fat diet-fed mice.
Frontiers in Microbiology, 11, 512.

Li, J., Sun, H., Wang, C., Li, S., & Cai, Y. (2022). Subchronic toxicity of
microcystin-LR on young Frogs (Xenopus laevis) and their gut micro-
biota. Frontiers in Microbiology, 13, 895383.

Li, N., & Zhao, H. (2021). Role of carnitine in non-alcoholic fatty liver
disease and other related diseases: An update. Frontiers in Medicine
(Lausanne), 8, 689042.

Li, T., & Chiang, J. Y. (2014). Bile acid signaling in metabolic disease and
drug therapy. Pharmacological Reviews, 66(4), 948-983.

Liang, Z. Q., Bian, Y., Gu, J. F.,Yin, G, Sun, R. L., Liang, Y., Wan, L. L., Yin,
Q. H., Wang, X., Gao, J., Zhao, F., & Tang, D. C. (2023). Exploring
the anti-metastatic effects of Astragalus mongholicus Bunge-
Curcuma aromatica Salisb. On colorectal cancer: A network-based
metabolomics and pharmacology approach. Phytomedicine, 114,
154772.

Loomba, R., Friedman, S. L., & Shulman, G. . (2021). Mechanisms and dis-
ease consequences of nonalcoholic fatty liver disease. Cell, 184(10),
2537-2564.

Marras, L., Caputo, M., Bisicchia, S., Soato, M., Bertolino, G., Vaccaro,
S., & Inturri, R. (2021). The role of Bifidobacteria in predictive and
preventive medicine: A focus on eczema and hypercholesterolemia.
Microorganisms., 9(4), 836.

Mato, J. M., Alonso, C., Noureddin, M., & Lu, S. C. (2019). Biomarkers
and subtypes of deranged lipid metabolism in non-alcoholic
fatty liver disease. World Journal of Gastroenterology, 25(24),
3009-3020.

Mock, E. D., Gagestein, B., & van der Stelt, M. (2023). Anandamide and
other N-acylethanolamines: A class of signaling lipids with thera-
peutic opportunities. Progress in Lipid Research, 89, 101194.

Morrell, A, Tripet, B. P., Eilers, B. J., Tegman, M., Thompson, D., Copié, V.,
& Burkhead, J. L. (2020). Copper modulates sex-specific fructose
hepatoxicity in nonalcoholic fatty liver disease (NALFD) Wistar rat
models. The Journal of Nutritional Biochemistry, 78, 108316.

Muzurovié, E., Mikhailidis, D. P., & Mantzoros, C. (2021). Non-alcoholic
fatty liver disease, insulin resistance, metabolic syndrome and their
association with vascular risk. Metabolism, 119, 154770.

Nogal, A., Valdes, A. M., & Menni, C. (2021). The role of short-chain fatty
acids in the interplay between gut microbiota and diet in cardio-
metabolic health. Gut Microbes, 13(1), 1-24.

Olas, B. (2020). Probiotics, prebiotics and synbiotics-a promising strat-
egy in prevention and treatment of cardiovascular diseases.
International Journal of Molecular Sciences, 21(24), 9737.

Panzitt, K., & Wagner, M. (2021). FXR in liver physiology: Multiple
faces to regulate liver metabolism. Biochimica et Biophysica Acta -
Molecular Basis of Disease, 1867(7), 166133.

—Wl LEYm

Peng, K., Dong, W., Luo, T., Tang, H., Zhu, W., Huang, Y., & Yang, X.
(2023). Butyrate and obesity: Current research status and future
prospect. Front Endocrinol (Lausanne), 14, 1098881.

Pham, V. T., Dold, S., Rehman, A., Bird, J. K., & Steinert, R. E. (2021).
Vitamins, the gut microbiome and gastrointestinal health in hu-
mans. Nutrition Research, 95, 35-53.

Radun, R., & Trauner, M. (2021). Role of FXR in bile acid and metabolic
homeostasis in NASH: Pathogenetic concepts and therapeutic op-
portunities. Seminars in Liver Disease, 41(4), 461-475.

Salehi-Sahlabadi, A., Sadat, S., Beigrezaei, S., et al. (2021). Dietary
patterns and risk of non-alcoholic fatty liver disease. BMC
Gastroenterology, 21(1), 41.

Saturio, S., Nogacka, A. M., Alvarado-Jasso, G. M., Salazar, N., de los
Reyes-Gavilan, C. G., Gueimonde, M., & Arboleya, S. (2021). Role of
Bifidobacteria on infant health. Microorganisms, 9(12), 2415.

Siddiqui, M. T., & Cresci, G. (2021). The immunomodulatory functions of
butyrate. Journal of Inflammation Research, 14, 6025-6041.

Sims, I. M., & Tannock, G. W. (2020). Galacto- and fructo-oligosaccharides
utilized for growth by cocultures of Bifidobacterial species charac-
teristic of the infant gut. Applied and Environmental Microbiology,
86(11), e00214-20.

Skrzydto-Radomanska, B., Prozorow-Krél, B., Kurzeja-Mirostaw, A.,
Cichoz-Lach, H., Laskowska, K., Majsiak, E., Bierta, J. B., Agnieszka,
S., & Cukrowska, B. (2023). The efficacy and safety of single-strain
probiotic formulations containing Bifidobacterium lactis or Bacillus
coagulans in adult patients with irritable bowel syndrome—A ran-
domized double-blind placebo-controlled three-arm interventional
trial. Journal of Clinical Medicine, 12(14), 4838.

Tanwar, S., Rhodes, F., Srivastava, A., Trembling, P. M., & Rosenberg,
W. M. (2020). Inflammation and fibrosis in chronic liver diseases
including non-alcoholic fatty liver disease and hepatitis C. World
Journal of Gastroenterology, 26(2), 109-133.

Tarantino, G., & Citro, V. (2024). Could adverse effects of antibiotics
due to their use/misuse be linked to some mechanisms related to
nonalcoholic fatty liver disease. International Journal of Molecular
Sciences, 25(4), 1993.

Tarantino, G., Sinatti, G., Citro, V., Santini, S. J., & Balsano, C. (2023).
Sarcopenia, a condition shared by various diseases: Can we allevi-
ate or delay the progression. Internal and Emergency Medicine, 18(7),
1887-1895.

Teng, M. L., Ng, C. H., Huang, D. Q. et al. (2023). Global incidence and
prevalence of nonalcoholic fatty liver disease. Clinical and Molecular
Hepatology, 29(Suppl), $32-542.

Thaweesest, W., Buranasudja, V., Phumsuay, R., Muangnoi, C., Vajragupta,
0., Sritularak, B., Rashatasakhon, P., & Rojsitthisak, P. (2022). Anti-
inflammatory activity of oxyresveratrol tetraacetate, an ester prod-
rug of oxyresveratrol, on lipopolysaccharide-stimulated RAW264.7
macrophage cells. Molecules, 27(12), 3922.

Tilg, H., Adolph, T. E., & Moschen, A. R. (2021). Multiple parallel hits hy-
pothesis in nonalcoholic fatty liver disease: Revisited after a de-
cade. Hepatology, 73(2), 833-842.

Tong, Y., Xu, S., Huang, L., & Chen, C. (2022). Obesity and insulin resis-
tance: Pathophysiology and treatment. Drug Discovery Today, 27(3),
822-830.

Valenzuela, R., & Videla, L. A. (2020). Impact of the co-administration of
N-3 fatty acids and olive oil components in preclinical nonalcoholic
fatty liver disease models: A mechanistic view. Nutrients, 12(2), 499.

van der Hee, B., & Wells, J. M. (2021). Microbial regulation of host phys-
iology by short-chain fatty acids. Trends in Microbiology, 29(8),
700-712.

Wang, X., Tanaka, N., Hu, X., Kimura, T., Lu, Y., Jia, F., Sato, Y., Nakayama,
J., Moriya, K., Koike, K., & Aoyama, T. (2019). A high-cholesterol diet
promotes steatohepatitis and liver tumorigenesis in HCV core gene
transgenic mice. Archives of Toxicology, 93(6), 1713-1725.

Wang, Y., Zhang, T., Nie, L., Zhang, Y., Wang, J., Liu, Q, Dong,
L., Hu, Y. Zhang, B., & Wang, S. (2023). Digestibility of



6460
—I—WI LEY-

ZHANG ET AL.

malondialdehyde-induced dietary advanced lipoxidation end prod-
ucts and their effects on hepatic lipid accumulation in mice. Journal
of Agricultural and Food Chemistry, 71(27), 10403-10416.

Yamamoto, Y., Sakurai, T., Chen, Z., Furukawa, T., Gowda, S. G. B., Wu,
Y., Nouso, K., Fujii, Y., Yoshikawa, Y., Chiba, H., & Hui, S. P. (2021).
Analysis of serum lysophosphatidylethanolamine levels in patients
with non-alcoholic fatty liver disease by liquid chromatography-
tandem mass spectrometry. Analytical and Bioanalytical Chemistry,
413(1), 245-254.

Yao, S., Zhao, Z., Wang, W., & Liu, X. (2021). Bifidobacterium longum:
Protection against inflammatory bowel disease. Journal of
Immunology Research, 2021, 8030297.

Yu Cai Lim, M., & Kiat Ho, H. (2023). Pharmacological modulation of cho-
lesterol 7a-hydroxylase (CYP7A1) as a therapeutic strategy for hy-
percholesterolemia. Biochemical Pharmacology, 220, 115985.

Zhang, B., Kuipers, F., de Boer, J. F., & Kuivenhoven, J. A. (2021).
Modulation of bile acid metabolism to improve plasma lipid and li-
poprotein profiles. Journal of Clinical Medicine, 11(1), 4.

Zhang, W., Hua, Y., Zheng, D., Chen, Q., Huang, R., Wang, W., & Li, X.

(2024). Expression and clinical significance of miR-8078 in patients
with congenital heart disease-associated pulmonary arterial hyper-
tension. Gene, 896, 147964.

How to cite this article: Zhang, X., Xu, J., Dong, X., Tang, J., Xie,
Y., Yang, J., Zou, L., Wu, L., & Fan, J. (2024). Bifidobacterium
longum BL-19 inhibits oxidative stress and inflammatory
damage in the liver of mice with NAFLD by regulating the
production of butyrate in the intestine. Food Science &
Nutrition, 12, 6442-6460. https://doi.org/10.1002/fsn3.4279



https://doi.org/10.1002/fsn3.4279

	Bifidobacterium longum BL-­19 inhibits oxidative stress and inflammatory damage in the liver of mice with NAFLD by regulating the production of butyrate in the intestine
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|NAFLD mice model and grouping
	2.2|Measurement of serum biochemical indicators and feces butyric acid
	2.3|The qPCR assay
	2.4|Mouse liver HE staining and oil red O staining
	2.5|Analysis of 16S rRNA gene sequencing of mouse colon contents
	2.6|Nontargeted metabolomic analysis of mouse serum
	2.7|Statistical analysis

	3|RESULTS
	3.1|BL-­19 strain reduced body weight and energy intake in NAFLD mice
	3.2|BL-­19 regulates the inflammation and bile acid synthesis genes in liver
	3.3|BL-­19 improved serum inflammatory and oxidative stress indexes and fecal butyric acid content in NAFLD mice
	3.4|BL-­19 alleviates liver damage and lipid deposition in NAFLD mice
	3.5|BL-­19 remodeled the intestinal flora of NAFLD mice
	3.6|Results of nontargeted metabolomics analysis in mouse serum
	3.7|Enrichment results of serum metabolic pathways

	4|DISCUSSION
	5|CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	ETHICS STATEMENT
	REFERENCES


