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Abstract

This study aimed to investigate the hypolipidemic mechanism of Pediococcus acidilactici FZU106-fermented Laminaria japonica (FLJ) and evaluate its
therapeutic potential against high-fat diet-induced nonalcoholic fatty liver disease (NAFLD) in rats. Our results demonstrated that the FLJ intervention
significantly ameliorated NAFLD's progression through dual regulatory mechanisms. First, the intervention with FLJ significantly reduced body weight gain
(=23.57%), perirenal fat and epididymal fat indexes (—40.16% and —34.64%, respectively), and serum and liver lipid levels, suggesting decreased hepatic fat
accumulation (=39.96%) in NAFLD rats. Further mechanistic analysis demonstrated that FLJ modulated lipid metabolism-related pathways by down-
regulating the expression of key genes involved in cholesterol synthesis (HMGCR) and fatty acid uptake (CD36), while upregulating the expression of bile
acid conversion enzymes (CYP7A1). Second, FLJ reshaped the gut microbiota's composition by enriching the abundance of beneficial bacteria, including
Akkermansia, Ruminococcaceae_UCG-005, and Pediococcus, which were positively correlated with the short-chain fatty acid level (butyrate) and negatively
correlated with lipid parameters in the serum and liver (total cholesterol and triglycerides). These bacteria exhibited a strong correlation with the bile
secretion pathway, as revealed by functional metagenomic profiling through phylogenetic investigation of communities by reconstruction of unobserved
states (PICRUSt) analysis. These findings suggested that FLJ attenuated NAFLD through coordination of the gut-liver axis, positioning it as a promising

dietary intervention for metabolic liver disorders.
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Introduction

Nonalcoholic fatty liver disease (NAFLD) has become the most
prevalent chronic liver disease globally, reaching pandemic levels.
Its occurrence is primarily linked to the global rise in obesity, with
an estimated prevalence of up to 75% among obese individualst'l.
NAFLD is involved in a series of liver abnormalities, ranging from
simple hepatic steatosis to advanced stages that may deteriorate
into nonalcoholic steatohepatitis (NASH) and occasionally evolve
into cirrhosis!?. Moreover, NAFLD also strongly affects the functions
of extrahepatic organs. The pathogenesis of NAFLD has remained
incompletely elucidated, but several contributing factors have been
identified, including a high-fat diet, genetic factors, insulin resis-
tance, liver fat accumulation, and inflammatory stimulation34,
Although several antiobesity medications are available, their efficacy
is limited and is accompanied by adverse effects, such as oil stains
and diarrheall. Therefore, identifying effective and safe therapeutic
treatments for NAFLD has become critically important.

The gut microbiota has emerged as an essential contributor to
the development and progression of metabolic disorders, which are
closely linked to the pathophysiology of obesity and NAFLD, as
evidenced by gut dysbiosis, increased intestinal permeability, and
altered microbiota compositionl®l, It has been established that most
dietary interventions exert their effects through modulation of the
gut microbiota, which may, in turn, exert beneficial effects on NAFLD
via microbial-derived metabolites!”). Short-chain fatty acids (SCFAs)
are widely recognized as secondary metabolites and are generated
during intestinal fermentation!®. Increased levels of SCFAs in the
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intestine are positively associated with reducing the liver's inflam-
matory response and improving hepatic lipid metabolism, which
are considered to be potential therapeutic targets for alleviating
obesity-related NAFLDPl. However, excessive production of SCFAs
may enhance hepatic lipogenesis, as the liver can utilize them as a
substrate for lipogenesisl'%. The gut-liver axis constitutes a bidirec-
tional communication network connecting the gut and liver via the
portal vein, biliary tract, and systemic circulation, in which SCFAs
play a central role in improving NAFLDU''12l, Further studies are
required to elucidate how SCFAs derived from dietary interventions
ameliorate NAFLD.

Laminaria japonica is a commercially significant seaweed in east
Asia, valued for its rich content of nutrients and bioactive com-
pounds, including algin, polysaccharides, and minerals!'3l. The brown
seaweed L. japonica contains 50.7% total dietary fiber (DF), includ-
ing 32.8% water-soluble DF and 17.9% insoluble DFU'4. A previous
study has shown that these active substances play an important role
in improving NAFLD through modulating the gut microbiotal'3.
Notably, as an indigestible polysaccharide, soluble dietary fiber is
fermented by the gut microbiota to generate SCFAs as secondary
metabolites, which have a positive influence on lipid and sugar
metabolism(['6l, A similar result demonstrated that L. japonica
polysaccharide reshaped the gut microbiota in mice with Type 2
diabetes mellitus; specifically, it increased the abundances of Candi-
datus_Saccharimonas, Enterorhabdus, and Bifidobacterium, which
correlated positively with cecal SCFA levels and bile acid secretion('71,
Interestingly, conventional processing of L. japonica typically leads
to a substantial loss of bioactive components to meet the sensory
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standards. Microbial fermentation offers a potential solution to
enhance both the sensory properties and the digestibility and
bioavailability of L. japonica's bioactive properties!'8l. Probiotics, as
relatively safe and beneficial microorganisms, have gained wide-
spread attention for their health-promoting effects beyond basic
nutrition('9), Pediococcus acidilactici is a probiotic strain known to
enhance functional properties when cultivated in media containing
milk and cereal bran?%, and it has robust fermentation capacity
and strong intestinal tolerancel?', Meanwhile, fermentation of black
beans with P. acidilactici L19 increased the soluble dietary fiber
content, which was attributed to the f-glucosidase produced by
this strain, as this enzyme can release various bound molecules
from their conjugated forms22. Significantly, previous work from
our group also indicated that P. acidilactici significantly reduced the
disturbance of lipid metabolism in high-fat diet-induced hyperlipi-
demic rats(23l. However, it remains unclear whether P. acidilactici-
fermented L. japonica (FLJ) exerts hypolipidemic effects on the lipid
metabolism in NAFLD rats.

The present study aimed to research the hypolipidemic mecha-
nism of FLJ in a high-fat diet-induced NAFLD rat model. Our particu-
lar focus was on determining whether the hypolipidemic effects are
mediated through the structural composition and functional modifi-
cations of the gut microbiota, thereby clarifying the link between
the microbial ecology and the fermented product’s lipid-lowering
activity.

Materials and methods

Fermentation of Laminaria japonica with P.
acidilactici FZU106

P. acidilactici FZU106, isolated from Hongqu rice wine (Fuzhou
University, Fuzhou, China), was cultured in broth for 24 h at 37 °C.
After three generations, the bacterial culture was then harvested
by centrifugation, washed with sterile saline, and resuspended to
achieve a live bacteria count of 1.0 x 10° colony-forming-units
(CFU)/mL for subsequent animal administration and fermentation
inoculation.

Fermentation of L. japonica was performed as described previ-
ously with modifications?l. Fresh L. japonica was cleaned, dried,
and ground to pass a 80-mesh sieve. Then 3 g of the powder was
dissolved in 100 mL of distilled water and autoclaved at 110 °C for
15 min. After cooling, the substrate was inoculated with 1 mL of
the bacterial suspension (1.0 x 10° CFU/mL) and incubated at 37 °C
for 24 h, with sampling every 2 h. The viable count reached ~1.0 x
10° CFU/mL after 16-20 h, and the fermentation broth was directly
used for oral gavage in rats.

Chemical compositional changes in response to
fermentation

Dietary fiber content was determined using the standard food
fiber method. Crude protein, crude lipid, moisture, protein, and ash
were analyzed by AOAC International's methods!'#. The nutrient
composition of unfermented and fermented groups is presented in
Supplementary Table S1.

Animal experiment

Thirty-six 6-week-old male SPF Sprague-Dawley rats (150 + 5 g)
were obtained from Shanghai Laboratory Animal Research Center.
After one week of acclimation with a normal-fat diet (NFD) and
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water ad libitum, the animals were randomly divided into six groups
(n = 6): (1) NFD, normal diet + saline; (2) HFD, high-fat diet + saline;
(3) HFD_Sim, HFD + simvastatin at 20 mg/kg/day; (4) HFD_Pa, HFD +
live P. acidilactici FZU106 at 1.0 x 10° CFU/mL/rat/day; (5) HFD_LJ,
HFD + unfermented L. japonica suspension at 10 mL/kg/day; and
(6) HFD_FLJ, HFD + FLJ suspension at 10 mlL/kg/day and 1.0 x
10% CFU/mL. The dosage was based on previous studies and solubil-
ity limitations[24l, The dietary energy profiles of the NFD and HFD are
shown in Supplementary Table S2. After 8 weeks of the interven-
tion, all rats were fasted overnight, anesthetized with isoflurane, and
euthanized for sample collection. All procedures were approved
by the Animal Care and Use Committee of Fujian Agriculture and
Forestry University (FAFU 2025-017).

Biochemical analysis

Blood from the abdominal aorta was kept at room temperature in
5.0-mL tubes. Serum was separated by centrifugation (1,500 X g,
10 min) and stored at —80 °C. For analysis of total cholesterol (TC),
triglycerides (TG), low-density lipoprotein cholesterol (LDL-C), and
high-density lipoprotein cholesterol (HDL-C) in the serum, commer-
cial kits were used. Protein content, TC, TG, total bile acid (TBA),
nonesterified fatty acids (NEFA), glutathione peroxidase (GSH-PX),
malondialdehyde (MDA), and total superoxide dismutase (T-SOD) in
the livers were also measured using assay kits. Further, fecal lipids
were extracted according to a modified protocol®, All kits were
supplied by Jiancheng Institute of Biological Engineering (Nanjing,
China).

Histopathologic evaluation

After fixation for 24 h in 4% paraformaldehyde, the collected liver
and adipose tissue specimens were embedded in paraffin. The
sections were cut at 5 um, deparaffinized, and stained with hema-
toxylin and eosin (H&E) as per established protocols. Visualization
and photomicrography were performed with an optical microscope
(Leica RM2016, Germany) coupled with a digital camera (Leica
DM2700 M, Germany).

Total lipid levels in the liver

Hepatic total lipids were extracted using a modified method[26l,
Liver tissues were homogenized and incubated with a chloroform-
methanol mixture (2:1, v/v) at 4 °C for 24 h. The extract was then
mixed with 0.6% KCl and centrifuged (2,000 X g, 20 min). The
organic phase was collected, dried under nitrogen, and redissolved
in 200 pL of isopropanol. Total lipid content was determined using a
commercial kit (Labtest Diagnostica S.A., MG, Brazil).

Quantitative reverse transcription polymerase
chain reaction

Total RNA was extracted from liver tissues using a commercial kit
(Dalian, China). Following DNA digestion, cDNA was synthesized
with the PrimeScript RT reagent kit with a gDNA eraser. Quantita-
tive reverse transcription-polymerase chain reaction (qRT-PCR)
amplification was performed in triplicate using SYBR Premix Ex Taq Il
(Takara). Target genes' expression were normalized to f-actin. The
primer sequences are listed in Supplementary Table S3.

Hepatic immunohistochemical analysis

Liver samples were fixed in 10% formalin for 48 h, then sectioned
at 4 um for immunohistochemistry. Histological examination
results showed that the sections were stained with H&E. Hepatic
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immunohistochemical (IHC) analysis was performed using primary
antibodies against SREBP-1C, CYP7A1, and CD36 (Sangon Biotech
Co., Ltd., China). Immunohistochemical staining was carried out
using appropriate secondary antibodies and detection systems.
Brown-yellow positive staining was quantified with ImageJ 6.0
(Media Cybernetics).

Determination of fecal SCFAs

Fecal SCFAs were measured by gas chromatography (GC) using a
modified protocol?”l. Samples (50 mg) were homogenized in satu-
rated NaCl (500 pL, 3 min), acidified with H,SO, (20 pL), and
extracted with diethyl ether (800 pL). After centrifugation (7,600 X g,
15 min, 4 °C), the organic phase was dried with Na,SO,, re-
centrifuged, and filtered (0.22 pm) for GC analysis.

Analysis of the gut microbiome via high-
throughput sequencing

Cecal DNA was extracted (MoBio kit, USA). The 76S rRNA V3-V4
region was amplified (primers 338F/806R) and sequenced on an Illu-
mina MiSeq platform (Majorbio, Shanghai). Operational taxonomic
units (OTUs) were clustered at 97% similarity using MOTHUR
(https://mothur.org). Genus-level differences among groups were
analyzed with STAMP (v2.1.3) and are shown as extended error bar
plots. Spearman's correlation analysis between key microbial phylo-
types and lipid metabolic parameters was carried out using Metware
Cloud, an online platform, with the results visualized as a heatmap.
Furthermore, the network diagram integrating lipid parameters and
the gut microbiota were constructed and visualized via the Metware
Cloud platform.

Functional predictions of intestinal microbiota
Based ongene sequencing data of 765 rRNA, the functional poten-
tial of the cecal microbiota was predicted via phylogenetic investi-
gation of communities by reconstruction of unobserved states
(PICRUSY). The reconstruction of Kyoto Encyclopedia of Genes and
Genomes (KEGG) ortholog abundances facilitated the subsequent
functional annotation of the prevalent metabolic pathways. Finally,
the significantly different pathways among three groups were
analyzed using Student’s t-test, and a diagram of the correlated
network between microbial communities and potential functional
pathways was constructed using the Metware Cloud platform.

Statistical analysis

The results are shown as the mean + standard error of the mean
(SEM). One-way analysis of variance (ANOVA) followed by Duncan's
test was used for comparisons. Graphs were created with GraphPad
Prism 11.0.

Results

FLJ ameliorated clinical symptoms in NAFLD rats
treated with HFD

As displayed in Fig. 1, rats fed the HFD showed a significant
increase in body weight in comparison with rats fed the normal-fat
diet (NFD group). However, the intervention with FLJremarkedly
attenuated this HFD-induced weight gain, resulting in a 23.57%
reduction compared with the HFD-fed group (p < 0.05) (Fig. 1a, b).
Consistent with body weight changes, HFD-fed NAFLD rats
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exhibited significantly higher liver, perirenal fat, and epididymal fat
indexes comparison with the NFD-fed rats. In contrast, the kidney
index remained unaffected by the dietary intervention across all
groups. (Fig. 1c—f). Notably, administration of both P. acidilactici
(Pa) and FLJ showed a sharp decrease with the accumulation of
perirenal fat (by 34.27% and 40.16%, respectively) (p < 0.01) and
epididymal fat (by 21.80 % and 34.64%, respectively) (p < 0.05)
induced by the HFD. Histological examination of the adipose tissues
via H&E staining revealed that both the Pa and FLJ interventions
markedly reduced perirenal and epididymal adipocytes' size in
HFD-fed NAFLD rats compared with those consuming the HFD
(Fig. 1g, h).

FLJ improved serum biochemistry in NAFLD rats
treated with HFD

The HFD apparently increased serum total TC, TG, and LDL-C
levels when compared with the NFD group, while concomitantly
decreasing HDL-C levels (Fig. 2). However, the FLJ intervention obvi-
ously counteracted these HFD-induced alterations, significantly
decreasing serum TC, TG, and LDL-C levels by 22.04%, 36.54%, and
33.77%, respectively, while enhancing HDL-C levels by 21.86% (p <
0.05). Notably, the FLJ intervention demonstrated superior lipid-
modulating effects compared with both the HFD_Pa and HFD_LJ
treatment groups.

FLJ alleviated hepatic lipid accumulation and
oxidative stress in NAFLD rats treated with
the HFD

To further evaluate the lipid levels in the liver, hepatic TC, TG, TBA,
NEFA, and total lipids (fat) levels were characterized, as shown in
Fig. 3a—e. Hepatic lipid analysis revealed that, compared with the
NFD controls, HFD-fed NAFLD rats had significantly elevated hepatic
TC, TG, TBA, NEFA, and fat. However, the FLJ intervention dramatically
decreased hepatic TC, TG, and fat by 21.88%, 42.52%, and 39.96%,
respectively (p < 0.01), and significantly decreased hepatic TBA and
NEFA by 20.49% and 41.78%, respectively (p < 0.05). Similarly, the
HFD-fed NAFLD rats administered Pa and LJ also had a significant
decrease in hepatic TC, TG, NEFA, and fat levels, but had no statisti-
cally significant difference in hepatic TBA levels. Histological exami-
nation via H&E staining confirmed substantial lipid droplet accumu-
lation in the livers of HFD-fed NAFLD rats (Fig. 3i). In contrast, FLJ
supplementation resulted in markedly smaller and fewer fat vacuoles,
indicating effective amelioration of HFD-induced hepatic steatosis.
As shown in Fig. 3f-h, the FLJ treatment significantly decreased
hepatic MDA levels while increasing glutathione peroxidase (GSH-
PX) and superoxide dismutase (SOD) activities. However, treatment
with Pa and LJ showed less pronounced effects on oxidative stress
markers.

FLJ promoted fecal SCFA production in NAFLD
rats treated with the HFD

SCFAs, key microbial metabolites derived from dietary polysac-
charide fermentation, are beneficial to health. As presented in
Fig. 4a—f, the concentrations of six major SCFAs (acetate, propionate,
butyrate, isobutyrate, valerate and isovalerate) were quantified in
fecal samples. The FLJ intervention significantly elevated the six
fecal SCFAs' concentrations compared with the HFD control group
(p < 0.05). In contrast, administration of either Pa or LJ significantly
increased only the fecal isobutyrate concentration (p < 0.05), with
no significantly statistical effects observed for the other SCFAs.
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Fig. 1 The effect of the P. acidilactici FZU106-fermented L. japonica intervention on the physiological index and fat accumulation in NAFLD rats (n = 6).
(a) Body weight growth, (b) rate of weight gain, (c) liver index, (d) kidney index, (e) perirenal fat index, (f) epididymal fat index, (g) H&E staining of perirenal
adipocytes, and (h) epididymal adipocytes. Values are expressed as the mean + SEM in each group. Different letters indicate significant differences among

experimental groups (p < 0.05).

FLJ regulated liver lipid metabolism-related
pathways in NAFLD rats treated with the HFD

To investigate the molecular mechanisms of FLJ's lipid-lowering
effect, the hepatic mRNA expression of key lipid metabolism-related
genes was analyzed (Fig. 5). Compared with the NFD group, admin-
istration of the HFD significantly upregulated the mRNA expression
levels of Cd36, Srebp-1c, Acat2, and Hmgcr, but markedly downregu-
lated the mRNA expression levels of Cyp7al and Fas. The inter-
vention with FLJ significantly normalized the expression of these
dysregulated genes. Additionally, immunofluorescence detection
presented a similar result in terms of gene expression (Fig. 6).
Consistent with the transcriptional findings, immunofluorescence
analysis revealed parallel changes at the protein level. FLJ supple-
mentation significantly reduced the protein abundance of SREBP-1C
and CD36, but enhanced CYP7A1's expression, aligning with the
observed gene expression patterns.

FLJ reshaped structural composition of gut
microbiota

To evaluate FLJ's impact on the gut microbiota, we profiled
the relative abundances of the top 15 genera (Fig. 7a, b). Compared
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with the NFD group, the HFD significantly altered the microbial com-
position, characterized by increasing abundances of Unclassified_
f_Lachnospiraceae, Lachnoclostridium, Blautia, Collinsella, and
Ruminococcus]_torques_group, alongside decreasing abundances of
Ruminococcaceae, Candidatus_Saccharimonas, Christensenellaceae_
R7_group, norank_o_Molicutes_RF39, Ruminococcus]_torques_group,
Turicibacter, Clostridium_sensu stricto_1, Lachnospiraceae_NK4A136_
group, and Nosocomiicoccus. Similarly, a comparative analysis
between the HFD and HFD_FLJ groups revealed that the FLJ inter-
vention significantly enriched beneficial taxa, including Akkermansia,
Roseburia, Desulfovibrio, Ruminococcaceae_UCG-005, GCA-900066575,
Family_XIll_UCGO001, Pediococcus, Defluvitaleaceae_UCG.011, Anaero-
truncus, and Alistipes. Conversely, Romboutsia and [Eubacterium]_
nodatum_group were significantly more abundant in the HFD group.
Notably, Ruminococcaceae_UCG-005 was consistently enriched in
both the NFD and HFD_FLJ groups (Supplementary Fig. S1), suggest-
ing a potential role in the protective effects of the FLJ treatment.

Spearman's correlation analysis
Spearman's correlation analysis was carried out to assess poten-
tial correlations between differentially abundant gut microbiota and

Page 435 0f 443


https://doi.org/10.48130/fia-0026-0036
https://doi.org/10.48130/fia-0026-0036
https://doi.org/10.48130/fia-0026-0036
https://doi.org/10.48130/fia-0026-0036
https://doi.org/10.48130/fia-0026-0036

Food Innovation

and Advances https://doi.org/10.48130/fia-0026-0036
a - b5
a
=) =) ab
£ & be ¢
= © c
g g ]
A A

heg
(=]
1

g
W
1

Serum LDL-C (mmol/L) ©
IS —to
5 oo

o
(=]
1

SIS SR
SRS 97 o8
ng«gs«gc&o

Fig. 2 The effect of the FLJ intervention on serum parameters in NAFLD rats (n = 6). (a) Serum TC, (b) serum TG, (c) serum LDL-C, and (d) serum HDL-C.
Values are expressed as the mean + SEM in each group. Different letters indicate significant differences among experimental groups (p < 0.05).
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Fig. 3 The effect of the FLJ intervention on the liver parameters in NAFLD rats (n = 6). (a) Hepatic TC, (b) hepatic TG, (c) hepatic TBA, (d) hepatic NEFA,
(e) hepatic FAT, (f) MDA, (g) SOD, (h) GSH-PX, and (i) H&E staining of liver tissues. Values are expressed as the mean + SEM in each group. Different letters
indicate significant differences among experimental groups (p < 0.05).

lipid metabolic parameters. As shown in Fig. 7¢, d, the abundance of  and SOD; and the liver and kidney fat indices, but were significantly
Ruminococcaceae, Candidatus_Saccharimonas, Christensenellaceae_ positively related to the kidney index, serum HDL-C, and fecal
R7_group, Turicibacter, Clostridium_sensu stricto_1, Lachnoclostrid-  butyrate. However, the relative abundance of norank_o_Molicutes_
ium, and Akkermansia was significantly negatively correlated with ~ RF39, Ruminococcus]_torques_group, Collinsella, Blautia, and Noso-
serum TC, TG and LDL-C; hepatic TC, TG, TBA, NEFA, fat, GSH-PX, = comiicoccus had the opposite outcome, suggesting that these
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Fig. 4 The effect of the FLJ intervention on fecal SCFAs in NAFLD rats (n = 6). (a) Fecal acetate, (b) fecal propionate, (c) fecal butyrate, (d) fecal isobutyrate,
(e) fecal valerate, and (f) fecal isovalerate. The values are expressed as the mean + SEM in each group. Different letters indicate significant differences

among experimental groups (p < 0.05).
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Fig. 5 The effect of the FLJ intervention on the mRNA expression levels of (a) Cd36, (b) Cyp7al, (c) Srebp-1c, (d) Acat2, (e) Fas, and (f) Hmgcr in NAFLD rats
(n = 3). Values are expressed as the mean + SEM in each group. Different letters indicate significant differences among experimental groups (p < 0.05).

microbiota were positively related to serum TC, TG, and LDL-C;
hepatic TC, TG, TBA, NEFA, fat, GSH-PX, and SOD; and the liver and
kidney fat indices, but significantly negatively correlated with serum
HDL-C and fecal butyrate. In addition, Pediococcus and Anaerotrun-
cus exhibited significant negative correlations wtih hepatic MDA
content, but demonstrated a positive relationship with hepatic

Fan et al. Food Innovation and Advances 2026, 5(3): 432—443

antioxidant enzymes (GSH-PX and SOD) and SCFA production
(acetate, propionate, and isobutyrate).

Potential function of the gut microbiota
Functional metagenomic profiling using PICRUSt analysis revealed
significant alterations in the microbial metabolic pathways among
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Fig. 6 Immunohistochemical staining for key proteins: (a) SREBP-1C, (b) CD36, and (c) CYP7A1 expression levels in the liver. Brown color (positive) shows
the expression of the proteins SREBP-1C, CD36, and CYP7A1 in the cells. Quantification of the expression levels of SREBP-1C, CD36, and CYP7A1 by IHC are
also shown on the right (n = 3). Values are expressed as the mean = SEM in each group. Different letters indicate significant differences among

experimental groups (p < 0.05).

the experimental groups (Fig. 8a, b). The results demonstrated that
administration of the HFD was predicted to alter several functional
modules (14 enriched, 16 depleted) compared with the NFD group,
Similarly, treatment with FLJ showed a marked trend toward func-
tional modules (3 enriched, 27 depleted) compared wituh the HFD
group. It is worth noting that four key metabolic pathways were
consistently identified across all three groups: Glycosphingolipid
biosynthesis — globo and isoglobo series, other glycan degradation,
African trypanosomiasis, and steroid degradation.

Further analysis of the microbiota—function relationships demon-
strated specific correlations between key bacterial taxa and metab-
olic pathways (Fig. 8c, d). The abundance of Akkermansia had a
negative correlation with steroid biosynthesis, N-Glycan biosynthe-
sis, and other degradation of other glycans, while showing a posi-
tive correlation with endocytosis. Conversely, the abundance of
Ruminococcaceae_UCG-005 was positively correlated with steroid
degradation, the mitogen-activated protein kinase (MAPK) signal-
ing pathway, protein digestion and absorption, alpha-linolenic acid
metabolism, polycyclic aromatic hydrocarbon degradation, the
phospholipase D signaling pathway, and the thyroid hormone
signaling pathway, but negatively correlated with glycosphin-
golipid biosynthesis - globo and isoglobo series,and retrograde
endocannabinoid signaling.

Discussion

NAFLD is a prevalent chronic liver condition characterized by
hepatic steatosis in the absence of excessive alcohol consumption,
primarily driven by prolonged HFD intakel?8l. Accumulating evidence
indicates that HFD-induced gut microbiota dysbiosis plays a crucial
role in exacerbating NAFLD's progression29, The gut-liver axis
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serves as a key regulatory pathway through which the gut micro-
biota influence NAFLD's pathogenesisB3%31l. Consequently, maintain-
ing the intestinal microecological balance has emerged as a promis-
ing therapeutic strategy for managing NAFLD. Our findings demon-
strated that intervention with FLJ effectively maintained intestinal
homeostasis and reduced hepatic lipid accumulation in HFD-fed
NAFLD rats.

Consistent with established NAFLD models, feeding the HFD for
8 weeks in our study resulted in significant increase in body weight,
liver index, and adipose tissue accumulation, accompanied by
elevated serum levels of TC, TG, and LDL-C. These metabolic alter-
ations aligned with previous reports on HFD-induced Type 3
diabetes mellitus models, suggesting elevated TC, TG, and LDL-C
and decreased levels of HDL-CI24. However, intervention with FLJ in
HFD group significantly decreased body weight and the accumula-
tion of perirenal and epididymal fat; moreover, it also significantly
decreased serum lipid levels. Simultaneously, an analysis of the main
nutrients before and after fermentation with P. acidilactici FZU106
revealed no significant differences between the unfermented and
fermented groups, as shown in Supplementary Table S1. It was spec-
ulated that the f-glucosidase derived from P. acidilactici hydrolyzes
cellulose, releasing p-D-glucose, which contributed to lowering
lipidsi22l. Moreover, P. acidilactici itself may also promote the reduc-
tion of lipids32l, This hypolipidemic effect was also supported by
Zhang et al,, who showed that fucoidan from L. japonica signifi-
cantly reduced plasma TC and TG, and improved HDL-c levels(24,

As the primary organ responsible for lipid metabolism, the liver
exhibits particular vulnerability to HFD-induced damagel?334l, It was
previously reported that a persistent HFS in animals could cause
abnormal lipid levels in the liver, further inducing the occurrence
of NAFLDBSL Our study showed a similar result, indicating that
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administration of the HFD for 8 weeks significantly increased
hepatic TC, TG, TBA, NEFA, and fat levels. However, treatment with
FLJ remarkedly ameliorated these alterations. Another published
study has certified that sulfated polysaccharides from L. japonica
could effectively alleviate fat accumulation and the formation of
lipid lesions in the liver3l, According to the histopathology revealed
by H&E straining, treatment with FLJ significantly improved lipid
droplet accumulation in HFD rats. Zhu et al. also found that treat-
ment with L. japonica polysaccharides for 4 weeks in NAFLD rats
sharply decreased lipid droplets in the liver and inhibited the forma-
tion of fatty liver diseasel3”.. In addition, this study found that the FLJ
intervention significantly ameliorated the hepatic oxidative stress
level, as evidenced by reduced MDA levels and enhanced activities
of GSH-Px and SOD. Oxidative stress levels are the most important
pathological event during NAFLD's development®8l. Collectively,
our results indicate that FLJ represents a promising dietary interven-
tion for the management or prevention of NAFLD.

The regulation of bile acid metabolism represents a crucial path-
way in lipid homeostasis. As the primary metabolites of cholesterol,
bile acids are synthesized in the liver via a multistep enzymatic
cascadel?3l, Cholesterol synthesis is an energy-consuming process in
which cholesterol is generated from acetyl-coenzyme A through the
regulation of a series of enzymes, and 3-hydroxy-3-methylglutaryl
coenzyme a reductase (HMGCR) is the key rate-limiting enzymel39.,

Fan et al. Food Innovation and Advances 2026, 5(3): 432—-443

Our results showed that treatment with FLJ downregulated the
expression of HMGCR at the protein and mRNA levels, which effec-
tively inhibited cholesterol synthesis in the liver. Importantly, the FLJ
intervention upregulated CYP7A1, the key enzyme initiating bile
acid synthesis, and downregulated ACAT2, which facilitates choles-
terol esterification['>49, Our results demonstrated that the FLJ inter-
vention significantly upregulated CYP7A1 at both the protein and
gene levels and downregulated Acat2 at the mRNA level. This
phenomenon further confirmed that treatment with FLJ signifi-
cantly decreased hepatic TC and increased hepatic TBA. Further-
more, FLJ supplementation downregulated the expression of
SREBP-1c at both the gene and protein levels; this is a master regula-
tor of lipogenesis, potentially contributing to the decreased hepatic
TG and NEFA accumulation. This finding aligns with Zhang et al.'s
report demonstrating that treatment with 200 mg/kg fucoidan
extracted from L. japonica significantly reduced the gene expres-
sion of SREBP-1¢24, In addition, CD36, a principal transporter medi-
ating free fatty acid uptake, exhibited expression levels that were
strongly associated with the development of NAFLD and insulin
resistancel*']. The FLJ treatment suppressed NEFA uptake by down-
regulating CD36's expression at the protein and mRNA levels.

The gut microbiota is critical to remaining intestinal homeostasis
and influencing NAFLD's progressiont2.. Increasing evidence has
confirmed a close connection between the gut microbiota and
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Fig. 8 Extended error bar plot showing differences in significantly and potentially altered metabolic functions of the gut microbia predicted by PICRUSt 3
(Student's t-test) and Spearman correlations between altered fecal microbial phylotypes and predicted metabolic pathways. (a) NFD group vs. HFD group;
(b) HFD group vs. HFD_FLJ group. (c) Spearman'’s correlation heatmap. (d) Co-occurrence network between the key intestinal microbial species and
potentially predicted metabolic pathways. Values are expressed as the mean + SEM in each group. * p < 0.05, ** p < 0.01 and *** p < 0.001.

NAFLD® 3], The FLJ intervention was likely poorly absorbed by the
intestinal tract and was further subjected to microbial fermentation,
being converted into secondary metabolites, particularly SCFAs.
SCFAs, as gut microbiota metabolites, have a beneficial influence on
improving NAFLD. Relative to the HFD controls, FLJ administration
markedly increased fecal concentrations of SCFAs, including acetate,
propionate, butyrate, isobutyrate, valerate and isovalerate, which
was in agreement with other studies, suggesting that L. japonica
polysaccharides enhanced SCFA production by changing the
composition of gut bacteria in mice with Type 2 diabetes!'”). Many
studies suggest that Ruminococcaceae and Lachnospiraceae are
beneficial for improving intestinal health because they transform
carbohydrates into SCFAs in the intestine, especially acetic acid
and propionic acid!'5l, This aligns with our results, as treatment with
FLJ significantly upregulated the abundance of Ruminococcaceae_
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UCG-005, which was positively significantly related to the butyrate,
isobutyrate, valerate and isovalerate levels. Additionally, the
Ruminococcaceae family has also been certified to decrease levels of
triacylglycerols, phospholipids, and cholesteryl estersi 4. Similarly,
the abundance of Akkermansia, Roseburia, Desulfovibrio, GCA-
900066575, Family_XIll_UCGO001, Pediococcus, Defluvitaleaceae_
UCG.011, Anaerotruncus, and Alistipes showed a marked upregula-
tion in the HFD_FLJ group. Akkermansia is a prevalent commensal in
the mammalian gut and is often regarded as a beneficial microbe.
Its abundance showed a positive association with pathways involved
in SCFA metabolism, particularly those related to pyruvate and
propanoate. Notably, the FLJ intervention significantly increased
fecal propanoatel*®l. Notably, the FLJ intervention significantly
increased fecal propanoate levels, suggesting a potential mecha-
nism for ameliorating NAFLD. Alistipes is a major contributor to
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SCFAs among the intestinal metabolites, but are also associated
with microbiota dysbiosis and related diseases!*0l. Desulfovibrio
belongs to the family Desulfovibrionaceae, which is positively related
to butyric acid and propionic acid in mice feces*’]. In addition, oral
administration of Pediococcus in human clinical trials could decrease
serum TG, TC, and LDL-C levels!*8l, Furthermore, our study found
that the abundance of Pediococcus had a positive correlation with
acetate and propionate contents in the feces. Numerous studies
have confirmed that Akkermansia muciniphila can promote intesti-
nal barrier function, and its abundance is negatively correlated with
atherosclerosis and HFD-induced obesity['4. This result aligns with
the findings in the FLJ group in the present study, showing that the
abundance of Akkermansia is significantly negatively correlated with
serum TC, TG and LDL-C levels; hepatic TC, TG, TBA, NEFA, and fat;
and liver and kidney fat indices, but significantly positively corrre-
lated with the kidney index, serum HDL-C, and fecal butyrate. Insolu-
ble dietary fiber from brown seaweed dose-dependently boosted
the abundance of Akkermansia, as previously reportedl. The study
results demonstrated that treatment with FLJ significantly enhanced
the composition of beneficial bacteria in HFD rats, and these bacte-
ria could secrete unique enzymes such as fucosidase and galactosi-
dase, which further degraded the polysaccharides of L. japonica to
lower molecular substances for better utilization.

In order to understand the driving factors of the gut microbiota's
community dynamics, PICRUSt analysis was used to predict the
metagenomics of the intestinal microbiota. The potentially different
metabolic pathways among all groups were involved in glycosphin-
golipid biosynthesis - globo and isoglobo series, other glycan
degradation, African trypanosomiasis, steroid degradation, and bile
secretion. The 8-week FLJ intervention showed a reduced trend
toward primary bile acid biosynthesis and arachidonic acid metab-
olism, but an increased trend toward glycosphingolipid biosynthe-
sis — globo and isoglobo series, other glycan degradation, and N-
glycan biosynthesis. Spearman's correlation analysis demonstrated
that Akkermansia's abundance may be positively associated with
glycosphingolipid biosynthesis - globo, and bile secretion. Bile
secretion plays an essential role in cholesterol metabolism, bile acid
synthesis, and cholesterol excretion>%l. Bile acids act as signaling
molecules in the gut-liver axis and are critical for regulating sys-
temic lipid metabolism homeostasis. Therefore, bile acid metabolism
is closely related to NAFLD and may cause cholesterol metabolism
disorders, further raising the risk of lipid metabolism disorders and
even cardiovascular diseasel®l. In agreement with our results, Li
et al. also found that bile secretion had a positive correlation with
Akkermansia's abundance in the gut microbiota, as predicted by
PICRUStRZ. Additionally, the abundance of Ruminococcaceae UCG-
005 demonstrated a strong association with bile acid metabolism
and tryptophan metabolism, which was consistent with Sun et al.'s
results, suggesting that Ruminococcaceae UCG-005 may be related
to the deconjugation reaction from conjugated bile acids to free bile
acids in rats with HFD-induced hepatic steatosis[>3.

Conclusions

In summary, the present study illustrated that treatment with FLJ
exhibited a positive effect against NAFLD in HFD rats. On the one
hand, oral administration of FLJ significantly reduced body weight
gain, lipid levels in the serum and liver, and fat accumulation in
the liver. Further investigation has verified that treatment with FLJ
modulated lipid metabolism-related genes' expression levels, which
contributed to the process of transforming cholesterol into bile
acids. On the other hand, the FLJ intervention can regulate lipid
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metabolism disorders by altering the gut microbiota's composition,
suggesting significantly upregulated abundance of Ruminococ-
caceae_UCG-005 Akkermansia, Roseburia, Desulfovibrio, Pediococcus,
and Defluvitaleaceae_UCG.011. These microbial alterations pro-
moted SCFA production, further contributing to the improvement
of systemic lipid metabolism. Thereby, these findings provide com-
pelling evidence for the development of FLJ as a novel function
food ingredient for managing NAFLD.

Ethical statements

The experimental procedures were approved by the Institutional
Animal Care and Use Committee of College of Food Science, Fujian
Agriculture and Forestry University (FAFU 2025-017).

Author contributions

The authors confirm their contributions to the paper as follows:
methodology: Fan X, Shi M; investigation, formal analysis: Fan X, Ye
R; writing - original draft: Fan X; validation, data curation: Xie Z;
conceptualization: Shi M, Zhang Q; supervision: Chen L, Zhang Q;
funding: Chen L; project administration: Zhang Q. All authors
reviewed the results and approved the final version of the
manuscript.

Data availability

All data generated or analyzed during this study are included in
this published article and its supplementary information files.

Acknowledgments

This research is supported by National Natural Science Founda-
tion of China (No. 31801465) and The Research and Application of
New Technologies for the Utilization of Marine Living Resources
(CXZX2017017).

Conflict of interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Supplementary information This accompanies this paper
online at https://doi.org/10.48130/fia-0026-0036.

Dates

Received 5 January 2026; Revised 24 May 2026; Accepted 30 May
2026; Published online 2 September 2026

References

[1] Fontana L, Plaza-Diaz J, Robles-Bolivar P, Valente-Godinez H, Saez-Lara
MJ, et al. 2021. Bifidobacterium breve CNCM 1-4035, Lactobacillus para-
casei CNCM 1-4034 and Lactobacillus rhamnosus CNCM [-4036 modu-
late macrophage gene expression and ameliorate damage markers in
the liver of Zucker-Lepr'®@ rats. Nutrients 13:202

[2] Liu L, Zhao J, Zhang R, Wang X, Wang Y, et al. 2021. Serum untargeted
metabolomics delineates the metabolic status in different subtypes of
non-alcoholic fatty liver disease. Journal of Pharmaceutical and Biomed-
ical Analysis 200:114058

[3] Cao X, Wang N, Yang M, Zhang C. 2025. Lipid accumulation and insulin
resistance: bridging metabolic dysfunction-associated fatty liver

Page 441 of 443


https://doi.org/10.48130/fia-0026-0036
https://doi.org/10.48130/fia-0026-0036
https://doi.org/10.48130/fia-0026-0036
https://doi.org/10.48130/fia-0026-0036
https://doi.org/10.48130/fia-0026-0036
https://doi.org/10.3390/nu13010202
https://doi.org/10.1016/j.jpba.2021.114058
https://doi.org/10.1016/j.jpba.2021.114058
https://doi.org/10.1016/j.jpba.2021.114058
https://doi.org/10.48130/fia-0026-0036
https://doi.org/10.48130/fia-0026-0036
https://doi.org/10.48130/fia-0026-0036
https://doi.org/10.48130/fia-0026-0036
https://doi.org/10.48130/fia-0026-0036

Food Innovation
and Advances

4]

[5]

[6]

[7]

(8]

[l

101

[11]

[12]

[13]

[14]

[18]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

disease and chronic kidney disease. International Journal of Molecular
Sciences 26:6962

Hong JT, Lee MJ, Yoon SJ, Shin SP, Bang CS, et al. 2021. Effect of Korea
red ginseng on nonalcoholic fatty liver disease: an association of gut
microbiota with liver function. Journal of Ginseng Research 45:316—324
Kang Y, Kang X, Yang H, Liu H, Yang X, et al. 2022. Lactobacillus
acidophilus ameliorates obesity in mice through modulation of gut
microbiota dysbiosis and intestinal permeability. Pharmacological
Research 175:106020

Ribatti D. 2024. Gut microbiota, intestinal permeability, and systemic
inflammation: a narrative review. Comment. Internal and Emergency
Medicine 19:1515-1516

Mohit, Maury J, Bajpai J, Verma S. 2025. Disrupted bilirubin
metabolism and gut microbiome dysregulation: a link to cardio-renal-
hepatic-metabolic health in obstructive sleep apnea. Life Sciences
379:2123872

Ma J, Li Y, Yang Y, Zhao L, Jiang Y, et al. 2025. Gut-liver axis mecha-
nisms of Hippophae rhamnoides L. in non-alcoholic fatty liver disease
prevention. Phytomedicine 149:e157517

Guo F, Chen D, Tsao R, Shahidi F, Xiong H, et al. 2024. Effects of dietary
supplementation with green lentil (Lens culinaris) hulls on NAFLD:
focus on intestinal and hepatic metabolism. Food Bioscience 59:103851
Khan A, Ding Z, Ishaq M, Bacha AS, Khan |, et al. 2021. Understanding
the effects of gut microbiota dysbiosis on nonalcoholic fatty liver
disease and the possible probiotics role: recent updates. International
Journal of Biological Sciences 17:818—833

Shen Y, Fan N, Ma SX, Cheng X, Yang X, et al. 2025. Gut microbiota
dysbiosis: pathogenesis, diseases, prevention, and therapy. MedComm
6:¢70168

Beyaz Coskun A, Sagdicoglu Celep AG. 2022. Therapeutic modulation
methods of gut microbiota and gut-liver axis. Critical Reviews in Food
Science and Nutrition 62:6505—6515

Cakir N, Bilgicli N, Yaver E. 2021. Impact of xylanase-treated wheat
milling by-products on the physical and chemical properties of cakes.
Journal of the Science of Food and Agriculture 101:6331-6337

Zhang Y, Zhao N, Yang L, Hong Z, Cai B, et al. 2021. Insoluble dietary
fiber derived from brown seaweed Laminaria japonica ameliorate
obesity-related features via modulating gut microbiota dysbiosis in
high-fat diet-fed mice. Food & Function 12:587-601

Song J, Lu X, Liu D, Zhang Y, Zhai X, et al. 2023. Fucogalactan sulfate
(FS) from Laminaria japonica regulates lipid metabolism in diet-
induced humanized dyslipidemia mice via an intestinal FXR-FGF19-
CYP7A1/CYP8B1 pathway. Journal of Agricultural and Food Chemistry
71:14027-14037

LiD, Li Y, Yang S, Lu J, Jin X, et al. 2022. Diet-gut microbiota-epigenet-
ics in metabolic diseases: from mechanisms to therapeutics.
Biomedicine & Pharmacotherapy 153:113290

Tong A, Li Z, Liu X, Ge X, Zhao R, et al. 2024. Laminaria japonica
polysaccharide alleviates type 2 diabetes by regulating the micro-
biota-gut-liver axis: a multi-omics mechanistic analysis. International
Journal of Biological Macromolecules 258:128853

Sawant SS, Park HY, Sim EY, Kim HS, Choi HS. 2025. Microbial fermenta-
tion in food: impact on functional properties and nutritional enhance-
ment—a review of recent developments. Fermentation 11:15

Tegegne BA, Kebede B. 2022. Probiotics, their prophylactic and thera-
peutic applications in human health development: a review of the
literature. Heliyon 8:09725

Li J, Li G, Zhang H, Yang T, Abbas Z, et al. 2024. The fermentation qual-
ity, antioxidant activity, and bacterial community of mulberry leaf
silage with Pediococcus, Bacillus, and wheat bran. Fermentation 10:214
Widodo W, Kusumaningrum HRP, Wihadmadyatami H, Wicaksana AL.
2023. Milk fermented with Pediococcus acidilactici strain BE improves
high blood glucose levels and pancreatic beta-cell function in diabetic
rats. Korean Journal for Food Science of Animal Resources 43:170—-183
Huang J, Omedi JO, Huang C, Chen C, Liang L, et al. 2024. Effect of
black bean supplemented with wheat bran sourdough fermentation
by Pediococcus acidilactici or Pediococcus pentosaceus on baking

Page 442 of 443

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

https://doi.org/10.48130/fia-0026-0036

quality and staling characteristics of wheat composite bread. Applied
Food Research 4:100425

Zhang Q, Guo WL, Chen GM, Qian M, Han JZ, et al. 2022. Pediococcus
acidilactici FZU106 alleviates high-fat diet-induced lipid metabolism
disorder in association with the modulation of intestinal microbiota in
hyperlipidemic rats. Current Research in Food Science 5:775-788

Zhang Y, Liu T, Qu ZJ, Wang X, Song WG, et al. 2024. Laminaria japon-
ica aresch-derived fucoidan ameliorates hyperlipidemia by upregulat-
ing LXRs and suppressing SREBPs. Cardiovascular Therapeutics
2024:8649365

Angel-Isaza J, Carmona-Hernandez JC, Gonzalez-Correa CH, Narvéez-
Solarte WV. 2023. Potential hypoglycemic and antilipidemic activity of
polyphenols from Passiflora ligularis (granadilla). Molecules 28:3551
McGlinchey AJ, Govaere O, Geng D, Ratziu V, Allison M, et al. 2022.
Metabolic signatures across the full spectrum of non-alcoholic fatty
liver disease. JHEP Reports 4:100477

Fan X, Zhang Q, Guo W, Wu Q, Hu J, et al. 2023. The protective effects
of Levilactobacillus brevis FZU0713 on lipid metabolism and intestinal
microbiota in hyperlipidemic rats. Food Science and Human Wellness
12:1646—-1659

Serdarova M, Dimova R, Chakarova N, Grozeva G, Todorova A, et al.
2022. Metabolic determinants of NAFLD in adults with type 1 diabetes.
Diabetes Research and Clinical Practice 186:109819

Juarez-Fernandez M, Porras D, Petrov P, Garcia-Mediavilla MV, Sagiillo
SR, et al. 2021. A dietary intervention with Akkermansia muciniphila
and quercetin supplementation reshapes gut microbiota composition
in an in vivo model of early obesity related non-alcoholic fatty liver
disease. Proceedings of the Nutrition Society 80:E51

Huo J, Wu Z, Sun W, Wang Z, Wu J, et al. 2022. Protective effects of
natural polysaccharides on intestinal barrier injury: a review. Journal of
Agricultural and Food Chemistry 70:711-735

Liu L, Wang Y, Zhang J, Wang C, Li Y, et al. 2023. Probiotics in treating
with alcoholic liver disease and nonalcoholic fatty liver disease. Food
Reviews International 39:2723-2741

Huang Y, Wang Q, Wang N, Zhang R, Zhang H, et al. 2026. Pediococcus
acidilactici PA-1 alleviates diet-induced obesity by modulating hepatic
amino acid metabolism and gut microbiota in mice. Probiotics and
Antimicrobial Proteins 18:4746—4767

Casagrande BP, Pisani LP, Estadella D. 2021. AMPK in the gut-liver-
brain axis and its influence on OP rats in an HSHF intake and WTD rat
model. Pfliigers Archiv-European Journal of Physiology 473:1199-1211
Huang ZR, Chen M, Guo WL, Li TT, Liu B, et al. 2020. Monascus
purpureus-fermented common buckwheat protects against dyslipi-
demia and non-alcoholic fatty liver disease through the regulation of
liver metabolome and intestinal microbiome. Food Research Interna-
tional 136:109511

Tong A, Wang D, Liu X, Li Z, Zhao R, et al. 2023. The potential hypo-
glycemic competence of low molecular weight polysaccharides
obtained from Laminaria japonica. Foods 12:3809

Gao Y, Guo M, Zheng P, Liu R, Wang D, et al. 2022. Effects of sulfated
polysaccharides from Laminaria japonica on regularating the gut
microbiotan and alleviating intestinal inflammation in obese mice.
Food and Chemical Toxicology 168:113401

Zhu C, Guan Q, Song C, Zhong L, Ding X, et al. 2021. Regulatory effects
of Lactobacillus fermented black barley on intestinal microbiota of
NAFLD rats. Food Research International 147:110467

Du R, Bei H, Jia L, Huang C, Chen, Q, et al. 2020. Danggui Buxue Tang
restores antibiotic-induced metabolic disorders by remodeling the gut
microbiota. Journal of Ethnopharmacology 259:112953

Hu X, Chen F, Jia L, Long A, Peng Y, et al. 2024. A gut-derived hormone
regulates cholesterol metabolism. Cell 187:1685—-1700.e18

Ma Z, Huang Z, Zhang C, Liu X, Zhang J, et al. 2023. Hepatic Acat2 over-
expression promotes systemic cholesterol metabolism and adipose
lipid metabolism in mice. Diabetologia 66:390-405

Zhang H, Li Y, Zhang C, Huang K, Zhao J, et al. 2022. B-cell ymphoma 6
alleviates nonalcoholic fatty liver disease in mice through suppression
of fatty acid transporter CD36. Cell Death & Disease 13:359

Fan et al. Food Innovation and Advances 2026, 5(3): 432—443


https://doi.org/10.3390/ijms26146962
https://doi.org/10.3390/ijms26146962
https://doi.org/10.1016/j.jgr.2020.07.004
https://doi.org/10.1016/j.phrs.2021.106020
https://doi.org/10.1016/j.phrs.2021.106020
https://doi.org/10.1007/s11739-024-03600-z
https://doi.org/10.1007/s11739-024-03600-z
https://doi.org/10.1016/j.lfs.2025.123872
https://doi.org/10.1016/j.phymed.2025.157517
https://doi.org/10.1016/j.fbio.2024.103851
https://doi.org/10.7150/ijbs.56214
https://doi.org/10.7150/ijbs.56214
https://doi.org/10.1002/mco2.70168
https://doi.org/10.1080/10408398.2021.1902263
https://doi.org/10.1080/10408398.2021.1902263
https://doi.org/10.1002/jsfa.11303
https://doi.org/10.1039/d0fo02380a
https://doi.org/10.1021/acs.jafc.3c04683
https://doi.org/10.1016/j.biopha.2022.113290
https://doi.org/10.1016/j.ijbiomac.2023.128853
https://doi.org/10.1016/j.ijbiomac.2023.128853
https://doi.org/10.3390/fermentation11010015
https://doi.org/10.1016/j.heliyon.2022.e09725
https://doi.org/10.3390/fermentation10040214
https://doi.org/10.5851/kosfa.2022.e69
https://doi.org/10.1016/j.afres.2024.100425
https://doi.org/10.1016/j.afres.2024.100425
https://doi.org/10.1016/j.crfs.2022.04.009
https://doi.org/10.1155/2024/8649365
https://doi.org/10.3390/molecules28083551
https://doi.org/10.1016/j.jhepr.2022.100477
https://doi.org/10.1016/j.fshw.2023.02.021
https://doi.org/10.1016/j.diabres.2022.109819
https://doi.org/10.1017/S002966512100063X
https://doi.org/10.1021/acs.jafc.1c05966
https://doi.org/10.1021/acs.jafc.1c05966
https://doi.org/10.1080/87559129.2021.1967380
https://doi.org/10.1080/87559129.2021.1967380
https://doi.org/10.1007/s12602-025-10771-4
https://doi.org/10.1007/s12602-025-10771-4
https://doi.org/10.1007/s00424-021-02583-6
https://doi.org/10.1007/s00424-021-02583-6
https://doi.org/10.1007/s00424-021-02583-6
https://doi.org/10.1016/j.foodres.2020.109511
https://doi.org/10.1016/j.foodres.2020.109511
https://doi.org/10.1016/j.foodres.2020.109511
https://doi.org/10.3390/foods12203809
https://doi.org/10.1016/j.fct.2022.113401
https://doi.org/10.1016/j.foodres.2021.110467
https://doi.org/10.1016/j.jep.2020.112953
https://doi.org/10.1016/j.cell.2024.02.024
https://doi.org/10.1007/s00125-022-05829-9
https://doi.org/10.1038/s41419-022-04812-x
https://doi.org/10.48130/fia-0026-0036
https://doi.org/10.48130/fia-0026-0036
https://doi.org/10.48130/fia-0026-0036
https://doi.org/10.48130/fia-0026-0036
https://doi.org/10.48130/fia-0026-0036

https://doi.org/10.48130/fia-0026-0036

[42]

[43]

[44]

[45]

[46]

[47]

[48]

Zhao Z, Chen L, Zhao Y, Wang C, Duan C, et al. 2020. Lactobacillus
plantarum NA136 ameliorates nonalcoholic fatty liver disease by
modulating gut microbiota, improving intestinal barrier integrity, and
attenuating inflammation. Applied Microbiology and Biotechnology
104:5273-5282

Song Q, Zhang X. 2022. The role of gut-liver axis in gut microbiome
dysbiosis associated NAFLD and NAFLD-HCC. Biomedicines 10:524
Atasoy M, Eyice O, Cetecioglu Z. 2020. A comprehensive study of
volatile fatty acids production from batch reactor to anaerobic
sequencing batch reactor by using cheese processing wastewater.
Bioresource Technology 311:123529

Facchin S, Calgaro M, Savarino EV. 2025. Rethinking short-chain fatty
acids: a closer look at propionate in inflammation, metabolism, and
mucosal homeostasis. Cells 14:1130

Zhang C, Jia J, Zhang P, Zheng W, Guo X, et al. 2022. Fucoidan from
Laminaria japonica ameliorates type 2 diabetes mellitus in association
with modulation of gut microbiota and metabolites in streptozocin-
treated mice. Foods 12:33

Hong Y, Sheng L, Zhong J, Tao X, Zhu W, et al. 2021. Desulfovibrio
vulgaris, a potent acetic acid-producing bacterium, attenuates nonal-
coholic fatty liver disease in mice. Gut Microbes 13:1930874

Wang Y, Xue Y, Xu H, Zhu Q, Qin K, et al. 2025. Pediococcus acidilactici
Y01 reduces HFD-induced obesity via altering gut microbiota and
metabolomic profiles and modulating adipose tissue macrophage
M1/M2 polarization. Food & Function 16:554—569

Fan et al. Food Innovation and Advances 2026, 5(3): 432—-443

Food Innovation

and Advances
[49] Shulpekova Y, Shirokova E, Zharkova M, Tkachenko P, Tikhonov |, et al.
2022. A recent ten-year perspective: bile acid metabolism and signal-
ing. Molecules 27:1983
Ni Y, Lu M, Xu Y, Wang Q, Gu X, et al. 2022. The role of gut microbiota-
bile acids axis in the progression of non-alcoholic fatty liver disease.
Frontiers in Microbiology 13:908011
Yanai H, Adachi H, Hakoshima M, lida S, Katsuyama H. 2023. Metabolic-
dysfunction-associated steatotic liver disease—its pathophysiology,
association with atherosclerosis and cardiovascular disease, and treat-
ments. International Journal of Molecular Sciences 24:15473
Li Z, Zhao Y, Cheng J, Xu L, Wen X, et al. 2022. Integrated plasma
metabolomics and gut microbiota analysis: the intervention effect of
Jiawei Xiaoyao San on liver depression and spleen deficiency liver
cancer rats. Frontiers in Pharmacology 13:906256
Sun J, Fan J, LiT, Yan X, Jiang Y. 2022. Nuciferine protects against high-
fat diet-induced hepatic steatosis via modulation of gut microbiota
and bile acid metabolism in rats. Journal of Agricultural and Food Chem-
istry 70:12014-12028

Copyright: © 2026 by the author(s). Published by

By Maximum Academic Press on behalf of China
Agricultural University, Zhejiang University and Shenyang Agricultural
University. This article is an open access article distributed under

Creative Commons Attribution License (CC BY 4.0), visit
https://creativecommons.org/licenses/by/4.0/.

[50]

[61]

[52]

[563]

Page 443 of 443


https://doi.org/10.1007/s00253-020-10633-9
https://doi.org/10.3390/biomedicines10030524
https://doi.org/10.1016/j.biortech.2020.123529
https://doi.org/10.3390/cells14151130
https://doi.org/10.3390/foods12010033
https://doi.org/10.1080/19490976.2021.1930874
https://doi.org/10.1039/d4fo04301d
https://doi.org/10.3390/molecules27061983
https://doi.org/10.3389/fmicb.2022.908011
https://doi.org/10.3390/ijms242015473
https://doi.org/10.3389/fphar.2022.906256
https://doi.org/10.1021/acs.jafc.2c04817
https://doi.org/10.1021/acs.jafc.2c04817
https://doi.org/10.1021/acs.jafc.2c04817
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.48130/fia-0026-0036
https://doi.org/10.48130/fia-0026-0036
https://doi.org/10.48130/fia-0026-0036
https://doi.org/10.48130/fia-0026-0036
https://doi.org/10.48130/fia-0026-0036

	Introduction
	Materials and methods
	Fermentation of Laminaria japonica with P. acidilactici FZU106
	Chemical compositional changes in response to fermentation
	Animal experiment
	Biochemical analysis
	Histopathologic evaluation
	Total lipid levels in the liver
	Quantitative reverse transcription polymerase chain reaction
	Hepatic immunohistochemical analysis
	Determination of fecal SCFAs
	Analysis of the gut microbiome via high-throughput sequencing
	Functional predictions of intestinal microbiota
	Statistical analysis

	Results
	FLJ ameliorated clinical symptoms in NAFLD rats treated with HFD
	FLJ improved serum biochemistry in NAFLD rats treated with HFD
	FLJ alleviated hepatic lipid accumulation and oxidative stress in NAFLD rats treated with the HFD
	FLJ promoted fecal SCFA production in NAFLD rats treated with the HFD
	FLJ regulated liver lipid metabolism-related pathways in NAFLD rats treated with the HFD
	FLJ reshaped structural composition of gut microbiota
	Spearman's correlation analysis
	Potential function of the gut microbiota

	Discussion
	Conclusions
	Ethical statements
	Author contributions
	Data availability
	Acknowledgments
	Conflict of interest
	Supplementary information
	References

