Animal Nutrition 20 (2025) 182—199

Contents lists available at ScienceDirect

KeAi

CHINESE ROOTS
GLOBAL IMPACT

Animal Nutrition

journal homepage: http://www.keaipublishing.com/en/journals/aninu/

Original Research Article

Improving fatty liver hemorrhagic syndrome in laying hens through )
gut microbiota and oxylipin metabolism by Bacteroides fragilis: A e
potential involvement of arachidonic acid

Shaobo Zhang ¢, Manhua You ?, Youming Shen °, Xinghua Zhao ?, Xin He ¢, Juxiang Liu ¢,

Ning Ma * "

2 College of Veterinary Medicine, Veterinary Biological Technology Innovation Center of Hebei Province, Hebei Agricultural University, Baoding 071001,

China

b Research Institute of Pomology, Chinese Academy of Agricultural Sciences, Xingcheng 125100, China

ARTICLE INFO

Article history:

Received 5 November 2023
Received in revised form

2 August 2024

Accepted 18 August 2024
Available online 1 November 2024

Keywords:

Nonalcoholic fatty liver disease
Oxylipin metabolomics

Gut microbiota

Inflammation

Laying hen

* Corresponding author.

E-mail address: maning9618@163.com (N. Ma).

ABSTRACT

Bacteroides fragilis (B. fragilis), a crucial commensal bacterium within the gut, has shown connections
with hepatic lipid metabolism and inflammation regulation. Nonetheless, the role of B. fragilis in the
progression of fatty liver hemorrhagic syndrome (FLHS) remains unknown. This study aims to explore
the ameliorative effects of B. fragilis on FLHS in laying hens, as well as its underlying mechanisms. This is
the first study to employ a chicken FLHS model, combining microbiomics and oxylipin metabolomics to
investigate the mechanism of action of intestinal symbiotic bacteria. Exp. 1: 40 laying hens at 25 weeks
old were randomly divided into five treatment groups (eight replicates per group and one hen per
replicate), including the control group (basal diet), the high-energy and low-protein (HELP) group, and
the HELP group with three different levels (108, 10°, and 10'° CFU) of B. fragilis. Exp. 2: 18 chickens at 25
weeks old were randomly divided into three treatment groups (six replicates per group and one hen per
replicate) including the control group (basal diet), the model group (HELP diet), and the arachidonic acid
(AA) group (HELP diet with 0.3% AA). The experiment period of Exp. 1 and Exp. 2 were 8 weeks. B. fragilis
significantly improved body weight of seventh week (P = 0.006), liver lipid degeneration, blood lipid
levels (triglycerides, cholesterol, and low-density lipoprotein cholesterol; P < 0.05), and liver function
(alanine aminotransferase and aminotransferase; P < 0.05) in laying hens. B. fragilis downregulated the
expression of lipid synthesis-related genes fatty acid synthase, acetyl-CoA carboxylase, and liver X re-
ceptor «, and inflammation-related genes tumor necrosis factor «, interleukin (IL)-1, IL-6, and IL-8 in the
liver of FLHS-affected hens (P < 0.05), while upregulating the expression of lipid oxidation-related genes
carnitine palmitoyl transferase-1, peroxisome proliferator activated receptor (PPAR) «, and PPARy
(P < 0.05). The in-depth analysis indicated alterations in oxylipin pathways triggered by B. fragilis, as
evidenced by changes in the expression of pivotal genes arachidonate 15-lipoxygenase, arachidonate 5-
lipoxygenase (P < 0.05), subsequently causing modifications in relevant metabolites. This included a
decrease in pro-inflammatory substances such as 15-0xoETE (P = 0.004), accompanied by an increase in
AA (P = 0.008). B. fragilis regulated the homeostasis of intestinal flora by increasing the abundance of
Bacteroides and decreasing the abundance of Succinatimonas and Faecalicoccus (P < 0.05). The integrated
analysis revealed a robust positive correlation between Bacteroides abundance and AA levels (P = 0.007).
This relationship was corroborated through in vitro experiments. Subsequently, the beneficial effect of
AA in mitigating FLHS was confirmed in laying hens with FLHS, further supported by reverse
transcription-polymerase chain reaction analysis demonstrating gene expression patterns akin to
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B. fragilis intervention. This study demonstrated that B. fragilis exerts an anti-FLHS effect through
modulation of oxylipin metabolism and gut microbiota stability, with a pivotal role played by AA.

© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).

1. Introduction

Nonalcoholic fatty liver disease (NAFLD) is a complex and
pervasive metabolic disorder that plagues a substantial proportion
of the global population (Byrne and Targher, 2015; Targher et al.,
2021). Characterized by the buildup of triglycerides (TG) in hepa-
tocytes, NAFLD is caused by the excessive and unwarranted accu-
mulation of lipids in the liver, which triggers the development of
hepatic steatosis. As the disease progresses, NAFLD inflicts inflam-
mation and fibrosis in the liver and eventually leads to cirrhosis and
liver cancer. Currently, the prevailing model organisms for studying
NAFLD are rodents, particularly rats and mice. Comparative physi-
ology reports have shown that adipose tissue and liver are almost
equally responsible for de novo lipogenesis (DNL) in rodents
(Hamid et al., 2019). Conversely, laying hens afflicted with fatty
liver hemorrhagic syndrome (FLHS) closely resemble humans with
NAFLD, as their liver primarily contributes to DNL (G Gao et al,,
2021), which makes them a suitable model for investigating hu-
man lipid metabolism disorders. As such, leveraging the use of
laying hens presents a novel and promising opportunity to advance
the understanding of the pathophysiology of NAFLD and explore
potential therapeutic interventions.

The intestinal flora represents a highly intricate microbial
community residing in the digestive tract of both humans and
animals, and its association with host metabolic diseases has been
proven. Perturbations in the composition and function of the in-
testinal flora can profoundly affect the onset and progression of
FLHS (Hamid et al., 2019; Li et al., 2020). Specifically, FLHS-affected
hens exhibit a decline in the abundance of Bacillus mimicus, Bac-
teroides, and Lactobacillus, alongside an increase in Desulfovibrio,
Clostridium tansy, and Enterococcus faecalis in the gut (Liu et al.,
2022). In contrast, healthy hens harbor gut microbiota featuring
bacteria that impede host energy absorption or promote intestinal
health (Li et al, 2020). Impaired intestinal barrier function,
increased intestinal permeability, altered bile acid metabolism, and
endotoxin-activated hypo-inflammation are all linked to the dis-
rupted intestinal flora, which are involved in the development and
progression of FLHS. Consequently, rectifying intestinal microbial
homeostasis represents a crucial approach to preventing and
treating FLHS. In our previous study, a disruption of the cecum flora
in diseased hens was accompanied by a significant decrease in the
abundance of Bacteroides compared to healthy hens (Liu et al.,
2022). Wu et al. (2022) reported similar findings, demonstrating
a 13% reduction in the abundance of Bacteroidetes and a 6.6%
decrease in the abundance of the Bacteroides genus in the ileum of
FLHS hens compared to healthy hens. Additionally, research has
shown that hens fed rapeseed meal-induced hepatic steatosis and
cholesterol (TC) deposition experienced a significant decrease in
the abundance of the Bacteroides genus (Zhu et al., 2021). Therefore,
it is speculated that FLHS may be related to the decrease in the
abundance of Bacteroides.

Bacteroides is a dominant species of intestinal commensal bac-
teria, and recent research has highlighted its potential for
improving metabolic disorders such as NAFLD. For instance, Bac-
teroides xylanisolvens may improve NAFLD through its metabolite
folic acid, which enhances folic acid-dependent single-carbon

183

metabolism, increases the antioxidant capacity of the liver, and
improves abnormal lipid metabolism (Qiao et al., 2020). Another
study on Parabacteroides distasonis found that this species reduced
hyperglycemia in mice by activating intestinal gluconeogenesis
through the secretion of succinate. Furthermore, P. distasonis
altered the composition of intestinal bile acids, activated the far-
nesoid x receptor-fibroblast growth factors 15 signaling pathway,
and enhanced the integrity of the intestinal barrier, thereby
reducing hyperlipidemia (Wang et al., 2019). Arachidonic acid (AA)
is a polyunsaturated fatty acid that is widely distributed in living
organisms. By adding 1% AA to the diets of mice on a high-fat diet,
Zhuang et al. (2017) found that AA could affect the
gut—hypothalamus—liver axis in a sex-dependent manner, thereby
improving obesity and NAFLD. Several studies have reported the
presence of AA metabolism disorder with reduced AA levels in
NAFLD (Gai et al., 2018). AA is metabolized by the cyclooxygenase,
lipoxygenase (LOX), and cytochrome P450 enzyme pathways to
produce biologically active metabolites such as prostaglandins,
leukotrienes, and epoxyeicosatrienoic acids. These metabolites play
a role in inflammation, lipid metabolism, and other processes
through specific receptors (Meng et al., 2021). Recently, studies
have found that Bacteroides fragilis (B. fragilis) could secrete AA to
alleviate hypersaline hypertension and Alzheimer's disease caused
by reduced AA levels (Chen et al., 2022; Yan et al., 2020). Based on
the previous findings of AA metabolism disorder and reduced AA
concentration in FLHS laying hens, it is reasonable to presume that
B. fragilis may play a role in the FLHS disease process through AA
metabolism.

Oxylipin metabolomics is a cutting-edge analytical technique
within the realm of lipidomics, aimed at investigating a diverse
range of biologically active lipid molecules, particularly encom-
passing omega-3 and omega-6 fatty acids and their derivatives such
as prostaglandins, leukotrienes, and various other compounds
(Barquissau et al., 2017). Through oxylipin metabolomics, a
comprehensive understanding of lipid signaling pathways, in-
flammatory regulation, oxidative stress responses, and intricate
networks of metabolic disruptions can be achieved (Rohwer et al.,
2023). The intestinal microbiota is a key factor affecting systemic
metabolism, and the cecum microbes associated with FLHS can
alter various pathways such as energy harvesting, insulin resis-
tance, and lipid metabolism in the host. However, until now, few
studies have reported that oxylipins interact with intestinal flora to
affect liver lipid metabolism. Therefore, the microbiome combined
with oxylipin metabolomics can provide a new window for the
study of FLHS.

Based on previous research and existing reports, we hypothesize
that cecal Bacteroides plays an important role in FLHS, possibly
participating in the process by diving oxylipin metabolism. In this
study, we initially isolated a novel strain of B. fragilis from the
cecum of laying hens and investigated its effect on FLHS by
assessing relevant clinical parameters. Subsequently, employing
16S rRNA sequencing and oxylipin metabolomics techniques, we
examined the influence of this strain on gut microbiota composi-
tion and oxylipin metabolism. Correlation analysis, combined with
in vitro cultivation of B. fragilis, revealed a potential link between
this bacterium and AA. Furthermore, through the addition of AA to
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the diet, we confirmed its beneficial role in mitigating FLHS in
laying hens. Reverse transcription-polymerase chain reaction (RT-
PCR) analysis demonstrated similarities in the effects of AA and
B. fragilis. These findings provide a basis for the potential applica-
tion of B. fragilis in laying hens affected with FLHS and offer valuable
insights into its role in NAFLD.

2. Materials and methods
2.1. Animal ethics statement

This animal experiment was reviewed and approved by the
Animal Care and Use Committee of Hebei Agricultural University
(No. 2023179) (Baoding, China).

2.2. Bacterial strains and culture conditions

The bacterial strain utilized in this study was isolated from the
cecal content of healthy laying hens. By comparing its 16S rRNA gene
sequence to the NCBI reference database (https://www.NCBIL.nlm.
nih.gov/), the strain was identified as B. fragilis (Fig. S1). The
B. fragilis strain was cultured in anaerobically sterilized BHI medium
containing 0.01% hemin, 0.01% vitamin K;, and 0.01% L-cysteine
(Qingdao Hi-Tech Industrial Park Hope Bio-Technology Co., Ltd.,
Shandong, China). Anaerobic culture was performed at 37 °C for 24 h.
The bacterial culture medium was centrifuged at 8000 x g for 10 min
at 4 °C. The bacterial sludge was then washed twice with sterile
phosphate buffer solution and resuspended to 1 x 10'® CFU/mL for
animal experiments.

2.3. Animal experiment

In this study, 40 healthy Jing Fen laying hens (1.56 + 0.07 kg),
aged 25 week, were used. The birds were randomly divided into
five groups (8 replicates per group and 1 hen per replicate). The
control group (Control) was fed a standard diet and vehicle, while
the other four groups were fed a HELP diet to induce FLHS. The four
groups received different types of feed, including vehicle, a low
dose of B. fragilis suspension (LBF; 1 x 108 CFU), a medium dose of
B. fragilis suspension (MBF; 1 x 10° CFU) and a high dose of
B. fragilis suspension (HBF; 1 x 10'° CFU). The prepared oral live
bacterial suspension was administered once daily gavage to the
experimental laying hens for 8 weeks. FLHS was induced by the
HELP diet as in previous studies (Liu et al., 2022; Meng et al., 2021).
The composition and nutrient levels of the standard diet and HELP
diet are presented in Table 1. Daily feed intake of laying hens was
recorded. The birds were housed in a single room with a two-layer
cage design, with two hens in each cage. The room temperature
was maintained at 20 °C, and the hens received 16 h of light per day.
Prior to conducting the experiment, the laying hens were subjected
to a 2-week adaptation period. The formal experiment lasted for 8
weeks, during which the laying hens had ad libitum access to feed
and water, and their body weights were measured weekly.

The determination of crude protein in feed followed the Chinese
national standard (GB/T 6432—2018) using the Kjeldahl method.
The automatic Kjeldahl nitrogen analyzer employed in this process
was purchased from FOSS Company (Hilloeroed, Denmark). For the
measurement of total phosphorus in feed, the spectrophotometric
method as outlined in the Chinese national standard (GB/T
6437-2018) was employed. The sample preparation for the feed
was carried out by dry ashing, followed by the addition of ammo-
nium vanadomolybdate reagent for reaction. Subsequently, the
absorbance is measured at 400 nm using a UV—visible spectro-
photometer (SHIMADZU, Kyoto, Japan). The phosphorus content is
then calculated by comparing the absorbance values to a standard
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Table 1

Composition and nutrient levels of the standard diet and HELP diet (air-dry basis, %).
Item Standard diet HELP diet
Ingredients
Corn 64.00 70.00
Wheat bran 2.00 1.20
Soybean meal (44% crude protein) 24.00 14.58
Fat-soybean oil 422
Calcium carbonate 8.00 8.00
Premix’ 2.00 2.00
Total 100.00 100.00
Nutrient levels
Crude protein? 15.80 12.30
Phosphorus? 0.54 0.51
Calcium? 3.55 3.53
Lysine® 0.96 0.69
Arginine® 1.03 0.74
Methionine® 0.37 0.32
Valine® 0.77 0.58
Metabolic energy, kcal/kg? 2679 3100
Methionine + cysteine® 0.67 0.56

HELP = high-energy and low-protein.

! The ingredient of premix per gram: VA 12,500 IU; VD3 32,500 IU; VE 18.75 mg;
VK; 2.65 mg; VB; 2 mg; VB, 6 mg; VB;, 0.025 mg; CaHPO4 500.00 mg; cupric sulfate
4.6 mg; ferrous sulfate 28.4 mg; manganous sulfate 35.46 mg; zinc sulfate 76 mg;
zeolite powder 6 mg; sodium selenite 5 mg; anti-oxidizing quinolone 50 mg;
choline 90 mg; bacitracin zinc 26.7 mg; methionine 100 mg.

2 All data results were obtained through chemical analysis and were presented as
the average of two measurements.

3 The levels of amino acids and metabolic energy were calculated based on the
Tables of Feed Composition and Nutritive Values in China (31st edition).

curve. Finally, the calcium content in the feed was determined ac-
cording to the Chinese national standard (GB/T 6436—2018).

2.4. Sample collection

At the end of the 56-day experiment, all the hens were deprived
of feed for 12 h. Afterward, blood samples were collected from the
inferior pterygoid vein and kept temporarily on ice. Serum samples
were obtained from the blood samples by centrifuging at 3000 x g
for 10 min. The laying hens were also euthanized by the jugular
vein for tissue collection. The whole livers of the hens were
collected and weighed, and their relative weights were calculated
using the formula:

Liver index (%) = [tissue organ weight (g)/body weight (g)] x 100.

A small part of the liver was sectioned and used for hematoxylin
and eosin (H&E) and Oil Red O staining. A small piece of the liver
was quenched in liquid nitrogen and frozen at —80 °C until it was
used for oxylipin metabolomics analysis. The cecum was ligated at
both ends, and the mid-cecum tissue and contents were collected
separately in sterile, frozen storage tubes for the analysis of gut
microbiota.

2.5. Biochemical and pathological analysis

The levels of TC, TG, high density lipoprotein cholesterol (HDL-
C), low density lipoprotein cholesterol (LDL-C), aspartate amino-
transferase (AST), and alanine aminotransferase (ALT) in serum
were detected by a blood biochemical analyzer XL 640 (Erba,
Mannheim, Germany). The steps of liver pathology are as follows.
First, the liver was fixed, dehydrated, and sectioned (Oil Red O
staining was performed using frozen sections). Subsequently,
staining procedures were carried out following the instructions
provided in the H&E and Oil Red O staining kits. Images were then
captured under a microscope (Carl Zeiss AG, Oberkochen,
Germany).
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2.6. RT-PCR analysis of genes related to lipid metabolism and
inflammation in the liver

Briefly, total RNA from tissues was extracted using the TaKaRa
MiniBEST Universal RNA Extraction Kit (code No. 9796, TaKaRa Bio.,
Kyoto, Japan) and subsequently reverse transcribed to cDNA using
the PrimeScript RT reagent Kit (Perfect Real Time, code No. RR047A,
TaKaRa Bio., Kyoto, Japan). cDNA was reversed transcribed in
gradient dilutions to determine the optimal concentration. The PCR
reactions were then performed using TB Green Premix Ex Taq II (Tli
RNaseH Plus, code No. RR420A, TaKaRa Bio., Kyoto, Japan), ROX plus
and a Bio-Rad CFX Connect fluorescent quantitative PCR instrument
(Hercules, CA, USA). The related mRNA expression was normalized
to glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and RT-
PCR data were analyzed using the comparative 2784C method.
The identified genes were associated with various aspects of
metabolism: lipid synthesis genes included acetyl-CoA carboxylase
(ACC), fatty acid synthase (FAS), liver X receptor o (LXRa), and apical
sodium-dependent bile acid transporter (ASBT); lipid oxidation
genes encompassed peroxisome proliferator activated receptor
(PPAR) a, PPARY, and carnitine palmitoyl transferase-1 (CPT-1); and
inflammation-related genes comprised tumor necrosis factor-o
(TNF-«), interleukin (IL)-18, IL-6, and IL-8. Details of the primers
employed in the experiment are provided in Table 2.

2.7. Microbiomics analysis

Bacterial DNA wlas extracted from the contents of the cecum
using a bacterial genomic DNA extraction kit (TianGen Biotech Co.,
Ltd., Beijing, China) following the manufacturer's instructions.
Primers 341F (5'-ACTCCTACGGGRSGCAGCAG-3’) and 806R (5'-
GGACTACVVGGGTATCTAATC-3') were employed for PCR amplifi-
cation of the 16S rRNA gene. The purified PCR products were
sequenced on the NovaSeq 6000 (Illumina, CA, USA) platform with
PE 250. The raw reads of the samples were assembled using FLASH
(Version 1.2.11) to generate raw tags, which were then subjected to
quality control using fastp software (Version 0.23.1) to obtain clean
tags. The chimera sequences were eliminated by aligning the clean
tags with the Silva database. The obtained data were processed
using QIIME2 software for denoising, species annotation, and
analysis of alpha diversity, beta diversity, and principal coordinate
analysis (PCoA). Linear discriminant analysis effect size (LEfSe)
analysis was performed using the microeco package (linear
discriminant analysis score >2). Spearman correlation analysis was
performed in R language to investigate the associations between
differential bacteria and clinical indicators, as well as the correla-
tions between differential bacteria and differential metabolites.

2.8. Oxylipin metabolism in liver

Sample pretreatment and LC-MS/MS conditions are shown in
the supporting information methods. For qualitative analysis of the
mass spectrometry data, a database constructed based on standard
substances was used. The Analyst (Version 1.6.3) and MultiQuant
(Version 3.0.3) software packages were employed for qualitative
and quantitative analysis of the mass spectrometry data. Unsu-
pervised principal component analysis (PCA) was conducted using
the prcomp function in R (www.r-project.org). Cluster analysis, and
orthogonal partial least squares discriminant analysis (OPLS-DA)
were performed to analyze the overall samples. Based on the OPLS-
DA results, metabolites showing significant differences were
selected based on the variable importance in the projection (VIP)
obtained from the multivariate analysis model (VIP >1). Differential
metabolites were further screened using fold change (FC) analysis
(FC < 0.5, or FC > 2). Subsequently, differential metabolites were
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Primers used for reverse transcription-polymerase chain reaction analysis.

Gene Primer sequence (5’ to 3’) Accession number

FAS F: AAAGCAATTCGTCACGGACA NM_001114269.1
R: GGCACCATCAGGACTAAGCA

ACC F: CCGAGAACCCAAAACTACCAG XM_038165892.1
R: GCCAGCAGTCTGAGCCACTA

LXRa F: GACCTGAGCTATAATCGGGATG NM_204542.3
R: TCAGGTGATCATTTGGTCTGTTG

ASBT F: TTATGCCTCTCACAGCCTTCTTGC NM_001319027.1
R: TCCATGTCACCATCCACCCAGTAG

CPT-1 F: GGAGAACCCAAGTGAAAGT XM_027457809.2
R: TGGAAACGACATAAAGGCAGAA

PPARa F: TAACGGAGTTCCAATCGC XM_038165892.1
R: AACCCTTACAACCTTCACAA

PPARYy F: CACTGCAGGAACAGAACAAAGAA AJ250838
R: TCCACAGAGCGAAACTGACATC

TNF-a F: GAGCGTTGACTTGGCTGTC HQ739087.1
R: AAGCAACAACCAGCTATGCAC

IL-13 F: ACTGGGCATCAAGGGCTA AJ245728
R: GGTAGAAGATGAAGCGGGTC

IL-6 F: AAATCCCTCCTCGCCAATCT AJ250838
R: CCCTCACGCTCTTCTCCATAAA

IL-8 F: ATGAACGGCAAGCTTGGAGCTG HQ739083.1
R: TCCAAGCACCTCTCTTCCATCC

PLA2G4 F: ACTTGACCACTTCCCGTGAC NM_205423.1
R: GGGTTGTGACTGACCGAGTT

ELOVL5 F: ATTGGGTGCCTTGTGGTCA NM_001199197.2
R: AGCTGGTCTGGAAGATTGTCA

FADS1 F: GGAAACAGTGGGTGGACCT XM_046919233.1
R: AGATGAAGCCCCAGGATACC

ALOX15 F: CTTTGGGGAGGTCTTTGC XM_033846983.1
R: GCCAGCGTGTTGATGTGC

ALOX5 F: GCGTGGATGCCAATAAGAC XM_046920513.1
R: GAGACTAGGTGTGTCCGTAAGAG

GPX4 F: AACCAGTTCGGGAAGCAGGA NM_204220.3
R: ACTTGATGGCATTCCCCAGC

HPGDS F: TGGCAAAGTTCCTATTCTGG NM_205011.2
R: ATCCTGATTTTTCTCTGCCC

GAPDH F: TGCTGCCCAGAACATCATCC NM_204305.1

R: ACGGCAGGTCAGGTCAACAA

FAS = fatty acid synthase; ACC = acetyl-CoA carboxylase; LXRa= liver X receptor o;
ASBT= apical sodium-dependent bile acid transporter; PPAR= peroxisome pro-
liferator activated receptor; CPT-1= carnitine palmitoyl transferase-1; TNF-a= tu-
mor necrosis factor-o; IL= interleukin; PLA2G4 = phospholipase A2 group IVA;
ELOVL5 = elongase of very-long fatty acid 5; FADS1 = fatty acid desaturase 1;
ALOX15 = arachidonate 15-lipoxygenase; ALOX5 = arachidonate 5-lipoxygenase;
GPX4 = glutathione peroxidase 4; HPGDS = hematopoietic prostaglandin D syn-
thase; GAPDH= glyceraldehyde-3-phosphate dehydrogenase.

annotated using the KEGG database. Pearson correlation analysis
was conducted using R language to explore the relationship be-
tween differential metabolites and clinical indicators.

2.9. Validation of oxylipin metabolomics results by RT-PCR

RT-PCR was used to determine the gene expression levels of
phospholipase A2 group IVA (PLA2G4), elongase of very-long fatty
acid 5 (ELOVL5), fatty acid desaturase 1 (FADS1), arachidonate 15-
lipoxygenase (ALOX15), arachidonate 5-lipoxygenase (ALOX5),
glutathione peroxidase 4 (GPX4), and hematopoietic prostaglandin
D synthase (HPGDS) in the liver. The primers are shown in Table 2.

2.10. AA level in B. fragilis culture and the effects of AA on FLHS

The concentration of AA in the bacterial supernatant after 4, 8,12
and 24 h of culture was detected by a commercial ELISA kit (Shanghai
Jianglai Industrial Limited By Share Ltd., Shanghai, China).

Chicken LMH cells were cultured in DMEM (Thermo Fisher Sci-
entific - CN, Shanghai, China) supplemented with 10% fetal bovine
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serum (Beijing Aoqing Biotechnology Co., Ltd., Beijing, China) under
humidified conditions of 37 °C and 5% CO,. After monolayer LMH
cells were grown to 85% confluence in six-well plates, they were
exposed to 0.5 mmol/L free fatty acid (palmitic acid: oleic acid = 2:1)
containing 0.5% bovine serum albumin to induce the cellular stea-
tosis model and co-administered with AA (Solarbio, Beijing, China)
at concentrations of 80 pmol/L for 24 h. These doses were screened
by several cytotoxicity assays. The contents of TG and LDL-C in the
cells were determined using commercial kits (Nanjing Jiancheng
Bioengineering Institute, Jiangsu, China).

A total of 18 Jing Fen laying hens (1.56 + 0.05 kg) were utilized in
this animal experiment. The hens were randomly allocated into
three groups (6 replicates per group and 1 hen per replicate). The
control group received a basic diet (Contol), while the model group
was fed the HELP diet. Additionally, the experimental group was
provided with the HELP diet supplemented with 0.3% AA. The dose
selection for AA administration was based on previous reports
(Purba et al., 2021). The diets, feeding cycle, conditions, and envi-
ronment for all hens remained consistent with those employed in
the B. fragilis animal experiments. The experimental methods used
in this section, such as liver pathology detection, blood biochemical
detection, and gene expression detection, were consistent with
those used in the B. fragilis experiment.

2.11. Statistical analyses

Statistical analysis and data visualization were performed using
GraphPad Prism software (San Diego, CA, USA). The experimental
unit for each variable's investigation was an individual laying hen.
The clinical data such as blood lipids, body weight, etc., data on RT-
PCR, differential oxylipin, and differential bacterial are presented as
the mean + SEM. The Shapiro—Wilk test was utilized to assess the
normal distribution of the data, while the Levene test was
employed to determine the homogeneity of variance. One-way
ANOVA was used to test the significance between groups
(P < 0.05), followed by Tukey's test for multiple group comparisons.
The mathematical model used was as follows:

Yij:u+ai+eij7

where Yj; is the observed value of the dependent variable at the ith
level for the jth observation. p is the overall mean, ¢; represents the
effect at the ith level, and ¢; is the random error, which follows an
independent random variable distributed as n (0, 62).

3. Results
3.1. B. fragilis ameliorated the clinical parameters of FLHS

In comparison to the Control group, laying hens fed a HELP diet
exhibited a significant increase in body weight in the 7th week
(P = 0.006). The laying hens of MBF group significantly reduced
body weight at the 7th and 8th weeks compared to the HELP group
(P < 0.05; Table 3). While the HBF and LBF intervention did not
significantly alleviate body weight compared to the HELP group
(P> 0.05; Table 3). There were no significant differences in average
daily feed intake (ADFI) among all groups (P = 0.873 ). Corre-
spondingly, all three doses of B. fragilis were able to decrease the
liver weight and liver index compared to the HELP group (P < 0.05;
Table 3). A gross anatomical examination of the liver in the HELP
group revealed evident hepatic steatosis. Under the administration
of B. fragilis, hepatic steatosis showed significant improvement,
with the MBF group showing particularly remarkable improvement
(Fig. 1). Histological staining with H&E and Oil Red O demonstrated
that B. fragilis intervention ameliorated hepatic steatosis,
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hepatocyte ballooning, and lipid deposition induced by the HELP
diet (Fig. 1). B. fragilis intervention significantly improved liver
damage, as evidenced by a notable reduction in the levels of AST
and ALT in the serum (P < 0.05; Table 4). Prolonged consumption of
the HELP diet led to elevated blood lipid levels in laying hens.
Compared to the Control group, the HELP group showed a signifi-
cant increase in TG, TC, and LDL-C levels, as well as a significant
decrease in HDL-C levels, which were significantly reversed
following B. fragilis supplementation (P < 0.05; Table 4). The
improvement in laying hens TG, TC, and LDL-C levels among the
three different doses of B. fragilis groups did not show significant
differences. However, concerning the improvement in liver damage
indicators, the MBF group exhibited a significant enhancement in
both AST and ALT levels (P < 0.05). Considering body weight and
liver pathology indicators, the MBF group demonstrated the most
comprehensive improvement in FLHS. Therefore, the MBF group
was selected for further experimental analysis.

3.2. B. fragilis improved lipid metabolism and inflammatory gene
expression

To gain deeper insights into the ameliorative effects of B. fragilis
on FLHS, key gene expression in FLHS pathology was assessed. The
RT-PCR analysis results revealed that the HELP diet significantly
elevated the gene expression of lipid synthesis-related genes ACC,
LXRa, and ASBT (P < 0.05) compared to the Control group.
Conversely, the administration of B. fragilis significantly reduced
the expression levels of FAS, LXR«, and ASBT (P < 0.05; Fig. 2A). The
HELP diet led to a reduction in the expression trends of the lipid
oxidation genes CPT-1, PPAR«, and PPARy (P > 0.05), along with a
significant increase in the gene expression of the inflammatory
factors TNF-a and IL-6 (P < 0.05). In comparison to the HELP group,
the MBF group exhibited significant upregulation of the expression
of lipid oxidation genes CPT-1 and PPAR« (P < 0.05), and notable
downregulation of the expression of the inflammatory genes TNF-a,
IL-16, and IL-6 (P < 0.05; Fig. 2B and C).

3.3. B. fragilis altered the gut microbiota structure and composition

The present study aimed to investigate the impact of B. fragilis
on the structure of the intestinal microbiota in laying hens using
16S rRNA sequencing of cecal content samples. To determine the
adequacy of sequencing depth and sample size, species dilution
curves based on the Shannon index and species accumulation
boxplots were employed. Fig. S2A demonstrates that the diversity
index curve reached a plateau with increased sequencing data,
indicating reasonable sequencing depth. Fig. S2B shows that spe-
cies richness increased with larger sample sizes and then leveled
off, indicating a sufficient sample size. Statistical results suggested
that the HELP diet did not affect the a-diversity of the intestinal
microbiota (Fig. 3A and B, Fig. S2C-E). The Dominance index,
which indicated the evenness of the cecal microbiota tended to
increase by B. fragilis administration compared to the HELP group
(P = 0.067). Moreover, analysis of the Chaol, Simpson, and
Shannon indexes indicated that B. fragilis had no impact on the a-
diversity of the cecal microbiota (Fig. 3B, Fig. S2C-E). The effect of
B. fragilis on the beta-diversity of the intestinal microbiota was
similar. PCoA and nonmetric multidimensional scaling (NMDS)
based on the Jaccard index revealed distinct clustering of the in-
testinal microbiota between the HELP group and the Control
group, and also between the MBF and HELP groups (Fig. 3C,
Fig. S2F). PCoA based on the Jaccard index solely considers species
composition without taking into account species abundance.
NMDS analysis based on unweighted UniFrac was difficult to use
to clearly differentiate the cecal microbiota among the three
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Table 3

Effects of B. fragilis on body weight, liver weight and ADFI of HELP-fed laying hens'.
Item Control HELP HBF MBF LBF P-value
Body weight, kg
0 week 1.54 + 0.024 1.54 + 0.039 1.58 + 0.016 1.57 £ 0.018 1.55 + 0.029 0.803
1 week 1.59 + 0.026 1.62 + 0.029 1.58 + 0.022 1.55 + 0.021 1.58 + 0.023 0.378
2 week 1.63 + 0.022 1.65 + 0.027 1.61 + 0.024 1.57 + 0.021 1.60 + 0.020 0.219
3 week 1.67 + 0.024 1.70 + 0.023 1.69 + 0.028 1.64 + 0.022 1.66 + 0.016 0.412
4 week 1.63 + 0.023 1.59 + 0.022 1.64 + 0.029 1.67 + 0.023 1.64 + 0.029 0.268
5 week 1.65 + 0.027 1.72 + 0.025 1.69 + 0.035 1.61 + 0.023 1.66 + 0.021 0.061
6 week 1.66 + 0.031 1.73 + 0.027 1.70 + 0.035 1.62 + 0.024 1.68 + 0.019 0.072
7 week 1.65 + 0.025° 1.77 + 0.022° 1.72 + 0.036%° 1.64 + 0.024° 1.71 + 0.021%° 0.006
8 week 1.65 + 0.028%° 1.76 + 0.024° 1.69 + 0.040° 1.63 + 0.023° 1.67 + 0.022%° 0.022
Liver weight, g 31.92 + 0.417° 37.67 + 1.430° 31.35 + 0.891° 31.14 + 0.666° 31.69 + 0.654° <0.001
Liver index, % 1.95 + 0.024° 2.16 + 0.084° 1.85 + 0.035° 1.97 + 0.036° 1.85 + 0.040° <0.001
ADFI, g 103.60 + 2.826 107.10 + 2.456 105.80 + 3.031 104.60 + 2.662 104.10 + 1.930 0.873

ADFI = average daily feed intake; HELP = high-energy and low-protein.

2PMean values within a row with different superscript letters indicate significant difference (P < 0.05). Values are means + SEM, n = 8.
! Control = control group, hens fed with standard diet; HELP = model group, hens fed with high-energy low-protein diet; HBF, MBF, and LBF = experimental groups, hens
fed with high-energy low-protein diet and administrated with 10'°, 10°, and 108 CFU B. fragilis, respectively.

Control

Fig. 1. B. fragilis improved hepatic lipid deposition induced by the high-energy and low-protein (HELP) diet. Liver gross morphology, hematoxylin and eosin (H&E) staining, and Oil
Red O staining. The scale bar on the figure is 100 um. Control = control group, hens fed with standard diet; HELP = model group, hens fed with high-energy low-protein diet; HBF,
MBF, and LBF = experimental groups, hens fed with high-energy low-protein diet and administrated with 10'°, 10°, and 108 CFU B. fragilis, respectively.

Table 4

B. fragilis improved blood lipids and liver function in serum .
Item Control HELP HBF MBF LBF P-value
TG, mmol/L 19.14 + 0.857° 27.17 + 1.260° 20.87 + 1.194° 20.23 + 1.301° 20.81 + 1.161° <0.001
TC, mmol/L 2.75 + 0.095° 4,03 +0.137° 3.02 + 0.172° 3.32 + 0.081° 3.33 + 0.180° <0.001
LDL-C, mmol/L 0.76 + 0.047° 1.10 + 0.046° 0.76 + 0.048° 0.81 + 0.057° 0.85 + 0.064° <0.001
HDL-C, mmol/L 0.88 + 0.051° 0.68 + 0.041°° 0.77 + 0.057%® 0.71 + 0.053%® 0.59 + 0.041¢ 0.003
AST, U/L 166.60 + 3.760° 191.00 + 7.273% 182.30 + 7.319% 165.90 + 5.535° 178.40 + 3.903% 0.021
ALT, U/L 5.34 +0.328° 6.64 + 0.358° 5.96 + 0.336%" 470 + 0.261° 431 + 0.320° <0.001

TG = triglyceride; TC = total cholesterol; HDL-C = high density lipoprotein cholesterol; LDL-C = low density lipoprotein cholesterol; AST = aspartate aminotransferase; ALT =

alanine aminotransferase.

2“Mean values within a row with different superscript letters indicate significant difference (P < 0.05). Values are means + SEM, n = 8.
1 Control = control group, hens fed with standard diet; HELP = model group, hens fed with high-energy low-protein diet; HBF, MBF, and LBF = experimental groups, hens
fed with high-energy low-protein diet and administrated with 10'°, 10°, and 10® CFU B. fragilis, respectively.

groups (Fig. S2G). To assess the appropriateness of the grouping,
an analysis of similarities (ANOSIM) based on the Bray—Curtis
distance was conducted to analyze the differences within and
between groups. Table S1 shows that the R-values for all pairwise
comparisons among the three groups exceeded O, indicating
greater differences between the groups than within. In summary,
B. fragilis had an impact on the cecal microbiota structure to some
extent, but the impact was not significant.
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Furthermore, the composition of the cecal microbiota was
analyzed. At the phylum level, Bacteroidota and Firmicutes were
the predominant phyla in the cecum, accounting for approximately
90% of the total, followed by Euryarchaeota (Fig. 3E). The HELP diet
led to a decrease in Bacteroidota and an increase in Firmicutes,
while the administration of B. fragilis reversed these effects
(Fig. 3E). Firmicutes and Bacteroidota were closely associated with
host lipid metabolism, and the ratio of Firmicutes to Bacteroidota
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Fig. 2. B. fragilis improved the expression of lipid metabolism and inflammatory factor-related genes. (A) Relative mRNA expression of lipid synthesis-related genes. (B) Relative
mRNA expression of lipid oxidation-related genes. (C) Relative mRNA expression of inflammatory factor-related genes. Control = control group, hens fed with standard diet;
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difference between the two groups is significant.

(F/B ratio) was positively correlated with NAFLD. The B. fragilis
intervention reduced the F/B ratio, but the reduction was not sig-
nificant (Fig. 3G). Additionally, the B. fragilis intervention signifi-
cantly decreased the relative abundance of Proteobacteria
(P = 0.040; Fig. 3H). At the genus level, the bacterial composition of
the MBF group was more similar to the Control group (Fig. 3F). The
HELP diet altered the relative abundance of bacterial species, with a
decrease in Monoglobus and Clostridiales DTU089 (P < 0.05), and an
increase in Succinatimonas and Faecalicoccus (P < 0.05), while the
MBF group exhibited the opposite trend (Fig. 3]). As presented in
Fig. 3F, Bacteroides exhibited a significantly higher relative abun-
dance compared to other genera, indicating its dominant position
in the intestinal microbiota. Additionally, LEfSe analysis revealed
that Bacteroidota and Bacteroides were significantly enriched in the
MBF group and served as indicative bacteria (Fig. 3I). Metastat
analysis also confirmed the contribution of Bacteroides (P = 0.007,
Fig. 3K). In conclusion, the addition of B. fragilis reversed the
changes in the intestinal microbiota caused by the HELP diet,
enriching Bacteroides, which positively affected liver lipid
metabolism.

3.4. Changes in gut microbiota by B. fragilis related to FLHS

In the aforementioned study, we identified five distinct bacterial
species exhibiting differential abundance. By conducting a
Spearman correlation analysis between these differential bacteria
and disease-associated markers, we delved into the potential in-
fluence of these bacteria on the disease state. Our analysis revealed
significant negative correlations between Bacteroides and Clos-
tridiales DTU089 with TG, TC, and LDL-C levels (P < 0.05), suggesting
a potential lipid-modulating effect by these bacterial taxa. Notably,
Bacteroides exhibited a positive correlation with AST (P = 0.014),
indicating a potential dual role involving lipid metabolism
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improvement and potential liver function implications. Conversely,
Faecalicoccus demonstrated significant positive correlations with
TG, TC, and LDL-C levels (P < 0.05), implying a potential risk factor
for the occurrence of FLHS (Fig. 4A). Further insights emerged from
our enrichment analysis of the gut microbiota using KEGG path-
ways, revealing the noteworthy downregulation of three Level 3
metabolic pathways (Fig. 4B). These pathways encompass retro-
grade endocannabinoid signaling, NAFLD, and regulation of lipol-
ysis in adipocytes, pointing to substantial alterations in lipid-
related metabolic routes (Fig. 4C—E).

3.5. B. fragilis ameliorated disrupted oxylipin metabolism in FLHS
hens

To investigate the impact of B. fragilis on oxylipin metabolism in
the liver of laying hens, targeted lipidomics focusing on oxylipin
was utilized to analyze the composition and content of oxylipins
among the three groups. As shown in Fig. S3A, the QC samples
exhibited a high degree of total ion flow overlap, indicating the
instrument's stability. Fig. S3B demonstrates that the Pearson cor-
relation coefficient among QC samples approaches 1, signifying
high data quality. The distribution of coefficient of variation (CV)
values among QC samples, as depicted in Fig. S3C, revealed that
substances with CV values less than 0.2 accounted for over 80%,
underscoring the experiment's remarkable stability. Furthermore,
in the PCA score plot, all QC samples clustered closely, suggesting a
consistent instrument performance (Fig. S3D). While PCA did not
strongly discriminate between the three groups, OPLS-DA, which
was more sensitive to less correlated variables, was subsequently
employed. The OPLS-DA results exhibited a clear separation be-
tween the Control group and the HELP group, indicating disrupted
oxylipin metabolism in FLHS chickens (Fig. 5A). Additionally, there
was a notable separation between the MBF group and the HELP
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Fig. 3. B. fragilis improved the gut microbial structure and taxonomic composition induced by high-energy and low-protein. (A-B) a-Diversity analysis. (C) Principal coordinate
analysis (PCoA) of the HELP and MBF groups. (D) Nonmetric multidimensional scaling (NMDS) analysis of the HELP and MBF groups. (E) Relative abundance of gut microbial species
composition at the phylum level. (F) Relative abundance of gut microbial species composition at the genus level. (G) Proportions of Firmicutes and Bacteroidetes. (H) Relative
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difference between the two groups is significant.

group, suggesting an improvement in oxylipin metabolism
following intervention with B. fragilis (Fig. 5B).

The intervention of the HELP diet and B. fragilis resulted in al-
terations in various polyunsaturated fatty acid metabolites. As
illustrated in Fig. 5C, compared to the Control group, the HELP diet
resulted in the upregulation of three substances and the down-
regulation of four substances. In comparison to the HELP group, the
MBF group exhibited upregulation of four substances and down-
regulation of five substances (Fig. 5D). In total, twelve differential
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metabolites were detected, comprising six metabolites related to
the AA metabolic pathway, two related to the linoleic acid (LA)
metabolic pathway, and two related to the eicosapentaenoic acid
(EPA) metabolic pathway (Table 5).

As shown in Fig. 5E, compared to the HELP group, B. fragilis
intervention led to an 18.72% increase in AA content, reaching
1782 nmol/g, significantly improving the decrease caused by the
HELP diet (P = 0.008). Moreover, after B. fragilis intervention, the
levels of the metabolic pathway products 15-keto-prostaglandin E2
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(15-keto-PGE,), 15-oxoeicosatetraenoic acid (15-o0xoETE), and 12-
oxoeicosatetraenoic acid (12-oxoETE) were significantly down-
regulated (P < 0.05), while the contents of PGD, were upregulated
(P = 0.070), all exhibiting similar trends to the Control group
(Table 5). In the livers of laying hens fed B. fragilis, LA levels
significantly increased (P = 0.001), showing 18% growth compared
to the Control group and 16.67% growth compared to the HELP
group (P = 0.001; Fig. 5E). The HELP diet resulted in a decrease in
the LA metabolite 13-0x0-9Z,11E-octadecadienoic acid (13-
0x00DE) (P = 0.124) and an increase in PGK; (P = 0.346) and
13(S)-hydroperoxy-9Z, 11E-octadecadienoic acid (13(S)-HpODE)
(P = 0.079), while B. fragilis intervention restored these levels to
those of the Control group, showing improvement (Table 5). Simi-
larly, the HELP diet led to an increase in the EPA metabolite 11-
hydroxy-EPA (11-HEPE) (P = 0.393), which was improved by
B. fragilis intervention. Compared to the Control group, the levels of
5S-hydroxy-6E,8Z,11Z-eicosatrienoic acid (5-HETTE) were signifi-
cantly reduced by 66.41% and 71% in the HELP group and MBF
group, respectively (P < 0.001). The intervention of B. fragilis did not
lead to a further decrease in its content (Table 5). Through the
analysis of different metabolites, it was found that the addition of
B. fragilis mainly improved the AA metabolic pathway.

Pearson correlation analysis was performed to explore the as-
sociations among differential metabolites and blood lipids. As
shown in Fig. 5F, there was a strong positive correlation among 12-
oxoETE, 15-0xoETE, 15-keto-PGE,, and 13(S)-HpODE (P < 0.01).
These metabolites are known for their proinflammatory activities
and showed similar changes in the oxylipin metabolism pathway.
Notably, AA, a metabolite of LA, exhibited negative correlations
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with the mentioned pro-inflammatory substances, particularly
significant negative correlations with 13(S)-HpODE and 12-0xoETE
(P < 0.05). Moreover, in the LA metabolic pathway, LA is metabo-
lized to y-LA, and then subsequently to dihomo-vy-linolenic acid (D-
v-LA) and AA. Comparing the HELP and Control groups, AA was
downregulated, but after intervention with B. fragilis, their levels
were restored to levels similar to those of the Control group
(P = 0.008; Fig. 5E). The correlation analysis in Fig. 5F supports this
observation, showing that AA has significant positive correlations
with LA and D-y-LA (P < 0.05). To investigate the impact of differ-
ential B. fragilis on FLHS, we analyzed the Pearson correlation be-
tween metabolites and clinical indicators related to FLHS. In Fig. 5G,
AA demonstrates significant negative correlations with TG, TC, LDL-
C, and liver weight (P < 0.05). Similarly, D-y-LA showed significant
negative correlations with TG, TC, and LDL-C (P < 0.05). There was a
significant negative correlation observed between LA and the liver
function marker ALT (P = 0.043). Additionally, PGD; and 5-HETTE
exhibited a significant negative correlation with TC and liver
weight (P < 0.05).

3.6. B. fragilis modulated the oxylipin metabolism pathway and key
enzymes

B. fragilis induced alterations in oxylipin metabolism, which was
further elucidated by comparing differential metabolites against
the KEGG database. To validate the impact of B. fragilis on the
oxylipin metabolic pathway, RT-PCR was conducted to observe the
transcription levels of relevant genes. In comparison to the Control
group, the HELP diet significantly downregulated the expression
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Fig. 5. B. fragilis improved oxylipin metabolism disruption induced by the high-energy and low-protein diet. (A-B) orthogonal partial least squares discriminant analysis (OPLS-DA)
between the two groups. (C-D) Volcano plot of differential metabolites. (E) Changes in the content of oxylipin metabolism pathway substrates. (F) Pearson correlation analysis
between metabolites. *P < 0.05 and **P < 0.01. (G) Pearson correlation analysis between metabolites and clinical indicators of the disease. *P < 0.05 and **P < 0.01. Control = control
group, hens fed with standard diet; HELP = model group, hens fed with high-energy low-protein diet; MBF = experimental group, hens fed with high-energy low-protein diet and
administrated with 10° CFU B. fragilis; VIP = variable importance in the projection; FC = fold change; AA = arachidonic acid; LA = linoleic acid; D-y-LA = dihomo-y-linolenic acid;
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as means + SEM (n = 8). When P < 0.05, the difference between the two groups is significant.

levels of PLA2G4, ELOVL5, and GPX4, by approximately 0.39-, 0.46-,
and 0.5-fold, respectively (P < 0.05; Fig. 6). B. fragilis intervention
significantly elevated the expression of GPX4 and enhanced the
expression trends of PLA2G4 and ELOVL5 (P < 0.05). Specifically, in
contrast to the HELP group, GPX4 expression increased by 1.82-fold,
while PLA2G4 and ELOVL5 expression increased by 2.11- and 1.8-
fold, respectively (P < 0.05; Fig. 6). The gene expression levels of
ALOX15 and ALOX5 in the HELP group are notably elevated by 2.6-
and 4.23-fold, respectively, compared to the Control group
(P < 0.05). However, B. fragilis intervention reduced these levels to
0.5- and 0.8-fold, respectively (P < 0.05; Fig. 6). Additionally, while
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the gene expression levels of FADST and HPGDS did not exhibit
significant changes among the three groups, both showed
decreasing trends after the HELP diet intervention, which was
nearly restored to the Control group levels following B. fragilis
intervention (P > 0.05; Fig. 6).

3.7. Integration analysis of oxylipin metabolomics and gut
microbiota

To establish the potential associations between distinct bacterial
taxa and identified differential lipid metabolites, Spearman
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Table 5

B. fragilis altered oxylipin metabolites (nmol/mg) of the liver in HELP-fed laying hens’.
Item Class Control HELP MBF P-value Pathway
15-Ox0ETE AA 1.29 + 0.328° 2.39 + 0.401° 0.66 + 0.229° 0.004 AA
12-OxoETE AA 6.90 + 2227 12.01 + 1.286° 422 +1.837° 0.022 AA
15-Keto-PGE; AA 4.49 + 1.406* 8.43 + 1.263° 3.40 + 0.387° 0.011 AA
PGD, AA 4.69 + 1.635 0.47 + 0471 2.51 +1.231 0.070 AA
20-OH-LTB4 AA 0.98 + 0.346 0.58 + 0.288 1.47 + 0.337 0.176 AA
LXB4 AA 4.57 + 2.246 ND 1.11 + 1.113 0.089 AA
13(S)-HpODE LA 1.68 + 0.593 3.50 + 0.938 1.10 = 0.637 0.079 LA
13-0x00ODE LA ND 1.14 + 0.751 ND 0.124 LA
PGK; D-y-LA 9.79 + 9.794 ND 20.35 + 13.490 0.346 —
11-HEPE EPA 1.03 + 0.539 0.23 +0.228 1.05 + 0.578 0.393 EPA
LXAs EPA ND 2.23 + 1.240 ND 0.276 EPA
5-HETTE — 13.07 + 1.909° 4.43 + 0.424°¢ 3.84 + 0.234¢ <0.001 —

HELP = high-energy and low-protein; ND = not detected; AA = arachidonic acid; LA = linoleic acid; EPA = eicosapentaenoic acid; D-y-LA = dihomo-vy-linolenic acid; 15-
oXOETE = 15-oxoeicosatetraenoic acid; 12-oxoETE = 12-oxoeicosatetraenoic acid; 15-keto-PGE,= 15-keto-prostaglandin E;; PGD, = prostaglandin D,; 20-OH-LTB,_ 20-
OH-leukotriene By4; LXB4 = 5S,14R,15S-trihydroxy-6E, 8Z,10E,12E-eicosatetraenoic acid; 13(S)-HpODE = 13(S)-hydroperoxy-9Z, 11E-octadecadienoic acid; 13-0xoODE =
13-0x0-9Z, 11E-octadecadienoic acid; PGK; = prostaglandin K;; 11-HEPE = 11-hydroxy-EPA; LXAs = 5S,6R,15S-trihydroxy-7E, 9E,11Z,13E,17Z-eicosapentaenoic; 5-

HETrE = 5S-hydroxy-6E, 8Z,11Z-eicosatrienoic acid.

#“Mean values within a row with different superscript letters indicate significant difference (P < 0.05). Values are means + SEM, n = 8.
1 Control = control group, hens fed with standard diet; HELP = model group, hens fed with high-energy low-protein diet; MBF = experimental group, hens fed with high-

energy low-protein diet and administrated with 10° CFU B. fragilis.
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Values are presented as means + SEM (n = 6). When P < 0.05, the difference between the two groups is significant.

correlation analysis was performed. As depicted in Fig. 7A, Succi-
natimonas exhibited significant positive correlations with proin-
flammatory compounds, including 15-0xoETE, 15-keto-PGE,, 12-
oxoETE, and 13(S)-HpODE (P < 0.05 ), while displaying a signifi-
cant negative correlation with LA (P = 0.026). Notably, Monoglobus
demonstrated a significant negative correlation with 15-keto-PGE;
(P = 0.031). Furthermore, Bacteroides displayed significant positive
correlations with AA and LA (P < 0.05; Fig. 7A). Given Bacteroides'
status as a dominant species in the cecum and AA's role as both a
substrate in the AA metabolic pathway and a prominent constitu-
ent, their interaction was crucial in maintaining stability. Conse-
quently, a Pearson correlation analysis was employed to investigate
their relationship. The results revealed a linear relationship, indi-
cating that an increase in AA concentration corresponded to an
increase in Bacteroides relative abundance (P = 0.007; Fig. 7B). This
suggests that Bacteroides might modulate FLHS through AA regu-
lation. To substantiate this, ELISA was utilized to assess the AA
content in the B. fragilis culture supernatant. The results showed
that B. fragilis secretes AA, with its concentration gradually
increasing over time and stabilizing after 12 h (Fig. 7C).

3.8. Metabolites of B. fragilis alleviate FLHS in laying hens

To validate the direct effect of AA on the liver, LMH cell experi-
ments were conducted to assess the cellular impact of AA. The main
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focus was on lipid content within LMH cells. The results revealed
that the addition of 80 umol/L AA to the cell culture medium
significantly decreased the levels of TG and LDL-C (P < 0.05; Table 6).
In the animal experiment, starting from the seventh week, the body
weight of laying hens fed the HELP diet increased significantly
(P = 0.007), and by the eighth week, the AA group exhibited
significantly lower body weight than the Model group (P = 0.005),
indicating that supplementation with AA improved weight(Table 7).
There was no significant difference in ADFI between the groups
(P=0.432; Table 7). The addition of AA to the feed improved hepatic
steatosis and liver damage. Compared to the Model group, the AA
group showed significant reductions in liver weight (P < 0.001;
Table 7). H&E staining and Oil Red O staining revealed fewer lipid
vacuoles and lipid deposits in the AA group (Fig. 8). Moreover, AST
and ALT levels were significantly reduced in the AA group (P < 0.05),
indicating an improvement in liver injury (Table 8). Serum lipid
analysis demonstrated that AA effectively ameliorated the increases
in TG, TC, and LDL-C induced by the HELP diet (P < 0.05), and
significantly raised HDL-C level (P = 0.039; Table 8). Collectively, the
combination of in vivo and in vitro assessments confirmed that AA
had the potential to ameliorate hepatic steatosis in laying hens and
directly improve liver cell conditions.

To elucidate the mechanisms underlying the alleviating effects
of AA on FLHS, we employed RT-PCR analysis to investigate changes
in genes related to lipid metabolism and oxylipin pathways. The
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**P < 0.01. n = 8. (B) Pearson correlation analysis between arachidonic acid (AA
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as means + SEM (n = 4). D-y-LA = dihomo-y-linolenic acid; 15-0xoETE = 15-oxoeicosatetraenoic acid; 12-oxoETE = 12-oxoeicosatetraenoic acid; 20-OH-LTB4 = 20-OH-leukotriene
B4; 13(S)-HpODE = 13(S)-hydroperoxy-9Z,11E-octadecadienoic acid; 15-keto-PGE, = 15-keto-prostaglandin E,; PGD, = prostaglandin D,; 5-HETrE = 5S-hydroxy-6E,8Z,11Z-eico-

satrienoic acid. When P < 0.05, the difference between the two groups is significant.

Table 6

AA reduced lipid accumulation induced by fatty acids in LMH cells (mmol/g prot)".
Item Con Model AA P-value
TG 0.07 + 0.016° 0.24 + 0.024° 0.14 + 0.020° 0.002
TC 0.08 + 0.012 0.10 + 0.008 0.09 + 0.016 0.635
LDL-C 0.04 + 0.007° 0.08 + 0.012° 0.04 + 0.006° 0.014
HDL-C 0.04 + 0.004° 0.02 + 0.002° 0.03 + 0.006° 0.045

AA = arachidonic acid; TG = triglyceride; TC = total cholesterol; HDL-C = high
density lipoprotein cholesterol; LDL-C = low density lipoprotein cholesterol.
2bMean values within a row with different superscript letters indicate significant
difference (P < 0.05). Values are means + SEM, n = 3.

1 Con = control group, LMH, cells treated with only the culture medium; Model =
model group, LMH, cells induced with oleic acid and palmitic acid for lipid degen-
eration; AA = experimental groups, Model group with the addition of 80 pmol/L AA.

HELP diet upregulated the expression of lipid synthesis-related
genes, including FAS, ACC, LXRa, and ASBT (P < 0.05). Conversely,
AA significantly inhibited the expression of FAS, LXR«, and ASBT
(P < 0.05), with no observed impact on ACC expression (Fig. 9A). In
terms of lipid oxidation gene expression, AA reversed the down-
regulation of CPT-1 and PPAR«a gene expression caused by the HELP
diet (P < 0.05), thereby enhancing the expression of fatty acid
oxidation genes (Fig. 9B). The amelioration of inflammation-related
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gene expression by AA is noteworthy, as the increased gene
expression of TNF-«, IL-18, IL-6, and IL-8 observed in the Model
group was significantly attenuated by AA (P < 0.05; Fig. 9C). To
verify whether the effects of AA on improving oxylipin pathway-
related genes were similar to those of B. fragilis, we assessed the
expression of relevant genes. The results demonstrated that within
the LA metabolic pathway, AA remarkably ameliorated the reduced
expression of the PLA2G4 gene caused by the HELP diet (P = 0.081).
While the effects on the expression of the ELOVL5 and FADS1 genes
were not significant, the trends remained consistent with the
impact of B. fragilis (Fig. 9D). Within the AA metabolic pathway,
compared to the Control group, the Model group significantly
increased the expression of ALOX5 (P = 0.041), and ALOX15 also
exhibited an increasing trend (P = 0.070). The addition of AA
significantly reduced the expression of both ALOX5 and ALOX15
(P < 0.05). The HELP diet led to a notable decrease in GPX4 gene
expression (P = 0.001), and HPGDS gene expression displayed a
decreasing trend (P = 0.064). Remarkably, AA significantly upre-
gulated GPX4 expression (P = 0.004), while the increase in HPGDS
gene expression was not significant (Fig. 9E). These results indi-
cated that AA's ameliorative effects within the AA metabolic
pathway exhibited similarities to those of B. fragilis.
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Table 7
AA improved body weight and liver weight gain in FLHS-affected laying hens'.
Item Con Model AA P-value
Body weight, kg
0 week 1.55 + 0.021 1.57 + 0.022 1.55 + 0.025 0.856
1 week 1.61 + 0.026 1.63 + 0.024 1.58 + 0.029 0.534
2 week 1.64 + 0.021 1.65 + 0.028 1.60 + 0.028 0.326
3 week 1.65 + 0.024 1.68 + 0.019 1.62 + 0.014 0.125
4 week 1.64 + 0.027 1.68 + 0.022 1.63 + 0.025 0.375
5 week 1.65 + 0.026 1.72 + 0.027 1.69 + 0.030 0.207
6 week 1.66 + 0.027 1.75 + 0.029 1.70 + 0.025 0.084
7 week 1.65 + 0.030° 1.78 + 0.022° 1.70 + 0.021*®  0.007
8 week 1.66 + 0.026" 1.79 + 0.017° 1.69 + 0.021° 0.005
Liver 3218 £ 0.571° 3727 + 1636  33.72 + 0.808"  <0.001
weight, g
Liver 1.91 + 0.015" 2.18 + 0.054° 1.99 + 0.044° <0.001
index, %
ADFI, g 10530 + 1.127  106.60 + 1.138  103.90 + 1.893  0.432

AA = arachidonic acid; FLHS = fatty liver hemorrhagic syndrome; ADFI = average
daily feed intake.
2bMean values within a row with different superscript letters indicate significant
difference (P < 0.05). Values are means + SEM, n= 8.

1 Con = control group, hens fed with standard diet; Model = model group, hens
fed with high-energy low-protein diet; AA = experimental groups, hens fed with
high-energy low-protein diet with 0.3 % AA.

4. Discussion

Gut microbiota dysbiosis can result in compromised intestinal
mucosa, heightened permeability of the intestinal barrier, and
facilitate the translocation of gut microbiota metabolites to the
liver, thereby exacerbating liver injury (Safari and Gerard, 2019).
The composition of the gut microbiota is dynamic and intricately
influenced by factors such as age, environment, and dietary pat-
terns. Individuals with NAFLD, as well as animals with similar
conditions, exhibit shifts in the species composition and functional
traits of gut microbiota. These changes are often characterized by
an increased F/B ratio, a decline in beneficial species, and an
augmentation of pathogenic bacteria (Gupta et al., 2021). The
present study also observed changes such as a decrease in Bacter-
oides abundance. Bacteroides has attracted much attention due to
its potential regulatory role in liver disease. In recent years,
numerous studies have concentrated on the impact of Bacteroides
when isolated from the host and reintroduced into the host system,

H&E

OilRed O
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with the aim of understanding their potential in ameliorating liver
diseases. For instance, Wang et al. (2022) isolated Bacteroides
acidificans from mouse feces, demonstrating its ability to enhance
liver antioxidant capacity by reducing the ratio of L-glutathione/
glutathione, thereby modulating the CD95/CD95L signaling
pathway to alleviate canavalin-induced liver injury. Furthermore,
Bacteroides uniformis and Bacteroides xylanisolvens, along with
other Bacteroides species, have been reported to confer beneficial
effects in NAFLD (Lee et al., 2021; Qiao et al., 2020). In our study,
B. fragilis was isolated from the cecum of laying hens and admin-
istered to laying hens with diet-induced FLHS resulting from the
HELP diet.

The liver serves as the primary site for lipid metabolism in laying
hens, bearing almost all synthetic pressure. During egg production
in laying hens, over 50% of the fat synthesized in the liver is
transported to the ovaries for the formation of egg yolks. The
increased demand for egg production exacerbates the metabolic
pressure on the liver. Under normal circumstances, hepatic lipid
metabolism is in dynamic equilibrium. However, external factors
such as increased energy intake and reduced levels of antioxidants
in the diet can lead to oxidative stress, disrupting hepatic lipid
metabolism and transport, resulting in hepatic lipid deposition,
ultimately leading to FLHS (Attallah et al., 2022). In the study by
Attallah et al. (2022), HELP feed could induce oxidative stress,
leading to liver cell membrane damage and hepatic lipid degener-
ation in laying hens with FLHS. Similar observations were observed
in our study. Pathological results showed severe hepatic steatosis in
the HELP group, which was significantly ameliorated by B. fragilis
intervention. Liver damage associated with oxidative stress is often
accompanied by membrane damage, as evidenced by elevated AST
and ALT levels in blood of laying hens. However, B. fragilis inter-
vention could alleviate liver damage caused by oxidative stress and
maintain liver function. Additionally, liver damage was accompa-
nied by enhanced gluconeogenesis (Lee et al., 2021), leading to the
conversion of non-carbohydrate substances such as proteins into
glucose. This resulted in decreased levels of lipoproteins, affecting
the process of lipid transport, ultimately leading to a decline in egg
production. The improvement in liver damage by B. fragilis
contributed to the attenuation of gluconeogenesis in FLHS-affected
laying hens, which has a positive effect on maintaining blood
glucose and protein levels. Additionally, excess glucose was

Fig. 8. Arachidonic acid (AA) improved hepatic lipid deposition induced by the high-energy and low-protein diet. Hematoxylin and eosin (H&E) staining, and Oil Red O staining. The
scale bar on the figure is 100 pum. Con = control group, hens fed with standard diet; Model = model group, hens fed with high-energy low-protein diet; AA = experimental groups,

hens fed with high-energy low-protein diet with 0.3% AA.
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Table 8

AA improved blood lipids and liver function in serum’.
Item Con Model AA P-value
TG, mmol/L 17.23 + 1.412° 30.25 + 1.128% 16.18 + 1.358" <0.001
TC, mmol/L 2.87 +0.132° 411 + 0.3621° 2.87 + 0.188° 0.004
LDL-C, mmol/L 0.75 + 0.086° 1.11 + 0.085% 0.73 + 0.063° 0.005
HDL-C, mmol/L 0.92 + 0.060% 0.66 + 0.044° 0.87 + 0.092%® 0.039
AST, U/L 146.00 + 3.719° 176.00 + 3.844% 144.00 + 4.983P 0.003
ALT, U/L 5.40 + 0.376%° 6.65 + 0.391° 5.17 + 0.360° 0.029

AA = arachidonic acid; TG = triglyceride; TC = total cholesterol; HDL-C = high density lipoprotein cholesterol; LDL-C = low density lipoprotein cholesterol; AST = aspartate

aminotransferase; ALT = alanine aminotransferase.

2bMean values within a row with different superscript letters indicate significant difference (P < 0.05). Values are means + SEM, n = 6.
1 Con = control group, hens fed with standard diet; Model = model group, hens fed with high-energy low-protein diet; AA = experimental groups, hens fed with high-

energy low-protein diet with 0.3 % AA.

converted into fat for storage, but in FLHS-affected laying hens
treated with B. fragilis, fat levels remained normal. Therefore, it is
speculated that B. fragilis might enhance the assimilation or
oxidation process of glucose in the liver to meet the energy re-
quirements necessary for production. However, research on the
effects of B. fragilis on hepatic glucose metabolism has not been
conducted and requires further investigation for confirmation.

The restoration of liver function also contributes to maintaining
normal lipid metabolism processes. The study results showed that
B. fragilis intervention significantly reduced TG levels, indicating that
this bacterium might improve processes such as TG absorption,
transport, and synthesis. This result was also confirmed in another
study, where B. fragilis supernatant significantly reduced TG levels in
liver cells (Li et al., 2023). Additionally, improvements in TC levels
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Fig. 9. The impact of arachidonic acid (AA) on gene expression in the liver from laying hens with fatty liver hemorrhagic syndrome. Relative mRNA expression of (A) lipid synthesis,
(B) lipid oxidation, (C) inflammation, (D) the linoleic acid (LA) metabolic pathway, and (E) the AA metabolic pathway. Con = control group, hens fed with standard diet;
Model = model group, hens fed with high-energy low-protein diet; AA = experimental groups, hens fed with high-energy low-protein diet with 0.3% AA; FAS = fatty acid synthase;
ACC = acetyl-CoA carboxylase; LXRa = liver X receptor a; ASBT = apical sodium-dependent bile acid transporter; PPAR = peroxisome proliferator activated receptor; CPT-
1 = carnitine palmitoyl transferase-1; TNF-a = tumor necrosis factor-o; IL = interleukin; PLA2G4 = phospholipase A2 group IVA; ELOVL5 = elongase of very-long fatty acid 5;
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were observed with B. fragilis intervention. This might be related to
inherent ability of B. fragilis to degrade TC(Li et al.,2023), resulting in
a reduction in TC content entering the bloodstream or liver at the
source. Furthermore, the elevation of HDL-C levels also contributes
to lowering TC levels. This is because HDL-C can transport TC from
extrahepatic tissues to the liver for metabolism, converting it into
bile acids for excretion. Increased TC levels in FLHS-affected laying
hens can lead to anincrease in LDL-C levels, as LDL-C is an important
carrier of TC. Due to the increased free radicals and decreased anti-
oxidants in FLHS-affected laying hens, LDL-C was highly susceptible
to oxidation. Oxidized LDL-C deposited in blood vessels, making it
difficult to transport to the liver for degradation or to be used in egg
production. However, inherent antioxidative capacity of B. fragilis (Li
et al., 2023) helped protect LDL-C from oxidation and facilitated the
transport of lipids to eggs. The antioxidative capacity of B. fragilis also
contributed to protecting the nutrients in the feed from oxidation,
thereby ensuring their absorption by FLHS-affected laying hens and
meeting the nutritional needs for egg production.

To delve deeper, we employed RT-PCR to analyze the influence
of B. fragilis on gene expression, particularly focusing on genes
associated with lipid metabolism, lipid oxidation, and inflamma-
tory factors, which are pivotal in the context of hepatic steatosis.
Within the realm of lipid metabolism, ACC emerges as the pivotal
rate-limiting enzyme for de novo fatty acid synthesis (Batchuluun
et al,, 2022). In the cytoplasm, ACC generates malonyl-CoA, a pre-
cursor for fatty acid synthesis. FAS orchestrates the actual synthesis
of fatty acids. Meanwhile, ACC2 is located on the outer mitochon-
drial membrane and produces a product that inhibits CPT-1. This
inhibition suppresses fatty acid oxidation in the mitochondria.
LXRa promotes hepatic cholesterol metabolism and induces the
synthesis of proteins such as sterol regulatory element binding
protein-1c, FAS, and stearoyl-CoA desaturase 1, thereby facilitating
lipid synthesis (Wang and Tontonoz, 2018). Additionally, ASBT
participates in triglyceride and cholesterol synthesis by influencing
the transcription of sterol regulatory element binding protein 1c (Li
et al., 2020). PPAR«a, which is highly expressed in the liver, primarily
promotes fatty acid oxidation (Devan et al., 2022). In our investi-
gation, the administration of B. fragilis to laying hens precipitated a
notable decline in the expression of genes linked to hepatic lipid
synthesis, while the expression of genes associated with lipid
oxidation significantly increased. This may be the direct way
B. fragilis improve FLHS. Dysregulated lipid metabolism cause by
increase energy in the diet culminates in excessive hepatic lipid
accumulation and steatosis, thereby heightening susceptibility to
damage stemming from inflammation (Peiseler et al., 2022).
Consequently, inflammation is a crucial player in the progression of
NAFLD. Inflammatory gene expression showcased a substantial
elevation in the expression of inflammatory cytokines (TNF-q, IL-10,
and IL-6) in chickens afflicted with hepatic lipidosis. However, this
elevation was significantly alleviated following B. fragilis interven-
tion, underscoring the significant role of B. fragilis in mitigating
liver inflammation. These findings are consistent with prior reports
detailing its anti-inflammatory effects (Chang et al., 2019). In
summary, these findings underscore the potential of B. fragilis in
ameliorating hepatic lipidosis, rendering it a plausible therapeutic
candidate for addressing FLHS and related metabolic disorders.

B. fragilis, a model strain of the Bacteroides genus, plays a pivotal
role in modulating gut microbiota. While B. fragilis did not mark-
edly alter the diversity of the gut microbiota, it did induce shifts in
its composition. At the phylum level, B. fragilis significantly reduced
the relative abundance of Proteobacteria. Proteobacteria, a gram-
negative bacteria characterized by lipopolysaccharide-rich outer
membranes, encompass numerous pathogens. Multiple studies
have indicated that Proteobacteria exhibit a notable increase in the
gut of NAFLD patients, linked to hepatic inflammation, which
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subsequently significantly decreases after pharmacological in-
terventions (Ran et al., 2022; Sookoian et al., 2020; Yang et al.,
2022). At the genus level, B. fragilis intervention resulted in a
highly significant increase in the relative abundance of Bacteroides,
along with a tendency toward elevated levels of Monoglobus and
Clostridiales DTU089. Furthermore, B. fragilis intervention also
drastically decreased the relative abundance of Succinatimonas and
Faecalicoccus. Bacteroides thrives in the cecum of laying hens and
has been shown to confer beneficial effects in improving NAFLD.
Tsai et al. (2020) revealed reduced levels of Clostridiales in the feces
of NAFLD and NASH patients compared to healthy individuals.
Similarly, in another study, the levels of Clostridiales increased in
NAFLD mice after treatment with defatted walnut powder extract
(Ren et al., 2021). This suggests that Clostridiales may play a role in
counteracting NAFLD development to some extent. Like Clos-
tridiales, Monoglobus is enriched in healthy individuals and
diminished in those with liver disease (Li et al., 2022). Succinati-
monas has been reported to efficiently metabolize carbohydrates,
positively correlating with most carbohydrate metabolic pathways
(Xue et al., 2022). In animals with NAFLD, an elevated relative
abundance of this bacterium implies increased host energy intake.
By lowering the relative abundance of Succinatimonas, B. fragilis
may also reduce the associated energy intake, potentially
benefiting NAFLD. Additionally, through correlation analysis, it was
found that the elevated bacteria due to B. fragilis intervention
(Bacteroides and Clostridiales DTU089) exhibited significant nega-
tive correlations with TG, TC, and LDL-C levels. Conversely,
decreased Faecalicoccus was negatively correlated with these in-
dicators. This suggests that the differential bacterial species altered
by B. fragilis contribute to alleviating blood lipid levels. Further-
more, KEGG enrichment analysis also indicated that B. fragilis
intervention significantly decreased NAFLD-related metabolic
pathways. However, the relationship between B. fragilis and
changes in the gut microbiota requires further exploration.

NAFLD progression is often accompanied by chronic low-grade
inflammation (Scorletti and Carr, 2022), a point corroborated in
our aforementioned research. Bioactive eicosanoids and oxylipins
play a pivotal role in liver damage, inflammation, and other
metabolic disorders (Alba et al., 2023). Thus, to further elucidate
the mechanism by which B. fragilis improved hepatic inflammation
and lipid metabolism, we employed targeted lipidomics to assess
variations in various oxylipins within the liver. Under the influence
of B. fragilis, OPLS-DA of hepatic samples revealed distinct separa-
tion in oxylipin profiles, suggesting perturbation in their metabolic
profile. Moreover, we identified twelve differential metabolites and
conducted gene expression analysis on key genes within selected
metabolic pathways. The levels of AA, LA, and D-y-LA are sub-
stantial, and as substrates for oxylipin metabolism pathways, they
exert a significant influence on oxylipin metabolism. Therefore,
analysis of these three substances was also conducted. Under the
influence of PLA2G4, LA is released from phospholipids, and sub-
sequently desaturated to generate y-LA, which is then converted to
D-v-LA via ELOVL5, ultimately leading to AA through desaturation
catalyzed by FADS1 (Mustonen and Nieminen, 2023). Following
B. fragilis intervention, the contents of LA, D-y-LA, and AA all
showed significant increases. Notably, the expression of related
genes in this pathway exhibited an upward trend but was not
statistically significant, potentially due to alternative pathways
mediating the observed increases in LA and AA content. AA, one of
the essential n-6 fatty acids, generates a range of prostaglandins
and LTBs, serving as highly active inflammatory mediators involved
in various processes such as inflammation, lipid metabolism, and
energy homeostasis (Monteiro et al., 2014). In previous studies,
including our own, AA levels have been observed to decrease under
high-fat dietary conditions (Meng et al., 2021; Shi et al., 2023). For



S. Zhang, M. You, Y. Shen et al.

instance, Shi et al. (2023) demonstrated that the addition of
pomegranate peel polyphenols to the diet improved NAFLD and led
to an increase in AA content in mice. In alignment with these
findings, our study revealed that while the HELP diet significantly
decreased AA levels in the liver, B. fragilis intervention effectively
reversed this alteration.

The differential metabolites within the AA metabolic pathway,
including 15-keto-PGE,, 15-0XoETE, and 12-0xoETE, were signifi-
cantly downregulated by B. fragilis. Of note, 15-keto-PGE; is a
product of PGE, inactivation, partially substituting and terminating
the inflammatory response mediated by PGE, (Endo et al., 2020).
However, in our investigation, B. fragilis led to areduction in the level
of this substance. This molecule has been reported to activate PPARY,
contributing to enhanced fatty acid oxidation and anti-
inflammatory effects (Lu et al., 2014). However, under the influ-
ence of the HELP diet, the expression of hepatic inflammatory genes
in chickens was elevated, and PPARy gene expression exhibited a
declining trend. The landscape of hepatic lipid metabolism is intri-
cate, with NAFLD arising from the interplay of multiple factors. In our
study, the HELP diet triggered hepatic inflammation and lipidosis,
potentially stemming from other factors. The levels of proin-
flammatory substances, such as 15-0XoETE and 12-oxoETE,
increased under the influence of the HELP diet but were significantly
reduced after B. fragilis intervention. Additionally, the expression of
the GPX4 gene, which is crucial in maintaining lipid redox homeo-
stasis (X Gao etal., 2021), was significantly elevated by B. fragilis. This
aligns with findings from Zhan et al. (2022), where substances such
as 15-0xoETE, induced by lipopolysaccharides and D-galactosamine,
were reduced upon oridonin intervention, accompanied by dimin-
ished expression of genes such as ALOX12, ALOX5, and ALOX15, mir-
roring our study. Furthermore, the content of PGD;, an AA
metabolite, was notably reduced by the HELP diet, while B. fragilis
intervention led to a slight increase, albeit not statistically signifi-
cant. PGD; has been reported to possess anti-inflammatory prop-
erties and contribute to lipid metabolism regulation, primarily by
enhancing insulin sensitivity (Le Loupp et al., 2015). However, some
reports indicate its potential negative impact on lipid metabolism
(Wang et al,, 2021). In the context of the LA metabolic pathway,
ALOX15 catalyzes the conversion of LA to 13(S)-HpODE, ultimately
resulting in 13-0xoODE. Notably, the gene expression level of ALOX15
in our study aligned with the content level of 13(S)-HpODE. 13(S)-
HpODE and 13-0x00DE are endogenous ligands of PPARY, contrib-
uting to inflammatory and lipid oxidation processes (Biswas et al.,
2023). In this study, intervention by B. fragilis led to a reduction in
the levels of both compounds, suggesting that B. fragilis might
improve oxylipin metabolism by modulating the ALOX15 pathway.
In the context of the correlation analysis between clinical indicators
and metabolites, significant negative correlations were observed
between AA, LA, D-y-LA, and TG, TC, LDL-C levels, implying their
pivotal role in lipid profile improvement.

In the aforementioned study, we explored the impact of
B. fragilis on the gut microbiota and oxylipins; however, the rela-
tionship between these two factors remains elusive. Thus, we
conducted a joint analysis of the changes induced by B. fragilis in
hepatic oxylipins and differential bacterial species. The results
revealed a highly significant positive correlation between Bacter-
oides and AA, with both exhibiting the highest relative abundance
and substance content in their respective domains. Additionally,
B. fragilis in vitro culture experiments confirmed its ability to pro-
duce AA, a phenomenon also observed in the research conducted
by other studies (Yan et al., 2020). Therefore, we speculate that
B. fragilis might improve FLHS by secreting AA. The potential ben-
efits of supplementing AA in the diet to mitigate obesity, NAFLD, or
other metabolic disorders are subject to some controversy. On one
hand, reports suggest that AA might have detrimental effects on
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NAFLD, possibly serving as an indicator of hepatic inflammation
(Monteiro et al., 2014; Sztolsztener et al., 2020). On the other hand,
AA can enhance blood lipid profiles, and fatty acid metabolism, and
regulate gut microbiota to exert anti-NAFLD effects. Zhuang et al.
(2017) observed gender-related differences in the effectiveness of
AA supplementation for NAFLD when added to a high-fat diet.
Further investigations revealed that AA can influence the gut
microbiota in a sex-dependent manner, ameliorating microbiota-
driven low-grade inflammation and improving NAFLD through
the gut—brain—liver axis. In our study, we confirmed the potential
of AA to ameliorate FLHS by supplementing it in cell culture media
and animal diets. The cellular results demonstrated AA's direct
impact on liver cells, lowering TG and LDL-C levels in chicken LMH
cells. In animal experiments, AA also exhibited a positive effect on
improving FLHS, primarily manifesting as mitigated increases in
body and liver weight induced by the HELP diet, changes in blood
lipids, and liver pathology and function alterations. These findings
align with the positive effects of B. fragilis intervention on FLHS.
Gene expression analysis revealed that AA enhanced the expression
of genes related to hepatic lipid synthesis, fatty acid oxidation, and
inflammation, closely resembling the effects of B. fragilis. Further
RT-PCR analysis of genes involved in oxylipin metabolism pathways
demonstrated that the changes in gene expression caused by AA
were consistent with the trends seen with B. fragilis intervention
(Fig. 9). This suggests that AA exerts its anti-FLHS effects by
ameliorating clinical indicators, lipid metabolism, inflammation,
and oxylipin metabolism disruption, much like the effects of
B. fragilis. Therefore, the ameliorative effect of B. fragilis on FLHS is
closely related to its metabolic product AA.

5. Conclusions

In conclusion, B. fragilis had the capacity to improve FLHS by
altering the composition of the gut microbiota and modulating
oxylipin metabolism, with AA playing a crucial role. This study
extends our understanding of the impact of B. fragilis on HELP diet-
induced FLHS in laying hens, encompassing improvements in blood
lipids, lipid metabolism, inflammation, gut microbiota, and oxylipin
metabolism, as well as their interrelationships. Furthermore, this
study validated the beneficial effects of the B. fragilis metabolite AA
on FLHS through in vivo and in vitro experiments. B. fragilis might
exert its anti-FLHS effects through its metabolite AA. Nevertheless,
we have not conducted further validation by knocking out the gene
responsible for AA production in B. fragilis. As such, the exact
mechanisms through which B. fragilis exerts its effects warrant
further exploration.
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