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Abstract 

Background  Fatty liver hemorrhage syndrome (FLHS) has become one of the major factors leading to the death 
of laying hen in caged egg production. FLHS is commonly associated with lipid peroxidation, hepatocyte injury, 
decreased antioxidant capacity, and inflammation. However, there are limited evidences regarding the preven-
tive effect of Lactiplantibacillus plantarum on FLHS in laying hens and its mechanisms. Our previous results showed 
that Lp. plantarum FRT4 alleviated FLHS by regulating lipid metabolism, but did not focus on its antioxidant and anti-
inflammatory functions and mechanisms. Therefore, this study aimed to investigate the preventive mechanisms of Lp. 
plantarum FRT4 in alleviating FLHS, with a focus on its role in antioxidant activity and inflammation regulation.

Results  Supplementation with Lp. plantarum FRT4 enhanced the levels of T-AOC, T-SOD, and GSH-Px, while reducing 
the levels of TNF-α, IL-1β, IL-8, and NLRP3 in the liver and ovary of laying hens. Additionally, Lp. plantarum FRT4 upreg-
ulated the mRNA expressions of SOD1, SOD2, CAT​, and GPX1, downregulated the mRNA expressions of pro-inflamma-
tory factors IL-1β, IL-6, and NLRP3, and upregulated the mRNA expressions of anti-inflammatory factors IL-4 and IL-10. 
Lp. plantarum FRT4 improved the structure and metabolic functions of gut microbiota, and regulated the relative 
abundances of dominant phyla (Bacteroidetes, Firmicute, and Proteobacteria) and genera (Prevotella and Alistipes). 
Additionally, it influenced key KEGG pathways, including tryptophan metabolism, amino sugar and nucleotide sugar 
metabolism, insulin signaling pathway, FoxO signaling pathway. Spearman analysis revealed that the abundance 
of microbiota at different taxonomic levels was closely related to antioxidant enzymes and inflammatory factors. 
Furthermore, Lp. plantarum FRT4 modulated the mRNA expressions of related factors in the FoxO/TLR-4/NF-κB signal-
ing pathway by regulating gut microbiota. Moreover, the levels of E2, FSH, and VTG were significantly increased 
in the ovary after Lp. plantarum FRT4 intervention.

Conclusions  Lp. plantarum FRT4 effectively ameliorates FLHS in laying hens. This efficacy is attributed to its antioxi-
dant and anti-inflammatory properties, which are mediated by modulating the structure and function of gut micro-
biota, and further intervening in the FoxO/TLR-4/NF-κB signaling pathway. These actions enhance hepatic and ovarian 
function and increase estrogen levels.
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Background
Fatty liver hemorrhage syndrome (FLHS) is a common 
disease in laying hens, also known as non-alcoholic fatty 
liver disease (NAFLD) or metabolic associated fatty liver 
disease (MAFLD) [1]. Typically, FLHS occurs during the 
middle and late stages of laying hens’ life cycle, causing 
huge economic losses [2]. FLHS leads to an imbalance 
between the production of reactive oxygen species (ROS) 
and the capacity of antioxidant system [3]. The accu-
mulation of ROS and reduction of antioxidant capac-
ity result in oxidative stress (OS) and tissue damage [4, 
5]. OS is considered a critical factor that causes peroxi-
dation of unsaturated lipids, leading to damage to cell 
membranes and normal functions [6]. Oxidative damage 
is often accompanied by an inflammatory reaction [7, 8]. 
Numerous studies have supported a causal association 
between NAFLD and higher risk of developing polycys-
tic ovary syndrome [9, 10], and NAFLD has a novel link 
with reproductive aging by mediating antimüllerian hor-
mone [11]. These studies have reported that OS is the key 
factor in pathogenesis of disease and aging in liver and 
ovary [12, 13]. OS associated with FLHS has a negative 
effect on follicle development,  oocyte maturation,  and 
ovulation [14]. The study has shown that alleviating fol-
licle atresia induced by OS can maintain the laying per-
formance of aging laying hens [15]. Fundamentally, the 
functional integrity of liver and ovaries are closely associ-
ated with egg production [16].

Forkhead box class O (FoxO) family comprises FoxO1, 
FoxO3, FoxO4, and FoxO6 [17]. FoxOs transcription fac-
tors primarily regulate stress-response genes to protect 
organisms from the damage of excessive oxidant stress 
[18, 19]. FoxOs proteins both regulate and are regulated 
by OS [20]. They upregulate manganese superoxide dis-
mutase (MnSOD) and response to oxidative DNA dam-
age to protect against oxidative injury [21, 22]. Toll-like 
receptors (TLRs) play a crucial role in driving cellular 
inflammatory response and host defense. Inflammatory 
factors induce TLRs activation, especially TLR-4 [23]. The 
role of nuclear factor kappa B (NF-κB) in inflammation 
and immune response is indisputable, and NF-κB can be 
activated by cellular stress and DNA damage [24]. Addi-
tionally, NF-κB plays a critical role in promoting adaption 
to metabolic stress [25]. The TLR-4/NF-κB pathway is 
activated during inflammation development and inhib-
ited during anti-inflammation processed [26]. Pal et  al. 
suggested that FoxO1 activation and NF-κB reduction 
were the markers of anti-oxidant and anti-inflammation 

in the ovary [27]. However, the role of the FoxO/TLR-
4/NF-κB signaling pathway in regulating OS and inflam-
mation in FLHS has been poorly documented.

Probiotics have been reported to have antioxidative 
enzyme systems that repair oxidative damage [28], such 
as O2-consuming enzymes [29], antioxidant enzymes 
[30], etc. Lactiplantibacillus plantarum (Lp. plantarum), 
a type of probiotic, has demonstrated efficacy in allevi-
ating fatty liver disease induced by high-fat diet [31, 32]. 
Lp. plantarum could inhibit LPS/NF-κB inflammation-
related pathway and regulate PI3K/AKT pathway to 
reduce NAFLD [33]. Another research showed that Lp. 
plantarum ameliorates nonalcoholic steatohepatitis-
related inflammation by upregulating L-arginine produc-
tion [32]. Meanwhile, numerous studies suggested that 
Lp. plantarum demonstrated the efficiency in enhancing 
antioxidative capacity and anti-inflammatory effects in 
chickens [34–36]. These results indicate that Lp. plan-
tarum has the potential to relieve OS and inflammation 
associated with FLHS in laying hens.

So far, the high-energy low-protein (HELP) diet has 
been developed as the most popular method for estab-
lishing a FLHS model [37, 38]. Our previous study estab-
lished a FLHS laying hen model using a HELP diet, and 
found that Lp. plantarum FRT4 could prevent FLHS by 
regulating lipid metabolism [39]. These results suggest 
that Lp. plantarum FRT4 has the potential to repair OS 
in FLHS. Therefore, this study aimed to investigate the 
mechanisms by which Lp. plantarum FRT4 alleviate OS 
and inflammation in FLHS in laying hens, thereby pro-
viding evidence for its application in alleviating OS in 
laying hens.

Materials and methods
Ethics statement
Generated Statement: The animal study was reviewed 
and approved by the Institutional Animal Care and Use 
Committee of the Institute of Feed Research of Chinese 
Academy of Agricultural Sciences (IFR-CAAS20220729).

Experimental design and animal management
The experimental design and animal management 
referred to our previous study [39]. Briefly, 450 Hy-
line brown laying hens aged 44-week were selected and 
randomly assigned to five groups according to the ini-
tial egg laying rate of 80.27%: normal diet (CT, control 
group), high-energy low-protein diet (HELP, model 
group), HELP diet supplemented with 109  CFU/kg Lp. 
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plantarum FRT4 (FRT4L group, low-dose Lp. plantarum 
FRT4 group), HELP diet with 1010 CFU/kg Lp. plantarum 
FRT4 (FRT4M group, middle-dose Lp. plantarum FRT4 
group), and HELP diet with 1011 CFU/kg Lp. plantarum 
FRT4 (FRT4H group, high-dose Lp. plantarum FRT4 
group). There were six replications in each group, with 15 
hens in each replication. During the trial period, laying 
hens were housed in a fully enclosed chicken house with 
a three-story ladder cage system at 65% relative humid-
ity and had free access to water and diet. Following two 
weeks of normal diet, an eight-week trial was conducted.

The composition and nutrition contents of the normal 
diet met the NRC (1994) [40], and the composition and 
nutrition contents of the HELP diet were shown in Addi-
tional file 1: Table S1.

Sample collection
After fasting 12 h, one laying hen per replicate was ran-
domly selected for sampling at the end of the 8th-week. 
To collect samples, laying hens were euthanized by cut-
ting their jugular veins.

For the analysis of biochemical parameters and RNA 
extraction, hepatic and ovarian tissues were collected, 
snap-frozen immediately, and stored in liquid nitrogen. 
The caecal content was collected on ice immediately and 
frozen in liquid nitrogen for subsequent metabolic and 
metagenomic analysis.

Biochemical analysis
Liver or ovarian tissues (0.1  g) were homogenized in 
0.9 mL of ice-cold phosphate buffered saline (PBS, pH7.4) 
using a homogenizer. Then, the homogenates were cen-
trifuged for 15 min at 4ºC using a centrifuge at 3,000 × g 
(CT15RE, Hirachi Koki Co., Ltd. Tokyo, Japan). The 
supernatants were harvested for the determination of 
biochemistry parameters.

The levels of total anti-oxidation capacity (T-AOC), 
total superoxide dismutase (T-SOD), catalase (CAT), and 
glutathione peroxidase (GSH-Px) in liver and ovary were 
conducted using the kits (catalogue no. A015-2–1, A001-
1, A007-1–1, A005-1, respectively) provided by Nanjing 
Jiancheng Bioengineering Institute (Nanjing, China). The 
levels of malondialdehyde (MDA), aspartate aminotrans-
ferase (AST), and alanine aminotransferase (ALT) in liver 
and ovary were measured according to the corresponding 
kits (catalogue no. ml132458, ml092714, and ml092635, 
respectively). The determination methods were referred 
to the kits’ directions.

The levels of interleukin-1β (IL-1β), IL-6, IL-8, tumor 
necrosis factor α (TNF-α), NLR family pyrin domain con-
taining 3 (NLRP3), estradiol (E2), follicle stimulating hor-
mone (FSH), and  vitellogenin (VTG) in liver and ovary 
were determined with the corresponding kits (catalogue 

no. YJ002787, YJ042757, YJ059840, YJ002790, YJ931410, 
YJ023194,  YJ042764, and  YJ025401, respectively) pro-
vided by Shanghai Enzyme-linked Biotechnology Co., 
Ltd. (Shanghai, China). All operations were carried out in 
accordance with the kits’ instructions.

qRT‑PCR analysis
FastPure® Cell/Tissue Total RNA Isolation Kit V2 
(RC112-01, Vazyme Biotech Co., Ltd., Nanjing, China) 
was used for total RNA isolation from hepatic and ovar-
ian tissues. Then, 0.1 μg RNA was used for reverse tran-
scription by using Hiscript® RT SuperMix for qPCR 
(+ gDNA wiper) kits (R323-01, Vazyme Biotech Co., 
Ltd., Nanjing, China). The reverse productions were used 
to perform qRT-PCR using the kits of Taq Pro Univer-
sal SYBR qPCR Master Mix (Q712-03, Vazyme Biotech 
Co., Ltd., Nanjing, China). β-actin as the house keep-
ing gene was assessed for the stability of expression. The 
expression level of each gene was calculated by using the 
2−ΔΔCt  method. The primer sequences for all genes are 
presented in Additional file 1: Table S2.

Untargeted caecal content metabolic analysis with LC‑MS 
and GC‑MS
The methods of LC-MS and GC-MS were performed 
according to our previous study [39].

Caecal content metabolites extraction
In each of the two replications, 30 mg samples were 
weighted accurately into EP tubes. Two small steel balls 
and 600 μL methanol (A452, Thermo Fisher Scientific, 
Waltham, MA, USA, USA)—water (Wahaha, China) (V: 
V = 4: 1, containing L−2-chlorophenylalanine (C2001, 
Shanghai Hengchuang Bio-technology Co., Ltd, Shang-
hai, China, 4 μg/mL) were then put into each tube. The 
mixture was pre-cooled at − 40ºC for 2 min, then placed 
in a grinder (F-060SD, Fuyang Technology Co., Ltd., 
Shenzhen, China) for grinding at 60 Hz for 2 min before 
ultrasonic extraction.

Sample pretreatment for LC-MS method: After ultra-
sonic extraction in ice water for 10 min, the metabolites 
were stewed at − 40ºC for 2 h. Subsequently, a centrifuge 
(TGL-16MS, Luxiangyi Centrifuge Instrument Co., Ltd., 
Shanghai, China) was used to centrifuge the mixed solu-
tion at 12,000 × g for 10 min at 4ºC, followed by filtering 
150 μL of supernatant with a 0.22 μm organic phase pin-
hole filter. For LC–MS analysis, the filtrate was stored 
at − 80ºC. To prepare quality control (QC) samples, the 
extraction solutions of each sample were mixed in equal 
volumes.

Sample pretreatment for GC-MS method: After ultra-
sonic extraction in ice water for 30 min, the metabo-
lites were stewed at − 40ºC for 30 min. Subsequently, 
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a centrifuged solution of 150 μL was gathered into a 
glass derivative bottle and evaporated using a centrifu-
gal concentration dryer using a centrifugal concentrator 
(LNG-T98, Huamei Biochemical Instrument Factory, 
Taicang, China) at 12,000 × g for 10 min at 4ºC. A 15 mg/
mL solution of methoxylamine hydrochloride solution 
(80 μL) (M813479, Macklin, Shanghai, China)-pyridine 
(P141169, Aladdin, Shanghai, China) was added to the 
glass derivative vial, and the mixed solution conduct oxi-
mation reaction at 37ºC for 60 min in a shaking incuba-
tor (THZ-82, Lichen Bangxi Instrument Technology 
Co., Ltd., Shanghai). After that, the reaction solution 
was associated with 50 μL BSTFA derivatization reagent 
(B0830, TCI, Japan), 20 μL N-hexane (4.011518.0500, 
CNW, Germany), and 10 μL per internal standard (C8/
C9/C10/C12/C14/C16/C18/C20/C22/C24, configured with 
chloroform, G75915B, Greagent, Shanghai, China) to fur-
ther reaction at 70ºC maintained for 60 min, and then the 
sample was held at room temperature for 30 min. To pre-
pare QC samples, the extraction solutions of each sample 
were mixed in equal volumes.

LC‑MS and GC‑MS metabolomic analysis
LC-MS analysis conditions: For metabolic profiling in 
both electrospray ionization (ESI) positive and ESI nega-
tive modes (Thermo Fisher Scientific, Waltham, MA, 
USA), a Dionex Ultimate 3000 RS UHPLC was used, 
equipped with a Q-Exactive plus quadrupole-Orbitrap 
mass spectrometer. An ACQUITY UPLC HSS T3 col-
umn (1.8 μm, 2.1 × 100 mm) were employed in both 
positive and negative modes. The binary gradient elution 
system consisted of (A) water (containing 0.1% formic 
acid, v/v) and (B) acetonitrile and the separation progress 
was shown in Additional file  1: Table  S3. The flow rate 
was 0.35 mL/min, and column temperature was 45ºC. 
All the samples were kept at 4ºC during the analysis. The 
sample size was 5 μL. The mass spectrometry parameters 
were shown in Additional file 1: Table S4. Throughout the 
analysis, QC periodically injected to provide a set of data 
from which reproducibility could be assessed.

GC–MS analysis conditions: The derivatived samples 
were analyzed on an Agilent 7890B gas chromatogra-
phy system coupled to an Agilent 5977 AMSD system 
(Agilent Technologies Inc., CA, USA) with a DB-5MS 
capillary column (30 m × 0.25 mm × 0.25 μm, Agi-
lent J & W Scientific, Folsom, CA, USA). High purity 
helium (> 99.999%) was used as the carrier gas, and 
the flow rate was 1 mL/min. The temperature of injec-
tor was maintained at 260ºC. The sample size was 1 μL. 
The temperature of MS quadrupole was set to 150ºC, 
and the temperature of electron impact ion source 
was set to 230ºC. The collision energy was 70 eV. Mass 

spectrometric data was acquired in a full-scan mode and 
the mass scan range was m/z 50–500. Throughout the 
analysis, QC periodically injected to provide a set of data 
from which reproducibility could be assessed.

Data preprocessing and statistical analysis
LC-MS method: Progenesis QIV2.3 (Nonlinear Dynam-
ics, Newcastle, UK) was used to process the original 
LC–MS data for baseline filtering, peak identification, 
integral, retention time correction, peak alignment, and 
normalization. The identification of compounds is based 
on precise m/z, secondary fragments, and isotopic dis-
tribution, and qualitative analysis is conducted using the 
Human Metabolomics Database (HMDB), Lipid maps 
(V2.3), Metlin, EMDB, and PMDB. Then, the extracted 
data is further processed by removing any peaks with 
missing values exceeding 50% (ion strength = 0) from the 
group, replacing zero values with half of the minimum 
value, and screening based on the qualitative results of 
the compounds. Compounds with scores below 36 out 
of 60 were also considered inaccurate and removed. The 
positive ion data and negative ion data were combined 
into a data matrix.

GC–MS method: The obtained GC–MS raw data in.D 
format were transferred to.abf format via software Analy-
sis Base File Converter for quick retrieval of data. Then, 
data were performed speak detection, peak identification, 
MS2Dec deconvolution, characterization, peak align-
ment, wave filtering, and missing value interpolation 
using software MS-DIAL. After the data was normalized, 
redundancy removal and peak merging were conducted 
to obtain the data matrix.

The differential metabolites were distinguished by 
Orthogonal Partial Least-Squares-Discriminant Analy-
sis (OPLS-DA). sevenfold cross-validation and 200 
Response Permutation Testing were used to evaluate 
the quality of the model and prevent overfitting. Vari-
able Importance of Projection (VIP) values were used to 
rank the overall contribution of each variable to group 
discrimination. The significant difference of metabolites 
between groups was performed by Student’s t-test. Dif-
ferential metabolites were selected with VIP values > 1.0 
and P-values < 0.05.

Metagenomic analysis of gut microbiota
DNA extraction
The DNA extraction was performed according to the kit 
(DP705, Tiangen Biochemical Technology Co., Ltd, Bei-
jing, China). Briefly, 0.25 g samples were added into 2 
mL tube, and 500 μL SA and 100 μL SC buffer solutions 
were added. Meanwhile, 8 pieces with 3 mm and 0.1 g 
with 1 mm steel balls were added. Then, they were mixed 
by a grinder (OSE-TH-01, Tiangen) with a condition: 
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oscillating for 20 s, interval for 10 s, and 2 cycles. After 
mixed, the mixed solution was split for 15 min with 
70ºC. The mixed solution was centrifuged for 1 min with 
13,400 × g. The supernatant (500 μL) was transferred into 
a new 2 mL tube, and mixed with 200 μL SH buffer solu-
tion for eddying 5 s. After stewing for 10 min at 4ºC, they 
were centrifuged 2 min with 13,400 × g at a room tem-
perature. Finally, the DNA extraction was performed by a 
TGuide S96 procedure.

Library construction and sequencing
Library construction was performed according to a kit 
(ND617, VAHTS® Universal Plus DNA Library Prep 
Kit for Illumina). Ten ng DNA was added into 96-well 
plate, and the volume was up to 17.5 μL with nuclease-
free water. After mixed, 2.5 μL FEA buffer and 5 μL FEA 
enzyme mix were added and mixed. Immediately, the 
reaction was performed using a PCR instrument (eppen-
dorf6333, Eppendorf ). The enzyme digestion interrup-
tion was performed with a procedure: 4ºC for 15 s, 37ºC 
for 8 min, 65ºC for 30 min. The product was connected 
with a DNA adapter, and then purified with magnetic 
beads (N411-01, VAHTSTM DNA Clean Beads). Next, 
the PCR rection was performed for purifying product 
with PCR primer mix 3 and VAHTS HiFi amplification 
mix, and the procedure was 95ºC for 3 min, 98ºC for 20 s, 
60ºC for 15 s, 72ºC for 30, 72ºC for 5 min, and lasted for 
10 cycles. Subsequently, the PCR product was purified 
with magnetic beads. Finally, the library quality inspec-
tion was performed through Qsep-400, and the library 
concentration was quantified by Qubit 3.0. For the con-
structed library, IlluminaNovassq6000 sequencing plat-
form was using for sequencing by paired-end.

Bioinformatic analysis
The raw reads were quality controlled to obtain clean 
reads using Trimmomatic software (v0.33): PE LEAD-
ING: 3, TRAILING: 3, SLIDINGWINDOW: 50:20, 
MINLEN:120. The host genome was eliminated using 
bowtie2 (v2.2.4): seed 123,456-I 200-X 1000-un-conc. 
The metagenome assemble was performed by MEGAHIT 
software, and the conting reads were filtrated. Then, the 
quality estimate to assemble results was using QUAST 
(v2.3). The MetaGeneMark (http://​exon.​gatech.​edu/​
meta_​gmhmmp.​cgi, v 3.26) was using to identify coding 
regions, and the MMseq2 software (https://​github.​com/​
soedi​nglab/​mmseq​s2, v 11-e1a1c) was using to remove 
redundant sequences: similarity 95% and coverage 90%. 
After that, the non-redundant (Nr) gene sequences were 
constructed by aligning with Nr database to identify the 
most similar sequences, and the corresponding annota-
tion information was the Nr gene sequences informa-
tion. Based on KEGG (Kyoto Encyclopedia of Genes and 

Genomes) database, the non-redundant sequences were 
blast and annotated for pathways and KO (KEGG Orthol-
ogy) terms by Diamond (v0.9.29) with a e-value cutoff of 
1e−5. The non-redundant sequences were blast and anno-
tated to the eggNOG database by Diamond (v0.9.29) with 
a e-value cutoff of 1e−5. The hmmer software (v3.0) was 
used to blast and annotate with Carbohydrate-active 
enzymes database (CAZy) with if alignment > 80 aa, use 
e-value < 1e−5, otherwise use e-value < 1e−3; covered frac-
tion of HMM > 0.3. The CARD (Comprehensive Antibi-
otic Research Database) annotation was performed using 
rgi software (v4.2.2).

Statistical analysis
The data were arranged using Excel (version 2019). The 
differences between two groups were analyzed by t-test 
of SPSS (version 25.0). The graphs were performed using 
GraphPad Prism version 8.0 (GraphPad Software, San 
Diego, CA, USA) and expressed as the mean ± SEM, n = 6 
hens per group. P < 0.05 was considered to be significant 
difference.

According to Nr database annotation results, the 
microbiota composition and relative abundance were 
obtained. Taxonomic and functional data analyses were 
performed by the BMKCloud (https://​inter​natio​nal.​
biocl​oud.​net/). The α-diversity and β-diversity were per-
formed with MOTHUR (v.1.35.0) and R package (R ade 
4 package, v 2.15.3), respectively. The difference of gene 
function and microbiota relative abundance was using 
Kruskal–Wallis test, and P < 0.05 was considered signifi-
cant difference. The correlation of microbiota with bio-
chemical parameters and metabolites was performed 
using spearman analysis, and P < 0.05 was considered sig-
nificant difference.

Results
Effect of Lp. plantarum FRT4 on antioxidant capacity 
and inflammation in liver of laying hens
Supplementation with Lp. plantarum FRT4 enhanced the 
antioxidant capacity in the liver of laying hens (Fig. 1A). 
Compared to the HELP group, the T-AOC level in 
the liver of FRT4 groups was significantly increased 
(P < 0.05). The values of T-SOD of liver in the FRT4M and 
FRT4H groups were higher than that in the HELP group 
(P < 0.05). Meanwhile, the value of GSH-Px in the FRT4H 
group was higher than that in the HELP group (P < 0.05). 
The contents of MDA, ALT, and AST were significantly 
increased in the HELP group compared to the CT group 
(P < 0.05), while the contents of MDA and ALT were 
significantly reduced in the FRT4M and FRT4H groups 
compared to the HELP group (P < 0.05). In addition, the 
mRNA expression levels of SOD1, SOD2, CAT​, and GPX1 
in the FRT4M and FRT4H groups were higher than those 

http://exon.gatech.edu/meta_gmhmmp.cgi
http://exon.gatech.edu/meta_gmhmmp.cgi
https://github.com/soedinglab/mmseqs2
https://github.com/soedinglab/mmseqs2
https://international.biocloud.net/
https://international.biocloud.net/


Page 6 of 26Li et al. Microbiome           (2025) 13:88 

in the HELP group (P > 0.05) (Fig. 1B). No significant dif-
ference was observed for the mRNA expression levels of 
SOD1, SOD2, CAT​, and GPX1 among the FRT4 supple-
mentation groups (P > 0.05). Thus, Lp. plantarum FRT4 
enhanced the antioxidant capacity in liver of laying hens 
through increasing the activities and mRNA expression 
levels of antioxidant related-enzymes.

Supplementation with Lp. plantarum FRT4 reduced 
the level of inflammation in the liver of laying hens 
(Fig.  2A). Compared to the HELP group, the contents 
of TNF-α, IL-1β, IL-8, and NLRP3 in the FRT4M and 
FRT4H groups were significantly decreased after Lp. 

plantarum FRT4 supplementation (P < 0.05). The con-
tent of IL-6 in the FRT4M group was decreased com-
pared to the HELP group (P < 0.05). Meanwhile, the 
mRNA expression level of IL-1β was decreased after Lp. 
plantarum FRT4 supplementation (P < 0.05) (Fig.  2B). 
Although no significant difference was observed 
among groups, supplementation with Lp. plantarum 
FRT4 decreased the mRNA expression levels of TNF-
α, IL-8, and NLRP3. Furthermore, the expression 
level of the anti-inflammatory IL-10 was significantly 
increased in the FRT4L group compared to the HELP 
group (P < 0.05). Thus, Lp. plantarum FRT4 improved 
inflammation level in the liver of laying hens through 

Fig. 1  Effect of Lp. plantarum FRT4 on the antioxidant capacity in the liver of laying hens. A The biochemical parameters of antioxidant enzymes 
in the liver. B The relative mRNA expression levels of antioxidant-related factors in the liver. The results were expressed as mean ± SEM, n = 6 hens 
per group. * indicates significant difference between the HELP group and CT groups, and * indicates P < 0.05, ** indicates P < 0.01, *** indicates P < 
0.001. # indicates the significant difference between the FRT4L, FRT4M, and FRT4H groups and the HELP group, and # indicates P < 0.05, ## indicates 
P < 0.01, ### indicates P < 0.001. CT: control group, hens fed with normal diet. HELP: model group, hens fed with high-energy low-protein diet. 
FRT4L, FRT4M, and FRT4H: experimental groups, hens fed with high-energy low-protein diet with 109 CFU/kg, 1010 CFU/kg, and 1011 CFU/kg Lp. 
plantarum FRT4, respectively
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regulating the contents and the relative mRNA expres-
sion levels of inflammatory factors.

Effect of Lp. plantarum FRT4 on antioxidant capacity 
and inflammation in ovary of laying hens
The antioxidant capacity was also determined in the 
ovary of laying hens (Fig. 3A). The T-AOC was increased 
in groups supplemented with Lp. plantarum FRT4, with 
a significant increase in the FRT4L group (P < 0.05). 
The contents of T-SOD and GSH-Px were significantly 
increased in the FRT4L group (P < 0.05), while the con-
tents of T-SOD and CAT were significantly increased in 
the FRT4H group (P < 0.05). The contents of MDA, ALT, 
and AST were significantly increased in the HELP group 
compared to the CT group (P < 0.05). Compared to the 
HELP group, supplementation with Lp. plantarum FRT4 
significantly reduced the content of ALT and MDA in the 

FRT4M and FRT4H groups, and the content of AST in 
the FRT4L group was significantly decreased (P < 0.05). 
Additionally, supplementation with Lp. plantarum FRT4 
significantly upregulated the mRNA expression level of 
antioxidant related-factors (Fig. 3B). The mRNA expres-
sion levels of SOD1, SOD2, GPX1, and CAT​ were sig-
nificantly increased in the FRT4M group (P < 0.05). The 
mRNA expression levels of SOD2, GPX1, and CAT​ were 
significantly increased in the FRT4L group (P < 0.05). 
Therefore, Lp. plantarum FRT4 enhanced the antioxidant 
capacity in the ovary of laying hens through increasing 
the activities and mRNA expression levels of antioxidant 
related-enzymes.

The inflammatory level was determined in the ovary of 
laying hens (Fig.  4A). Compared to the HELP group, the 
contents of TNF-α, IL-1β, IL-6, IL-8, and NLRP3 were sig-
nificantly decreased in the FRT4M group (P < 0.05), and the 

Fig. 2  Effect of Lp. plantarum FRT4 on inflammation in liver of laying hens. A The biochemical parameters of inflammatory factors in liver. B The 
relative mRNA expression level of inflammatory factors in the liver. The results were expressed as mean ± SEM, n = 6 hens per group. # indicates 
significant difference between the FRT4L, FRT4M, and FRT4H groups and the HELP group, and # indicates P < 0.05, ## indicates P < 0.01, ### indicates 
P < 0.001. CT: control group, hens fed with normal diet. HELP: model group, hens fed with high-energy low-protein diet. FRT4L, FRT4M, and FRT4H: 
experimental groups, hens fed with high-energy low-protein diet with 109 CFU/kg, 1010 CFU/kg, and 1011 CFU/kg Lp. plantarum FRT4, respectively
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contents of TNF-α, IL-1β, and IL-6 were also significantly 
decreased in the FRT4H group (P < 0.05). Strangely, the 
contents of TNF-α and NLRP3 were significantly increased 
in the FRT4L group compared to the HELP group 
(P < 0.05). The mRNA expression levels of IL-6 and NLRP3 
were significantly decreased in the FRT4M and FRT4H 
groups compared to the HELP group (P < 0.05) (Fig.  4B). 
The mRNA expression level of IL-10 was significantly 
increased in the FRT4L and FRT4M groups compared 
to the HELP group (P < 0.05). Thus, Lp. plantarum FRT4 
improved the inflammation level in the ovary of laying hens 
through regulating the contents and the mRNA expression 
of inflammatory factors.

Effect of Lp. plantarum FRT4 on caecal content metabolites 
through untargeted metabonomics analysis
Multivariate statistical analysis of caecal content metabolites
After quality control, in order to display the classifica-
tion of metabolites more intuitively, the Pie charts were 
used to show the categories of caecal content metabo-
lites at the class level (Fig. 5A and B). The top 9 categories 
with the highest number of metabolites were displayed, 
and the remaining categories were merged into “others”. 
In LC–MS analysis, the metabolites were identified as 
benzene and substituted derivatives (5.66%), carboxylic 
acids and derivatives (11.65%), fatty acyls (15.72%), glyc-
erophospholipids (3.93%), organooxygen compounds 
(6.32%), polyketides (2.39%), prenol lipids (7.99%), and 
steroids and steroid derivatives (7.39%). In GC–MS 
analysis, the metabolites were identified as benzene and 

Fig. 3  Effect of Lp. plantarum FRT4 on the antioxidant capacity in ovary of laying hens. A The biochemical parameters of antioxidant in ovary. B 
The relative mRNA expression level of antioxidant-related factors in the ovary. The results were expressed as mean ± SEM, n = 6 hens per group. 
* indicates significant difference between HELP group and CT group, and * indicates P < 0.05, ** indicates P < 0.01. # indicates the significant 
difference of FRT4L, FRT4M, and FRT4H groups compared to HELP group, and # indicates P < 0.05, ## indicates P < 0.01, ### indicates P < 0.001. CT: 
control group, hens fed with normal diet. HELP: model group, hens fed with high-energy low-protein diet. FRT4L, FRT4M, and FRT4H: experimental 
groups, hens fed with high-energy low-protein diet with 109 CFU/kg, 1010 CFU/kg, and 1011 CFU/kg Lp. plantarum FRT4, respectively
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substituted derivatives (5.19%), carboxylic acids and 
derivatives (14.32%), fatty acyls (15.35%), glycerolipids 
(2.28%), hydroxy acids and derivatives (3.11%), organoo-
xygen compounds (20.12%), phenols (2.49%), and ster-
oids and steroid derivatives (4.36%). OPLS-DA was used 
to determine the metabolites, and a permutation test 
was conducted to display the stability of the OPLS-DA 
model. As shown in Fig. 5C-F, the OPLS-DA score scatter 
plot showed significant differences between the FRT4M 
group and HELP group, which indicated that Lp. plan-
tarum FRT4 changed the caecal content metabolites of 
laying hens. Additionally, the permutation test displayed 
the stability of the OPLS-DA model (Fig. 5G-J), indicat-
ing that OPLS-DA model had a good quality and was not 
over-fitted.

Differential metabolites analysis
Based on the OPLA-DA analysis, the VIP was used to 
measure the influence intensity and interpretation ability 
of the expression mode of each metabolite on the classifi-
cation and discrimination. Further t test was used to ver-
ify whether the different metabolites between two groups 
were significant. Finally, according to VIP > 1 and P < 0.05, 
633 differential metabolites were identified in the HELP 
group compared to the CT group, and 129 differential 
metabolites were identified in FRT4M group compared 
to the HELP group (Additional file 2).

Compared to the CT group, 41 differential metabolites 
involving benzene and substituted derivatives were sig-
nificantly altered in the HELP group (P < 0.05) (Fig. 6A), 
including bevantolol, hydroxyhexamide, hydroxyzine, 
5-aminosalicylic acid, 3-hydroxyanthranilic acid, and 

Fig. 4  Effect of Lp. plantarum FRT4 on inflammation in the ovary in laying hens. A The biochemical parameters of inflammatory factors in ovary. B 
The relative mRNA expression level of inflammatory-related factors in the ovary. The results were expressed as mean ± SEM, n = 6 hens per group. 
* indicates the significant difference of HELP group compared to CT group, and * indicates P < 0.05. # indicates the significant difference of FRT4L, 
FRT4M, and FRT4H groups compared to HELP group, and # indicates P < 0.05, ## indicates P < 0.01, ### indicates P < 0.001. CT: control group, hens 
fed with normal diet. HELP: model group, hens fed with high-energy low-protein diet. FRT4L, FRT4M, and FRT4H: experimental groups, hens fed 
with high-energy low-protein diet with 109 CFU/kg, 1010 CFU/kg, and 1011 CFU/kg Lp. plantarum FRT4, respectively



Page 10 of 26Li et al. Microbiome           (2025) 13:88 

Fig. 5  The multivariable statistics of caecal content metabolites. A, C, E, G, I LC-MS. B, D, F, H, J GC-MS. A, B The Pie charts of caecal content 
metabolites. The top 9 categories with the highest number of metabolites were shown, and the other categories were merged into others. C, D 
The OPLS-DA score scatter for HELP group compared to the CT group. E, F The OPLS-DA score scatter for FRT4M group compared to the HELP 
group. G, H The permutation test displaying the stability for HELP group compared to the CT group. I, J The permutation test displaying the stability 
for FRT4M group compared to the HELP group. CT: control group, hens fed with normal diet. HELP: model group, hens fed with high-energy 
low-protein diet. FRT4M: experimental groups, hens fed with high-energy low-protein diet with 1010 CFU/kg Lp. plantarum FRT4
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3-hydroxy-3-phenylpentanamide. Seventy-six differen-
tial metabolites involving carboxylic acids and derivatives 
were significantly (P < 0.05) changed, including phenoxo-
methylpenicilloyl, N-jasmonoyltyrosine, L-agaridoxin, 
tricarballylic acid, furylacryloylalanyllysine, and ophthal-
mic acid. Ninety-six differential metabolites involving 
fatty acyls were significantly altered (P < 0.05), including 
leucrose, oscr#3, tetranorprostanedioic acid, pentadecylic 
acid, tridecylic acid, pentadecanedioic acid. Eighteen 
differential metabolites involving glycerophospholip-
ids lysoPE(0:0/18:4(6Z,9Z,12Z,15Z)), PI(17:1(9Z)/18:0), 
PS(13:0/0:0), glycerophosphoric acid, lysoPI(18:0/0:0), 
and lysoPE(0:0/18:2(9Z,12Z)) were significantly altered 
(P < 0.05). Fifty differential metabolites involving steroids 
and steroid derivatives were significantly altered (P < 0.05), 

including trilostane, daturmeteside E, 25-hydroxy-atrotos-
terone A, coprostanol, 2-methoxyestradiol, and 3-dehy-
drocholate. Sixty-five differential metabolites involving 
prenol lipids (P < 0.05), artemisin, tomenphantin A, 
11-deoxoglycyrrhetinic acid, gibberellin A112, gibberellin 
A43, and dehydrocostus lactone. Forty-nine differential 
metabolites involving organonitrogen compounds were 
significantly altered (P < 0.05), including heptanoylcholine, 
ethametsulfuron-methyl, digoxigenin monodigitoxoside, 
pirimicarb, D-tagatose, and niazicinin. Twenty-four differ-
ential metabolites involving polyketides were significantly 
altered (P < 0.05), including calomelanol H, agestricin D, 
sutchuenoside A, 5-O-methylleridol, plagionicin A, and 
1-benzylpiperidine-4-carboxylic acid.

Fig. 6  Effect of Lp. plantarum FRT4 on differential metabolites and metabolism pathways in caecal content of laying hens. A The differential 
metabolites in caecal content for the HELP group compared to the CT group. B The differential metabolites in caecal content for the FRT4M 
group compared to the HELP group. C The differential metabolism pathway based on differential metabolites for the HELP group compared 
to the CT group. D The differential metabolism pathway based on differential metabolites for the FRT4M group compared to the HELP group. CT: 
control group, hens fed with normal diet. HELP: model group, hens fed with high-energy low-protein diet. FRT4M: experimental groups, hens fed 
with high-energy low-protein diet with 1010 CFU/kg Lp. plantarum FRT4
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Compared to the HELP group, 9 differential metabo-
lites involving benzene and substituted derivatives were 
significantly altered in the FRT4M group (P < 0.05) 
(Fig.  6B), including 2-pyrocatechuic acid, 4-hydroxy-
phenylpyruvic acid, p-aminobenzoic acid, 4-hydroxy-
benzoic acid, phenethyl phenylacetate, m-aminobenzoic 
acid, nitroflurbiprofen, seladelpar, and p-mentha-1,3,5,8-
tetraene. Seventeen differential metabolites involving 
carboxylic acids and derivatives were significantly altered 
(P < 0.05), including meticillin, phenoxomethylpenicilloyl, 
cis−3-hexenyl lactate, (1r,3r)−1-aminocyclopentane-1,3-
dicarboxylic acid, and pheneticillin. Twenty-seven differ-
ential metabolites involving fatty acyls were significantly 
altered (P < 0.05), including (-)−11-hydroxy-9,10-dihy-
drojasmonic acid, (-)−12-hydroxy-9,10-dihydrojasmonic 
acid, ascr#10, oscr#3, linusic acid, (x)−2-heptanol gluco-
side, 4-(methylsulfanyl)−2-oxobutanoylcarnitine, butyl 
3-o-beta-d-glucopyranosyl-butanoate, and 8-methyl-hex-
adecanedioic acid. Eleven differential metabolites involv-
ing organooxygen compounds were significantly altered 
(P < 0.05), including cis−4-hydroxycyclohexylacetic acid, 
D-tagatose, daumone, sergliflozin A, and L-carnitine. 
Fifty differential metabolites involving prenol lipids were 
significantly altered (P < 0.05), including pisumic acid, 
5-hydroxyprocurcumenol, artemin, anguidol, (-)-picro-
toxinin, (1β, 8β)−1,8-dihydroxy-3,7(11)-eudesmadien-
12,8-olide, ditaxanthin, 3-(4-isopropylphenyl) propanal.

Differential metabolic pathway analysis
The differential metabolites were analyzed through path-
way enrichment analysis based on KEGG database (Addi-
tional file 3). There were 30 KEGG pathways identified in 
the HELP group compared to the CT group (Fig.  6C), 
including arachidonic acid metabolism, arginine and pro-
line metabolism, tyrosine metabolism, drug metabolism-
cytochrome P450, ABC transporters, etc. There were 
20 metabolic pathways identified in the FRT4M group 
compared to the HELP group, including 7 differential 
metabolic pathways (P < 0.05) (Fig.  6D). The differential 
metabolic pathways were tryptophan metabolism, amino 
sugar and nucleotide sugar metabolism, galactose metab-
olism, insulin signaling pathway, FoxO signaling pathway, 
folate biosynthesis, and ubiquinone and other terpenoid-
quinone biosynthesis.

Effect of Lp. plantarum FRT4 on the structure and function 
of gut microbiota in laying hens
Effect of Lp. plantarum FRT4 on gut microbiota structure 
of laying hens
Metagenomic analysis was used in this study to analyze the 
caecal microbiota. At the phylum level (Fig. 7A), the total 

of relative abundances of Bacteroidetes, Firmicutes, and 
Proteobacteria was more than 93% in the CT, HELP, and 
FRT4M groups. Compared to the CT group, the relative 
abundances of Bacteroidetes, Proteobacteria, and Elusimi-
crobia were decreased in the HELP group, while the relative 
abundances of Firmicutes, Synergistetes, and Tenericutes 
were increased. At the genus level (Fig. 7B), compared to the 
CT group, the relative abundances of Bacteroides, Phocaei-
cola, Alistipes, Prevotella, Muribaculum, Mediterranea, and 
Parabacteroides were decreased in the HELP group, while 
the relative abundances of Clostridium, Faecalibacterium, 
and Lachnoclostridium were increased. At the species level 
(Fig.  7C), compared to the CT group, the relative abun-
dances of Alistipes_sp._CAG_831, Phocaeicola_barnesiae, 
Mediterranea_sp._An20, uncultured_Bacteroides_sp., Bac-
teroides_togonis, Phocaeicola_vulgatus, and Bacteroides_
ndongoniae were decreased in the HELP group, while the 
relative abundances of Bacteroides_sp._An322, Clostridi-
ales_bacterium, and Phocaeicola_plebeius were increased. 
Furthermore, the nonparameteric test was to analyze the 
differential taxonomy among groups by Kruskal-Wallis.

In addition, there were 636 differential species taxono-
mies found among the CT, HELP, and FRT4M groups 
(Additional file 4). Further, the top 20 dominant differen-
tial species among groups were selected to draw the heat-
map, which also showed their phylum, family, and genus 
(Fig.  7D). Compared to the HELP group, the relative 
abundances of Clostridium_sp._CAG_1013, Anaerotrun-
cus_colihominis, Firmicutes_bacterium_CAG_94, Agathob-
aculum_sp._Marseille_P7918, Angelakisella_massiliensis, 
Clostridium_sp._CAG_169, and uncultured_Clostrid-
ium_sp. were decreased, and the relative abundances of 
Alistipes_sp._CAG_514, Alistipes_sp._CAG_435, Bacteroides_
sp._CAG_770, Bacteroides_sp._CAG_709, Bacteroides_
sp._CAG_545, and Bacteroidales_bacterium_WCE2008 
were increased in the CT and FRT4M groups. These 
results showed that the gut microbiota structure in laying 
hens was disordered after feeding the HELP diet. However, 
these disorders were repaired after Lp. plantarum FRT4 
supplementation, which made the caecal microbiota struc-
ture more similar to that of the CT group.

As shown in Fig. 7E, the simpson index of α-diversity 
increased in the HELP group compared to the CT group 
(P = 0.153), and decreased in the FRT4M group com-
pared to the HELP group (P = 0.023), while no significant 
difference was observed between the CT and FRT4M 
groups (P = 0.302). The PCA analysis showed no obvi-
ous difference among the groups. However, the distance 
between the CT and FRT4M groups appear to be closer, 
suggesting a more similar microbial community structure 
between these two groups (Fig. 7F).
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Effect of Lp. plantarum FRT4 on the function of gut 
microbiota in laying hens
Based on the Kruskal–Wallis functional gene difference 
analysis (Fig. 8), the top 8 differential KEGG pathways were 

ranked by significance and displayed in descending order 
of abundance. These pathways included aminobenzoate 
degradation, beta-alanine metabolism, valine, leucine and 
isoleucine degradation, lipopolysaccharide biosynthesis, 

Fig. 7  The microbiota diversity of caecal content in laying hens. A The microbiota structure at the phylum level. B The microbiota structure 
at the genus level. C The microbiota structure at the species level. D The heat-map of the top 20 dominant differential species among groups. The 
upward triangle indicates upregulation, and the downward triangle indicates downregulation. The black indicates a significant difference, and white 
indicates no significant difference. E The Simpson index of α-diversity. F The PCA analysis of β-diversity based on bray_curtis. CT: control group, 
hens fed with normal diet. HELP: model group, hens fed with high-energy low-protein diet. FRT4M: experimental groups, hens fed with high-energy 
low-protein diet with 1010 CFU/kg Lp. plantarum FRT4
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biotin metabolism, terpenoid backbone biosynthesis, 
pentose phosphate pathway, and alanine, aspartate and 
glutamate metabolism (Fig.  8A). The top 10 differential 
KO functions were K00790, K03524, K02025, K02026, 
K09825, K01515, K06015, K05813, K00841, and K19237 
(Fig.  8B). The top 10 differential eggNOG functions 
were NOG31115, NOG93043, NOG94110, NOG61805, 
NOG63915, NOG76208, NOG224877, NOG66567, and 
NOG221684 (Fig.  8C). The top 10 differential CAZy 
functions were GT5, GT41, GT35, GH103, GH31, 
GT111, GT34, GH131, GT87, and PL6 (Fig.  8D). The 
top 10 differential CARD functions were ARO3005091, 
ARO3003577, ARO3000794, ARO3004659, ARO3003785, 
ARO3002933, ARO3003069, ARO3000237, ARO3003704, 
and ARO3000822 (Fig. 8E).

Correlation of caecal microbiota and biochemical parameters 
of laying hens
Based on spearman analysis, the correlation between 
caecal microbiota at different taxonomic levels and bio-
chemical parameters of laying hens are shown in Fig. 9. 
At the phylum level (Fig.  9A), Bacteroidetes was posi-
tively related to GSH-Px and T-SOD (P < 0.05), and nega-
tively related to TNF-α (P < 0.05). The Euryarchaeota was 
negatively related to IL-8 and CAT (P < 0.05). Firmicutes 
was positively related to MDA and TNF-α (P < 0.05), 
and negatively related to GSH-Px and T-SOD (P < 0.05). 

Actinobacteria was positively related to IL-6 (P < 0.05). At 
the class level (Fig. 9B), Bacteroidia was positively related 
to GSH-Px and T-SOD (P < 0.05), and negatively related 
to TNF-α (P < 0.05). Methanobacteria was negatively 
related to CAT, IL-1β, and IL-8 (P < 0.05). Coriobacteriia 
was positively related to IL-6 (P < 0.05), and negatively 
related to T-AOC and T-SOD (P < 0.05). Clostridia was 
negatively related to GSH-Px and T-SOD (P < 0.05). Ery-
sipelotrichia was positively related to IL-1β, IL-8, NLRP3, 
MDA, and TNF-α (P < 0.05). At the genus level (Fig. 9C), 
Clostridium was negatively related to GSH-Px (P < 0.05). 
Faecalibacterium was positively related to CAT (P < 0.05). 
Alistipes was positively related to T-SOD (P < 0.05), and 
negatively related to MDA (P < 0.05). Bacteroides was 
positively related to GSH-Px and T-SOD (P < 0.05), and 
negatively related to NLRP3 (P < 0.05). Parabacteroides 
was negatively related to MDA and TNF-α (P < 0.05). At 
the species level (Fig.  9D), Phocaeicola_barnesiae was 
negatively related to NLRP3 (P < 0.05). The Alistipes_
sp._CAG_831 was positively related to T-SOD (P < 0.05). 
Phocaeicola_plebeius was positively related to GSH-Px 
(P < 0.05).

Effect of Lp. plantarum FRT4 on FoxO/TLR‑4/NF‑κB signaling 
pathway related‑factors in liver and ovary of laying hens
The effect of Lp. plantarum FRT4 on FoxO/TLR-4/NF-κB 
signaling pathway-related factors in the liver is shown in 

Fig. 8  The gene function diversity of caecal content microbiota in laying hens. The difference analysis was based on Kruskal-Wallis.A The KEGG 
pathway term enrichment. B The KO function. C The eggNOG function. D The CAZy function. GH: glycoside hydrolases, GT: glycosyl transferases, PL: 
polysaccharide lyases. E The ARO function of CARD. ARO: antibiotic resistance ontology
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Fig. 10A. Compared to the CT group, the relative mRNA 
expression level of TLR-4 was significantly increased in 
the HELP group (P < 0.05), while supplementation with 
Lp. plantarum FRT4 significantly reduced the relative 
mRNA expression level of TLR-4 (P < 0.05). Compared 
to the HELP group, the relative mRNA expression level 
of NF-κB was significantly decreased after Lp. plantarum 
FRT4 intervention (P < 0.05). Compared to the CT group, 
the relative mRNA expression level of FoxO3 was signifi-
cantly decreased in the HELP group (P < 0.05). Compared 
to the HELP group, the relative mRNA expression level 
of FoxO1 was significantly increased in the FRT4L group 
(P < 0.05), with P-value of 0.094 between the HELP and 
FRT4M groups.

The effect of Lp. plantarum FRT4 on FoxO/TLR-4/
NF-κB signaling pathway-related factors in the ovary 
is shown in Fig.  10B. Compared to the CT, the rela-
tive mRNA expression level of TLR−4 was significantly 

increased in HELP group (P < 0.05). Compared to the 
HELP group, the relative mRNA expression level of 
TLR-4 was significantly decreased in FRT4L and FRT4M 
groups (P < 0.05). The relative mRNA expression level of 
NF-κB was significantly decreased in the FRT4L group 
(P < 0.05), and the relative mRNA expression level of 
FoxO1 was significantly increased in the FRT4M group 
(P < 0.05).

Moreover, the relationship between gut microbiota at 
the genus level and FoxO/TLR-4/NF-κB signaling path-
way was analyzed. As shown in Fig.  10C, in the liver, 
Bacteroides and Parabacteroides were significantly 
positively related to FoxO1, and negatively related to 
NF-κB (P < 0.05). Bacteroides was also significantly pos-
itively related to FoxO3 (P < 0.05). Lachnoclostridium 
was significantly negatively related to NF-κB (P < 0.05), 
and Mutribaculum was significantly negatively related 
to TLR-4 (P < 0.05). However, Lachnoclostridium was 

Fig. 9  The correlation between biochemical parameters and caecal microbiota at different levels. A The correlation between liver biochemical 
parameters and caecal microbiota at the phylum level. B The correlation between liver biochemical parameters and caecal microbiota at the class 
level. C The correlation between liver biochemical parameters and caecal microbiota at the genus level. D The correlation between liver 
biochemical parameters and caecal microbiota at the species level. * indicates P < 0.05, ** indicates P < 0.01
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significantly negatively related to FoxO3 in the ovary 
(P < 0.05, Fig. 10D).

Thus, Lp. plantarum FRT4 improved the antioxidant 
capacity and inflammation in the liver and ovary of lay-
ing hens by regulating the FoxO/TLR-4/NF-κB signaling 
pathway and gut microbiota.

Effect of Lp. plantarum FRT4 on estrogen of laying hens
Lp. plantarum FRT4 can increase the overall level of 
estrogen in laying hens. As shown in Fig. 11A, the con-
tents of estradiol (E2) and VTG in the FRT4L group in 
liver were significantly higher than those in the HELP 
group (P < 0.05). In the ovary (Fig. 11B), compared with 

Fig. 10  Effect of Lp. plantarum FRT4 on FoxO/TLR-4/NF-κB signaling pathway-related factors in laying hens. A Effect of Lp. plantarum FRT4 
on FoxO/TLR-4/NF-κB signaling pathway-related factors in the liver of laying hens. B Effect of Lp. plantarum FRT4 on FoxO/TLR-4/NF-κB signaling 
pathway-related factors in the ovary of laying hens. C The correlation between FoxO/TLR-4/NF-κB signaling pathway-related factors in the liver 
and gut microbiota at the genus level. D The correlation between FoxO/TLR-4/NF-κB signaling pathway-related factors in the ovary and gut 
microbiota at the genus level. The results were expressed as mean ± SEM, n = 6 hens per group. A, B * indicates the significant difference 
between the HELP group and the CT group, and * indicates P < 0.05, ** indicatesP < 0.01, *** indicates P < 0.001. # indicates the significant difference 
between the FRT4L, FRT4M, and FRT4H groups and the HELP group, and # indicates P < 0.05, ## indicates P < 0.01, ### indicates P < 0.001. CT: 
control group, hens fed with normal diet. HELP: model group, hens fed with high-energy low-protein diet. FRT4L, FRT4M, and FRT4H: experimental 
groups, hens fed with high-energy low-protein diet with 109 CFU/kg, 1010 CFU/kg, and 1011 CFU/kg Lp. plantarum FRT4, respectively. C, D * indicates 
P < 0.05, ** indicates P < 0.01, *** indicatesP < 0.001
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the CT group, the levels of E2, follicle-stimulating hor-
mone (FSH), and VTG in the HELP group were signifi-
cantly reduced (P < 0.05). Compared to the HELP group, 
adding Lp. plantarum FRT4 significantly increased E2 
and VTG content (P < 0.05), and the contents of FSH in 
FRT4L and FRT4H groups were significantly increased 
(P < 0.05). In addition, the mRNA expression level of 
estrogen receptor 1 (ESR1) in ovary significantly was 
decreased in the HELP group compared to the CT group 
(P < 0.05) (Fig.  12). Compared to the HELP group, the 
mRNA expression level of ESR1 was increased in the 
FRT4M and FRT4H groups.

Discussion
FLHS is typically associated with lipid peroxidation, 
hepatocyte injury, reduced antioxidant capacity, and 
inflammation [41]. Yuan et  al. reported that high-fat 
diet decreased the hepatic antioxidant capacity of mice 
[42], and NAFLD would cause liver injury [43, 44]. Pre-
vious studies also suggested that HELP diet could limit 
the hepatic antioxidant capacity of laying hens [38], and 
increase the inflammation level [45]. In this study, feed-
ing HELP diet significantly decreased the concentra-
tions of T-AOC and T-SOD in both the liver and ovary. 
However, Lp. plantarum FRT4 intervention significantly 
increased the levels of T-AOC and T-SOD, and increased 

the mRNA expression level of antioxidant enzymes-
related genes. The content of MDA was typically used as 
an index of lipid peroxidation and oxidative injury [46]. 
The increase of the concentrations of ALT and AST was 
regarded as the biomarker of issue damage [47, 48]. The 
contents of MDA, ALT, and AST in the liver and ovary 
of laying hens feeding HELP diet were significantly 
increased compared to the CT group, whereas the con-
tents of MDA and ALT were significantly decreased after 
Lp. plantarum FRT4 intervention. These results indicate 
that Lp. plantarum FRT4 substantially alleviated hepatic 
and ovarian oxidative injury, and enhanced the antioxi-
dant capacity in laying hens.

It is worth noting that OS could trigger inflammation 
and lead to the production of IL-1β and TNF-α [49]. 
TNF-α is a factor that stimulates and induces the produc-
tion of reactive oxygen species (ROS) and lipid peroxida-
tion, while also amplifying and prolonging inflammation 
[50]. Navasa et al. reported that TNF-α could induce the 
Kupffer cells to release IL-6 in the liver [51]. Moreover, 
the increase in TNF-α led to the accumulation of TG and 
steatosis, which in turn activated NF-κB, resulting in a 
vicious circle of worsening hepatic damage [52]. Gener-
ally, IL-1β is a pro-inflammatory factor, whereas IL-10 
has anti-inflammatory effects [53, 54]. In the FRT4M 
and FRT4H groups, the concentrations of IL-1β and 

Fig. 11  Effect of Lp. plantarum FRT4 on estrogen in laying hens. A The content of estrogen in liver. B The content of estrogen in ovary. E2: estradiol, 
FSH: follicle-stimulating hormone, VTG: vitellogenin. The results were expressed as mean ± SEM, n = 6 hens per group. * indicates the significant 
difference between the HELP group and the CT group, and * indicatesP < 0.05. # indicates the significant difference between FRT4L, FRT4M, 
and FRT4H groups and the HELP group, and # indicates P < 0.05, ## indicates P < 0.01. CT: control group, hens fed with normal diet. HELP: model 
group, hens fed with high-energy low-protein diet. FRT4L, FRT4M, and FRT4H: experimental groups, hens fed with high-energy low-protein diet 
with 109 CFU/kg, 1010 CFU/kg, and 1011 CFU/kg Lp. plantarum FRT4, respectively
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TNF-α were significantly reduced in the liver and ovary 
compared to the HELP group. Additionally, the mRNA 
expression levels of IL-1β and TNF-α also decreased, 
and the mRNA expression level of IL-10 was increased. 
MAFLD triggered excessive inflammatory reaction, and 
further activated the inflammation-related signaling 
pathways [55, 56]. TLR-4, expressed in hepatic stellate 
cells, activated NF-κB and the genes expression depend-
ent on NF-κB, leading to an inflammatory response 
[57]. The mRNA expression levels of TLR-4 and NF-κB 
of liver and ovary were upregulated in the HELP group 
compared to the CT group. Supplementation with Lp. 
plantarum FRT4 downregulated their expression lev-
els. There results demonstrate that Lp. plantarum FRT4 
improved inflammation by regulating the TLR-4/NF-κB 
pathway.

The occurrence of inflammation was closely to NLRP3 
inflammasome, whose activity was crucial for maintain-
ing cellular homeostasis and health [58]. The activation of 
the NLRP3 inflammasome has been observed in NAFLD 
[59], and is known to promote the development of inflam-
matory reactions [60]. Numerous researches suggested 
that inhibiting the NLRP3 pathway could reduce hepatic 
inflammation and hepatocyte injury [61–64]. Lp. plan-
tarum LP HJZW08 and its culture would prevent broilers 
from the inflammation infected with Salmonella by inhib-
iting NLRP3 inflammasome and optimizing gut micro-
biota [65]. Feeding HELP diet caused the increase of the 
concentration and mRNA expression level of NLRP3 in 
the liver and ovary. After Lp. plantarum FRT4 interven-
tion, the concentration and mRNA expression level of 
NLRP3 were decreased in the FR4M and FRT4H groups. 

Moreover, NF-κB can also activate the NLRP3 inflamma-
some [66, 67]. These results indicated that NLRP3 may 
be another potential target through which Lp. plantarum 
FRT4 protect FLHS laying hen from serious inflamma-
tion reaction. However, it was found that different doses 
of Lp. plantarum FRT4 elicit distinct sensitivities in the 
antioxidant and anti-inflammatory responses in the liver 
and ovary. It has been established that hepatic metabo-
lites can regulate ovarian function via the liver-blood-
ovary axis in laying hens [68, 69]. Besides, gut microbiota 
and its associated metabolites play a crucial role in regu-
lating liver function [70, 71]. Consequently, varying doses 
Lp. plantarum FRT4 exert differential regulatory effect 
on the gut microbiota and its metabolism, which in turn 
act on the liver and ovary by gut-liver axis and liver-
blood-ovary axis. A previous study suggested that dietary 
intervention with varying doses could differently enhance 
antioxidation and anti-inflammation capabilities in the 
liver and ovary of laying hens [69]. Nevertheless, the spe-
cific regulatory mechanisms underlying the differential 
sensitivities of the liver and ovary to different doses of Lp. 
plantarum FRT4 still need further exploration.

Gut microbiota is the result of long-term co-evolution 
based on microorganism and hosts, which affects the 
physiological function of hosts and is influenced by the 
living environment and eating habits of the host [72]. 
Gut microbiota is the biggest metabolic sink in humans 
and animals [73]. According to metabolic results, 129 
differential metabolites were identified in the FRT4M 
group compared to the HELP group, and these dif-
ferential metabolites were enriched into 7 differential 
metabolic pathways, including tryptophan metabolism, 

Fig. 12  Effect of Lp. plantarum FRT4 on the mRNA expression level of ESR1 in laying hens. The results were expressed as mean ± SEM, n = 6 hens 
per group. * indicates the significant difference between the HELP group and the CT group, and * indicates P < 0.05. CT: control group, hens fed 
with normal diet. HELP: model group, hens fed with high-energy low-protein diet. FRT4L, FRT4M, and FRT4H: experimental groups, hens fed 
with high-energy low-protein diet with 109 CFU/kg, 1010 CFU/kg, and 1011 CFU/kg Lp. plantarum FRT4, respectively
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amino sugar and nucleotide sugar metabolism, galac-
tose metabolism, insulin signaling pathway, FoxO sign-
aling pathway, folate biosynthesis, and ubiquinone and 
other terpenoid-quinone biosynthesis. Tryptophan and 
its downstream metabolites have shown various health 
effects, including immune regulation, neurotransmit-
ter regulation, and antioxidant activity [74–76]. Unab-
sorbed tryptophan is metabolized by the gut microbiota 
into indole and its derivatives, which play a beneficial 
role in the development of NAFLD and show the effect 
of improving liver steatosis and fibrosis [77]. Addition-
ally, indole has physiological activity of stimulating the 
production of anti-inflammatory factors and inhibit-
ing the generation of pro-inflammatory factors [78]. 
Xanthurenic acid has been proven to have strong anti-
oxidant activity and physiological functions in protect-
ing cells from DNA damage and lipid peroxidation [79]. 
According to reports, cholic acid and chenodeoxycholic 
acid were associated with inflammatory bowel disease 
and gastric mucosal intestinal metaplasia [80, 81]. In the 
present study, tryptophan metabolism was significantly 
upregulated in FRT4M group compared to the HELP 
group, with increased contents of metabolites related to 
tryptophan metabolism, such as indole, xanthurenic acid. 
Moreover, antioxidative enzymes activities were elevated 
and inflammatory factors were reduced in the liver and 
ovary. These results indicate that Lp. plantarum FRT4 
could regulate tryptophan metabolism of gut microbiota 
to produce more bioactive substances to enhance the 
antioxidant capacity and reduce inflammation level in 
laying hens. FoxO family of transcription factors controls 
numerous biological functions in mammals [82], includ-
ing the detoxification of oxidative stress [21, 83]. Both 
FoxO1 and FoxO3 had demonstrated potential activities 
in modulating lipid metabolism, exerting anti-inflam-
mation effects, and enhancing antioxidant capacity. The 
activation of AMPK-FoxO1 pathway and the interaction 
between sirtuin 1 (SIRT1) and FoxO1 further regulate the 
expression of downstream gene SOD, thereby improving 
inflammation and OS associated with NAFLD and type 
2 diabetes [84, 85]. FoxO3, a downstream target protein 
of SIRT3, enhances the transcription of FoxO-dependent 
MnSOD and CAT​, and acts on the ROS/Ras signaling 
pathway, resulting in elimination of ROS and reduced OS 
injury [86]. The FoxO signaling pathway was significantly 
enriched in the FRT4M group compared to the HELP 
group, which was in accordance with the hepatic meta-
bolic results in our previous study [39]. Furthermore, 
the qRT-PCR results showed that the mRNA expression 
levels of FoxO1 and FoxO3 were upregulated, as was the 
expression level of downstream gene SOD. These results 
are consistent with previous studies [87, 88]. Therefore, 
the FoxO signaling pathway is the important pathway for 

Lp. plantarum FRT4 relieving the OS induced by FLHS. 
Insulin signaling pathway is an important biochemical 
process, which affects the metabolism of lipids, glucose 
and proteins to a large extent. Abnormalities in insu-
lin signaling pathway were related to several metabolic 
diseases such as diabetes and obesity [89]. Research has 
shown that under OS condition, the efficiency of insulin 
signaling decreases, leading to insulin resistance in cells 
[90]. The metabolism of amino sugars and nucleotide 
sugars plays an important role in the immune function 
decline caused by H2S resistance in laying hens [91]. In 
this study, the HELP diet significantly reduced antioxi-
dant enzyme activity in the liver and ovary of laying hens, 
whereas these activities were increased in the FRT4M 
group. Meanwhile, the gut amino sugar and nucleotide 
sugar metabolism pathways and related metabolites in 
the FRT4M group were significantly upregulated com-
pared to the HELP group, such as uridine diphosphate 
glucose acid, udp N-acetylglucosamine, and glucose, etc. 
These results indicate that the insulin signaling pathway 
and amino sugar and nucleotide sugar metabolism may 
represent additional potential regulatory target regulated 
by Lp. plantarum FRT4 to enhance the antioxidant and 
immunity capacities of laying hens.

Gut microbiota is the biggest and most complex micro-
ecosystem, and its composition and diversity play an irre-
placeable role in nutrition metabolism, immunity, and 
adaptation to the environment in animals [92]. Numer-
ous studies suggest that gut microbiota plays a key role 
in the development of NAFLD [93–95]. The gut dysbio-
sis was related to NAFLD, manifested as a decrease in 
beneficial flora and an increase in harmful flora [96]. The 
gut microbiota formation typically maintains a relatively 
stable state, and the dominant phyla were Bacteroidetes, 
Firmicutes, Proteobacteria and Actinobacteria [97–99]. 
The high abundance of Firmicutes and low abundance of 
Bacteroidetes are characteristics of NAFLD [100]. In this 
study, feeding HELP diet increased the abundance of Fir-
micutes in ceca and decreased the abundance of Bacte-
roidetes. In contrast, supplementation of Lp. plantarum 
FRT4 reduced the abundance of Firmicutes and increased 
the abundance of Bacteroidetes, which was more simi-
lar to the phylum level structural distribution of the CT 
group. Moreover, spearman correlation analysis showed 
that the abundances of Firmicutes and Bacteroidetes had 
a significant correlation with the antioxidant enzymes 
and the concentrations of inflammatory factors. Previ-
ous research has found that the abundance of Proteobac-
teria was reduced in the intestines of mice with NASH, 
while was increased after treatment with a methionine 
and choline-deficient diet [101]. Another study suggests 
that patients with NAFLD and NASH have higher abun-
dance of Proteobacteria in their intestines [102]. After 



Page 20 of 26Li et al. Microbiome           (2025) 13:88 

feeding with HELP diet, the abundance of Proteobacte-
ria in the intestine of laying hens was decreased, whereas 
the abundance was increased in the FRT4M group. These 
results indicate that Proteobacteria may play different 
regulatory roles in different contexts, and these differ-
ences may be related to species. Prevotella is a dominant 
genus of Bacteroidetes [103], is generally considered 
beneficial, contributing to polysaccharide degradation, 
SCFA metabolism, and glucose homeostasis [104, 105]. 
However, some studies indicated that Prevotella can be 
pathogenic  and is related to multiple chronic inflam-
mations [106, 107]. Whether Prevotella has a positive 
or negative effect may be related to the diversity at the 
strain-level diversity, which is influenced by interspecies 
and intraspecific variations [108]. Children typically had 
a higher abundance of Prevotella [109], while the adults 
had a lower abundance of Prevotella [110]. In this study, 
HELP diet reduced the abundance of Prevotella in ceca 
of laying hens compared to the CT group, whereas the 
FRT4M group had lower abundance of Prevotella com-
pared to the HELP group. Further researches are needed 
to confirm the role of changes in Prevotella abundance 
in the progress of FLHS. Alistipes was another dominant 
genus. A study suggests that Alistipes is less abundant in 
intestines with severe liver fibrosis [111], which may pro-
mote the development of inflammation in NAFLD [112]. 
Chanda and De analyzed 3329 obese host-gut samples 
using a machine-learning-based approach, incorporating 
both 16S rRNA and metagenomic sequence data, which 
suggested a reduction in Alistipes  species [113]. In this 
study, the HELP group exhibited a lower abundance of 
Alistipes, whereas the FRT4M group had a higher abun-
dance. Furthermore, Alistipes was significantly positively 
correlated with T-SOD (antioxidative enzyme) and nega-
tively correlated with MDA (lipid peroxidation marker). 
Bacteroides was significantly positively correlated with 
T-SOD and GSH-Px (antioxidative enzyme), and NLRP3 
(inflammatory biomarker). These results suggest that 
Alistipes and Bacteroides played a key role in systemic 
antioxidant and anti-inflammation processes. A previ-
ous study had indicated that Alistipes and Bacteroides 
were often associated with SCFAs metabolism [114]. 
SCFAs, including acetate, butyrate, and propanoate, 
were reported to reduce systemic inflammation and OS 
[115, 116]. SCFAs were transported to organs and tis-
sues via various SCFA transporter protein [117], thereby 
enhancing the host’s antioxidant and anti-inflammation 
capabilities. Additionally, correlation analysis indicated 
that Bacteroides was significantly associated with FoxO/
TLR-4/NF-κB signaling pathway in the liver. Thus, the 
genera Alistipes and Bacteroides may regulate gut SCFAs 
metabolism, thereby influencing the FoxO/TLR-4/NF-κB 

signaling pathway to alleviate hepatic and ovarian OS and 
inflammation.

Metagenomics can not only analyze the microbiota 
composition, but also the gene function of microbiota. 
Alanine, aspartate, and glutamate originate from inter-
mediates in central metabolism, mainly from the citric 
acid cycle [118]. The basic product of the pentose phos-
phate pathway is pentose, which is used for nucleotide 
synthesis [119]. In this study, the HELP diet enhanced 
the gene function of pentose phosphate pathway in gut 
microbiota, coinciding with a significant increase in pro-
inflammatory factors in the liver and ovary. A previous 
study showed that enhancing microbial function involved 
in the pentose phosphate pathway and arachidonic acid 
metabolism produced pro-inflammatory factors, which 
directly promoted host inflammatory damage [120]. In 
the FRT4M group, the gene function of pentose phos-
phate pathway in gut microbiota was reduced, which was 
consistent with the CT group. Additionally, the inflam-
mation levels in the liver and ovary of the FRT4M group 
were greatly alleviated. These results indicate that Lp. 
plantarum FRT4 could alleviate inflammation reaction 
in laying hens by regulating the functional genes of pen-
tose phosphate pathway in the gut microbiota. NOG3115 
is annotated in the AraC family, a transcriptional regu-
latory factor. AraC-like transcription factors play a cru-
cial role in regulating various physiological functions of 
bacteria, including carbon source metabolism, response 
to environmental stress, and pathogenesis [121]. Okeke 
et  al. reported that the pathogenesis of enteroaggrega-
tive Escherichia coli (EAEC) involved colonization on 
the surface of the intestinal mucosa, mainly mediated 
by the production of enterotoxins and cytotoxics that 
disrupt host cells, inducing inflammation and diarrhea 
[122]. AraC was the main regulatory factor of EAEC viru-
lence [123]. The function of NOG3115 was significantly 
enriched in the HELP group, but partially reversed in the 
FRT4M group. This suggests that Lp. plantarum FRT4 
may regulate AraC-like transcription factors and allevi-
ate intestinal barrier damage caused by the HELP diet 
in laying hens. Regarding carbohydrate enzyme gene 
function, significant differences were observed between 
groups in functional genes such as GT41, GT103, and 
PL6. GT41 mainly includes UDP GlcNAc: peptide beta 
N acetylglucosamine yltransfer (EC: 2.4.1.255); UDP Glc: 
peptide N-beta glucosyltransfer (EC: 2.4.1.-) and other 
related enzyme gene functions. Glucose enters the hex-
osamine pathway, producing UDP acetylglucosamine 
(UDP GlcNAc) as a donor for glycosylation [124]. O-Glc-
NAcylation was considered a nutrient and stress sensor 
and involved in transcription and translation, regulating 
signaling transduction and metabolic cellular processes 
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[125]. Previous studies have revealed the important role 
of hexosamine biosynthesis pathway and O-GlcNAcyla-
tion proteins in the development of diabetes, cancer and 
neurodegenerative diseases [126, 127]. The enrichment of 
GT41 functional genes was reduced in the HELP group 
but reversed in the FRT4M group, indicating that Lp. 
plantarum FRT4 could promote glucose metabolism in 
the gut microbiota of laying hens. PL6 primarily includes 
enzymes such as alginate lyase (EC: 4.2.2.3), chondroi-
tinase B (EC: 4.2.2.19), MG specific initiate lyase (EC: 
4.2.2. -), poly (alpha L guluronate) lyase/G specific initi-
ate lyase (EC: 4.2.2.11) [128]. During the laying process, 
laying hens are often infected with Salmonella, caus-
ing intestinal inflammation and leading to a decrease 
in egg production rate [129]. Roque-Borda et  al. inves-
tigated the anti-enteritis effect of alginate coated par-
ticles in a chicken model of Salmonella infection [130]. 
Their results showed that alginate coated particles sig-
nificantly reduced Salmonella infection, particularly in 
terms of anti-inflammatory effects on the liver. In this 
study, the FRT4M group reversed the decrease in PL6 
gene function caused by the HELP diet, indicating that 
Lp. plantarum FRT4 may have a physiological function 
of enhancing PL6 gene function in the gut microbiota of 
laying hens.

The production performance of laying hens is typically 
influenced by the levels of reproductive hormones. The 
estrogen level in laying hens at the later stage of laying is 
the direct reason for the sudden drop of laying rate, and is 
accompanied by a severe fatty liver incidence rate of 95% 
[131, 132]. Estrogen levels are associated with the pro-
gression of fatty liver, and a previous study has shown that 
endocrine hormones affect the development of fatty liver 
by interfering with lipid metabolism pathways [133]. E2 is 
the main estrogen that maintains follicular development 
and maturation. The circulating level of E2 was positively 
correlated with egg production rate and could promote 
the synthesis and transportation of triglycerides and cho-
lesterol in the liver cells of laying hens [134]. Research 
suggests that increasing circulating estrogen levels was 
the key to alleviating ovarian degeneration and fatty 
liver in laying hens in the later stages of egg production 
[135], while a decrease in E2 levels was the main reason 
for the decrease in egg production rate in the later stages 
of egg production [136]. In this study, the E2 levels in the 
liver and ovary of the HELP group decreased, while the 
egg production rate also decreased [39]. However, after 
supplementation with Lp. plantarum FRT4, the E2 levels 
in ovary of laying hens were significantly increased, and 
the egg production rate was also significantly increased 
[39]. FSH not only promotes the development of the fal-
lopian tubes, ovaries, and stroma, but also plays a cru-
cial role in follicular development and ovulation [137]. 

Previous research has shown that Bacillus licheniformis 
can increase serum FSH and E2 levels in laying hens, 
thereby stimulating follicle growth and development 
[138]. Another study has shown that Bacillus amylolique-
faciens BLCC1-0238 could increase the levels of FSH and 
E2, further increasing ovarian weight, promoting follicle 
growth and maturation [139], and thereby increasing egg 
laying rate in laying hens. In the present study, feeding 
HELP diet significantly reduced the content of FSH in 
the ovary of laying hens, while the contents of FSH in the 
FRT4L and FRT4H groups were significantly increased. 
According to the aforementioned theory, the significant 
increase in egg production rate in the Lp. plantarum 
FRT4 treatment groups is closely related to the increase 
of FSH and E2 in the liver and ovary of laying hens. VTG 
is a precursor substance of yolk protein, produced in the 
liver and transported to eggs [140]. VTG was transported 
to and deposited in ovary to meet the nutritional require-
ments of the rapid development and maturation of the 
follicle [141]. The mRNA expression level of VTG was 
regulated by E2 [142], resulting in low expression levels 
before egg-laying and high expression levels during egg-
laying [143]. Therefore, VTG could serve as a biomarker 
for avian reproductive aging [144]. Additionally, E2 acted 
on ESR to promote VTG mRNA expression [68, 69]. In 
the present study, the ESR1 mRNA expression level was 
increased and the content of VTG in ovary was signifi-
cantly increased after Lp. plantarum FRT4 intervention. 
The liver-blood-ovary axis has been reported to maintain 
the productional performance of aging hens by regulat-
ing functional substances such as E2, VTG, FSH [68], and 
by improving the hepatic lipid metabolism [69]. However, 
FLHS induced by HELP diet caused OS and inflamma-
tion in the liver and ovary, leading to the functional dis-
turbance of biosynthesis and transport. Consequently, 
the content of VTG was decreased in the liver and ovary 
of the HELP group. Supplementation with Lp. plantarum 
FRT4 significantly increased E2, FSH, and VTG contents, 
as well as ESR1 mRNA expression, thereby ameliorating 
the decline in reproductive performance resulting from 
lipid disturbance with FLHS. These results indicate that 
Lp. plantarum FRT4 can delay the reproductive aging 
of laying hens, prolong their egg laying cycle, and thus 
improve economic benefits.

Conclusions
Collectively, the HELP diet induced OS and inflamma-
tion in the liver and ovary, as well as gut microbiota and 
its dysfuntion in laying hens. Supplementation with Lp. 
plantarum FRT4 enhanced antioxidant capacity, reduced 
inflammation level, and regulated the related-genes 
mRNA expression. Lp. plantarum FRT4 improved the 
gut microbiota composition and function, and modulated 
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the FoxO/TLR-4/NF-κB signaling pathway to prevent 
OS and inflammation of FLHS in laying hens. What’s 
more, spearman analysis showed that the abundance 
of microbiota at different taxonomic levels was closely 
associated with antioxidant enzymes and inflammatory 
factors. Overall, Lp. plantarum FRT4 attenuated OS 
and inflammation of FLHS laying hens by regulating gut 
microbiota and its function, and further intervening in 
FoxO/TLR-4/NF-κB signaling pathway, thereby enhanc-
ing hepatic and ovarian function and increasing with 
estrogen levels. Meanwhile, there are some limits in this 
research that warrant attention and should be addressed 
in subsequent studies. Our findings indicate that differ-
ent tissues respond differently to the effective doses of 
Lp. plantarum FRT4. Additionally, different doses of Lp. 
plantarum FRT4 had different antioxidation and anti-
inflammation effects. These mechanisms of action should 
be addressed in future work.
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