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ABSTRACT Fatty liver hemorrhagic syndrome is a
widespread metabolic disease in laying hens that
decreases egg production and even causes death in
severe cases. Many traditional Chinese medicine ingre-
dients, such as saikosaponin a (SSa), have been shown
to alleviate fatty liver, but the underlying mechanisms
remain unclear. In this study, we aimed to explore the
alleviation of dietary SSa on excessive hepatic lipid
deposition and the interactions between intestinal
microbiota and bile acid (BA) in laying hens. Fifty-
four 35-wk-old laying hens were randomly allocated
into 3 treatment groups with 6 replicates (3 birds per
replicate) and fed with a basal diet (CON), high-
energy and low-protein diet (HELP), and HELP diet
with 30 mg/kg SSa (HELP + SSa). SSa reversed
diet-induced egg production rate decrease (P < 0.05).
SSa could potently ameliorate HELP-induced accumu-
lation of hepatic cholesterol and liver injury via the
increase (P < 0.05) of mRNA expression of BA
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synthesis gene, such as cholesterol 7 alpha-hydroxylase
1. SSa treatment alleviated gut dysbiosis, especially
reducing (P < 0.05) the relative abundance of bile salt
hydrolase (BSH)-producing bacteria such as Lactoba-
cillus, Bifidobacterium, and Turicibacter. Ileal BA
metabolomic analysis revealed that SSa increased (P <
0.05) the content of tauro-conjugated BAs, mainly
taurochenodeoxycholic acid and tauro-a-muricholic
acid. The mRNA expression of farnesoid X receptor
(FXR) and fibroblast growth factor 19 were decreased
(P < 0.05) in intestine, which was associated with
increased gene expression of enzymes in the BA synthe-
sis that reduced the levels of cholesterol. Moreover, SSa
treatment inhibited intestinal BA reabsorption via
decreasing (P < 0.05) the mRNA expression of apical
sodium-dependent bile acid transporter. Our findings
indicated that SSa reduced liver cholesterol accumula-
tion and alleviated fatty liver in laying hens through
microbiota-BA-intestinal FXR crosstalk.
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INTRODUCTION

Fatty liver hemorrhagic syndrome (FLHS) is a meta-
bolic disease frequently arising in caged high-production
laying hens, that is characterized by lipid metabolic dis-
orders and excessive fat accumulation. FLHS results in
dramatic decreases in egg production and accounts for
»74% of noninfectious mortality in caged laying hens
(Shini et al., 2019). The high prevalence exacts a huge
economic burden on the layer industry and the effective
measurements against FLHS are urgently required. Cur-
rently, nutritional modulation with Chinese herbal med-
icine such as Bupleuri Radix has been implicated in the
prevention against lipid metabolism disorders, including
FLHS and obesity (Li et al., 2017). Saikosaponin a
(SSa) is the major bioactive ingredient in Bupleuri
Radix and exerts hepatoprotective activity and benefi-
cial effects on lipid homeostasis (Lim et al., 2021). SSa
ameliorated hepatic lipid metabolism disorder in rats by
promoting intracellular lipid and cholesterol catabolic-
related genes, such as peroxisome proliferator-activated
receptor alpha (PPARa), angiotensin II receptor type
1a, and cholesterol 7 alpha-hydroxylase-1 (CYP7a1)
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Table 1. The composition and nutrient levels of the experimental
diets.

Items (%) Control HELP3 diets

Ingredients
Corn 64.15 66.25
Soybean meal 22.70 13.85
Ground limestone 7.50 7.50
Soybean oil 0.65 7.40
Premix1 5.00 5.00
Total 100.00 100.00

Nutrient level2

Metabolizable energy (MJ/kg) 11.20 12.96
Crude protein 15.80 12.00
Calcium 3.78 3.75
Total phosphorus 0.40 0.35

Available phosphorus 0.21 0.19
Lysine 0.76 0.53
Methionine 0.40 0.35
Methionine + cysteine 0.68 0.57
1The premix provided the following per kg of diets: vitamin A 10,000

IU, vitamin D3 1,800 IU, vitamin E 10 IU, vitamin K 10 mg, vitamin B12
1.25 mg, thiamine l mg, riboflavin 4.5 mg, calcium pantothenate 50 mg,
niacin 24.5 mg, pyridoxine 5 mg, biotin 1 mg, folic acid 1 mg, choline
500 mg, Mn 60 mg, I 0.4 mg, Fe 80 mg, Cu 8 mg, Se 0.3 mg, Zn 60 mg.

2Crude protein, calcium, and total phosphorus were measured values,
and the rest were calculated values.

3HELP: high-energy and low-protein diet group.
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(Li et al., 2021; Zheng et al., 2023). However, there exists
a knowledge gap regarding the potential effects and
underlying mechanisms of SSa on fatty liver in laying
hens.

Gut microbiota plays a critical role in maintaining
host homeostasis by regulating various physiological
processes such as nutrient digestion, immune status,
lipid metabolism and metabolic syndrome. Accumulat-
ing evidence demonstrated that traditional Chinese
herbal drugs can ameliorate the disturbed lipid homeo-
stasis in obesity and FLHS via modulating gut micro-
biota (Fan et al., 2022; Sun et al., 2022; Zhai et al.,
2022). Considering the poor intestinal absorption and
bare bioactive compounds in circulating system (Tang
et al., 2007), we hypothesize that relief of FLHS associ-
ated metabolic disorders by SSa is primarily mediated
by regulating gut microbiota. The hypothesis is sup-
ported by several studies that gut microbiome is a key
target for saponins to regulate lipid metabolism (Liu et
al., 2013; Li et al., 2020). Bile acids (BAs) act as a
bridge between the intestinal flora and liver via entero-
hepatic circulation (Schroeder and Backhed, 2016),
which participate in the regulation of host lipid metabo-
lism by acting as ligands for liver and gut farnesoid X
receptor (FXR) (Jiang et al., 2015). Previous researches
have indicated the promotion of liver synthesis and
fecal excretion of bile acids in response to SSa treatment,
suggesting that SSa may elicit changes in bile acid com-
position, subsequently participating in host lipid metab-
olism and favoring the alleviation of lipid accumulation-
induced liver injury (Wu et al., 2008; Li et al., 2021).
But the exact role of gut microbiota-BA crosstalk in
SSa-mediated effect on lipid metabolism regulation in
laying hens remains unclear.

In this study, we aimed to investigate the protective
effects of SSa on hepatic lipid accumulation induced by
high-energy and low-protein (HELP) diet in a laying
hen model and determine whether these effects depend
on the interactions between gut flora and BAs. Our
results provide new evidence for the alleviated effects of
SSa on liver lipid metabolism disorder via regulating the
BA metabolism and gut microbiota, and would help to
identify novel strategies to ameliorate fatty liver.
MATERIALS AND METHODS

The Animal Ethical and Welfare Committee, North-
west A&F University, accepted this study (Approval
No. DK2022061).
Experimental Design and Bird’s
Management

The present trial was performed with 54 laying hens
(Jingfen No. 6, Yukou Poultry, Beijing, China), at the
age of 35 wk. Birds were randomly assigned to 3 trial
groups with 6 replicates (3 birds per replicate), and all
cages had the same environmental conditions. The first
group (CON) was supplemented with a basal diet; the
second group (HELP): high-energy and low-protein
diet; the third group (HELP + SSa): high-energy and
low-protein diet with SSa (30 mg/kg) (Baoji Earay Bio-
tech Company, Xian, China). The corn-soybean basal
diet composition was prepared according to the China
Feeding Standard of Chicken (NY/T 33-2004). Table 1
gave the composition and nutrient levels of basic and
experimental diets. Before the experiment, birds in each
group were fed for 2 wk to gradually acclimate the exper-
imental diets. Experiment lasted for 12 wk, during which
food and water were provided ad libitum to the hens.
Birds were housed in 3-tier battery cages with 3 birds
each cage (cage size: 45 cm £ 45 cm £ 45 cm). Eggs
were collected and irregular eggs (broken, soft, and mis-
shapen) were recorded every day. Egg production and
weight were recorded daily and feed consumption was
recorded every 2 wk during the experimental period.
Biochemical Indicators Assay

At the end of the experiment, 1 bird from each repli-
cate were randomly selected for blood sample collection.
Serum samples were separated by centrifugation at
3,000 rpm/5 min at 4°C for 10 min and then stored at
�80°C for further analysis. The levels of serum total tri-
glyceride (TG), total cholesterol (TC), aspartate ami-
notransferase (AST), alanine transaminase (ALT),
high-density lipoprotein cholesterol (HDL-C), and low-
density lipoprotein cholesterol (LDL-C) was deter-
mined by using reagent kits (Nanjing Jiancheng Bioengi-
neering Institute, Nanjing, China) in accordance with
the manufacturer’s protocols.
At the end of the experiment, 3 eggs were selected

from each replicate and the yolks were separated for the
measurement of TC and TG levels. Egg yolks were
diluted with ethanol and the TC and TG contents of



Table 2. Primer sequences for each target gene.

Gene Primer sequences (50−30)

GeneBank
accession
number

FXR F: GAAAGGACCACACAGCAT AF492497.1
R: CTCCGTGCCAAGTTTCTA

FGF19 F: CCGCCAGCAATTCTTCTA NM_204674.2
R: GCAGCGTTTGAGTCACTA

ASBT F: AAGGCTCGTGGGTTATCA NM_001319027.1
R: ACGACATCTGCTCCAAGA

Ibabp F: GTGGGATGTTTGAGTCAGTG NM_001277701.1
R: TCTGCTGTTCCTCTGTGA

FAS F: CTATCGACACAGCCTGCTCCT NM_205155.4
R: CAGAATGTTGACCCCTCCTACC

ACC F: AATGGCAGCTTTGGAGGTGT XM_046929960.1
R: TCTGTTTGGGTGGGAGGTG

LXRa F: CAAAGGGAATGAATGAGC XM_046917664.1
R: AGCCGAAGGGCAAACAC
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yolk samples were determined by reagent kits (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China) fol-
lowing the manufacturer’s instructions.

At the end of the experimental period, 1 layer was
randomly selected from each replicate, weighed, eutha-
nized and dissected. The liver and abdominal fat weight
were recorded. A small portion of the liver was collected
in cryotube and stored at �80°C (<8 wk). The liver sam-
ples were mixed with ethanol as 1 g: 9 mL for grinding
and the mixture was centrifugated at 12,000 rpm at 4°C
for 10 min. The supernatant was collected and the con-
tent of liver TG, TC, superoxide dismutase (SOD), and
nonesterified fatty acid (NEFA) was determined with a
commercial colorimetric kit (Nanjing Jiancheng Bioengi-
neering Institute, Nanjing, China).
PPARa F: ACGGAGTTCCAATCGC XM_046906400.1
R: AACCCTTACAACCTTCACAA

PPARg F: CGAGGAGTCTTCCAACTC XM_046925952.1
R: CCTGATGGCATTATGTGA

HMGCR F: ATGTCAGGAGTGCGACAACT XM_046934671.1
R: CGTCCTTCACGACTCTCTCG

SREBP-1 F: TGGTGGTGGACGCCGAGAAG XM_046927256.1
R: GTCGTTGATGGATGAGCGGTAGC

SREBP-2 F: CCAAGGAGAGCCTGTACTGC XM_015289037.4
R: CCCATTGAGTCCAGGAAAGA

CYP7a1 F: TGACCCAGCAGAAGGAAACA NM_001001753.2
R: ACCCAGGTGTTAGGCTGAAA

b-actin F: GAGAAATTGTGCGTGACATCA NM_205518.2
Histopathological Analysis

Liver samples were fixed with 4% paraformaldehyde
solution for 24 h and then embedded in paraffin. Tissue
was cutting up into 5 mm thick slices and stained with
hematoxylin and eosin (H&E stain). Slides were imaged
using an Olympus BX 54/43 microscope with a DP80
Olympus camera (Olympus Corporation, Tokyo, Japan).
R: CCTGAACCTCTCATTGCCA

LXRa: liver X receptor a; FXR: farnesoid X receptor; FGF: fibroblast
growth factor; CYP7a: cholesterol 7a-hydroxylase; ACC: acetyl-CoA car-
boxylase; FAS: fatty acid synthetase; SREBP: sterol-regulatory element-
binding protein; PPAR: peroxisome proliferator-activated receptor;
HMGCR: b-hydroxy-b-methylglutaryl-coenzyme reductase; ASBT: apical
sodium-dependent bile acid transporter; Ibabp: ileum bile acid binding
protein.
Real-Time Quantitative PCR

Ileal mucosa was rinsed with cold sterile phosphate
buffer saline and collected with sterile slides. The
mucosa samples were snap frozen immediately in liquid
nitrogen and then stored at �80°C for RNA extraction.
Total RNA was separated from liver and ileum tissue
sample with the use of TRIZOL reagent (Tiangen Bio-
tech, Beijing, China) on the basis of the manufacturer’s
instructions. RNA was reversed into cDNA by using the
Evo M-MLV RT Kit (Accurate Biology, Xian, China).
Real-time quantitative PCR (RT-qPCR) was per-
formed with the Bio-Rad PCR cycler (Bio-Rad Labora-
tories, Hercules, CA). The cycle program was as follows:
95°C for 5 min; 40 cycles at 95°C for 5 s, and 60°C for
30 s. Primers of the target genes and reference gene
(b-actin) were listed in Table 2. qRT-PCR data were
analyzed using the comparative 2�44Ct method.
16S rRNA Sequencing and Data Analysis

Ileal digest was collected in a sterile cryopreservation
tube and immediately frozen in liquid nitrogen before
storage at �80°C for DNA extraction. The DNA was iso-
lated from the ileum content samples using the cetyltri-
methylammonium bromide. The PCR amplification of
the bacterial 16S rDNA gene V3 to V4 region was carried
out using the primers 341F (50-CCTACGGGNGGCWG-
CAG-30) and 806R (50-GGACTACHVGGGTWTC-
TAAT-30). The PCR products were purified with
AMPure XT beads (Beckman Coulter Genomics, Dan-
vers, MA), and the resulting library was generated using
the Illumina NovaSeq platform (LC-Bio Technology,
Hang Zhou, China). Quality filtering on the raw reads
were performed under specific filtering conditions to
obtain the high-quality clean tags according to the fqtrim
(v0.94). According to the SILVA (release 138) classifier,
feature abundance was normalized using the relative
abundance of each sample. Histogram of linear discrimi-
nant analysis (LDA) distribution was designed with the
LDA effect size (LEfSe) analysis software (https://www.
omicstudio.cn/tool/). Sequencing data are available in
the National Center of Biotechnology Information
Sequence Read Archive database (accession number:
PRJNA904838).
Quantification of Intestinal BAs

The methods of sample preparation and UPLC-MS/
MS, as well as specific information for BA standards
referred to the reported method (Wang et al., 2020). For
BAs quantification, ileum content samples were homog-
enized and centrifuged to remove the proteins. The solu-
tions were evaporated with nitrogen gas at 37°C and
then redissolved in mobile phase. BAs were quantified
using an ultra-high-performance liquid chromatogra-
phy-mass spectrometry system (ExionLC AD UHPLC-
QTRAP 6500+, AB SCIEX, Boston, MA). Principal
component analysis (PCA) of BAs was designed with
the R package (v3.5.0).

https://www.omicstudio.cn/tool/
https://www.omicstudio.cn/tool/
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Statistical Analysis

SPSS 27 (Ammonk IBM, New York, NY) was
employed for analyzing data. Statistical differences
between multiple groups were analyzed by 1-way
ANOVA. Multiple comparisons were conducted using
the Bonferroni method. P < 0.05 was considered statisti-
cally significant. Data were presented as mean § SEM.
Graphs were generated using the GraphPad Prism 8.0
software (GraphPad Software, San Diego, CA).
RESULTS

Egg Production and Feed Intake

The diet of HELP had a significant decreased (P <
0.05) effect on the egg production rate, which was
reversed by SSa supplement (Figure 1A). SSa had no
effect (P > 0.05) on feed intake, which was decreased (P
< 0.05) by HELP diet compared with CON group
(Figure 1A).
Organ Measurements

Results of liver and abdominal fat weight were pre-
sented in Figure 1B. HELP increased (P < 0.05) the
abdominal fat rate in laying hens, which was reversed (P
< 0.05) by SSa supplement. The HELP and SSa had no
significant (P > 0.05) change in liver weight.
Figure 1. The effect of saikosaponin a on lipid metabolism in laying hen
of abdominal fat and liver. (C) Serum total triglyceride (TG) and total chole
sity lipoprotein cholesterol (LDL-C) levels. (D) Yolk TG and TC levels. (E)
letters represent significant differences (P < 0.05). CON, control group; HE
and low-protein with saikosaponin a group.
Lipid Parameters of Serum, Yolk, and Liver

The yolk TC levels were significantly decreased (P <
0.05) in SSa group (Figure 1D). The HELP and SSa had
no significant (P > 0.05) change in yolk TG level. The
serum TC levels were increased (P < 0.05) in HELP
group, while SSa reversed (P < 0.05) this alteration
(Figure 1C). The levels of serum TG, LDL-C, and HDL-
C had no significant (P > 0.05) change with the SSa
treatment (Figure 1C). The levels of hepatic TC and
NEFA were increased (P < 0.05) in HELP group com-
pared with CON group (Figure 1E). SSa treatment
showed an inhibited (P < 0.05) regulation (Figure 1E)
on hepatic TC level compared with the HELP group,
but no effect on (P > 0.05) TG and NEFA levels
(Figure 1E).
Liver Injury Biochemistry and Morphology

The results of H&E staining showed remarkable stea-
tosis on hepatocytes and hepatocyte ballooning with
HELP diet, and SSa reduced fatty droplets and balloon-
ing degeneration (Figure 2A). HELP diet increased (P <
0.05) the level of liver SOD, serum ALT, and serum
AST (Figure 2B). SSa decreased (P < 0.05) the serum
ALT and AST levels compared with HELP group
(Figure 2B).
s (n = 6). (A) The egg production rate and the feed intake. (B) The rate
sterol (TC), high-density lipoprotein cholesterol (HDL-C), and low-den-
Liver TC, TG, and nonesterified fatty acid (NEFA) content. a,bDifferent
LP, high-energy and low-protein diet group; HELP + SSa, high-energy
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Expression of Genes Related to Lipid
Metabolism in Liver and Ileum

As showed in Figure 3A, no significant influences (P >
0.05) were observed on relative mRNA expression of ileal
bile acid binding protein (Ibabp) with SSa addition.
However, SSa significantly decreased (P < 0.05) the
mRNA expression of FXR, fibroblast growth factor
(FGF19), and apical sodium-dependent bile acid trans-
porter (ASBT) in ileal mucosa compared with HELP
group. HELP diet significantly increased (P < 0.05) the
mRNA expression of b-hydroxy-b-methylglutaryl-coen-
zyme reductase (HMGCR), sterol-regulatory element-
binding protein-2 (SREBP-2) and PPARa, and
decreased (P < 0.05) the mRNA expression of CYP7a1
in liver (Figure 3B). SSa intervention increased (P <
0.05) the relative mRNA expression of liver X receptor
alpha (LXRa), CYP7a1, and PPARa and decreased (P
< 0.05) SREBP-1 expression in the liver (Figure 3B).
Ileal Microbial Profile

No significant differences (P > 0.05) in species richness
(as reflected by Chao1 and pielou_e indices) or alpha-
diversity (as reflected by Shannon and Simpson indices)
were observed in ileal microbiota at the taxonomic level
(Table 3). However, principal co-ordinates analysis
results (Figure 4A) and nonmetric multidimensional
Figure 2. Effects of saikosaponin a on liver injury in HELP-challenged
microscope (100£). (B) Liver superoxide dismutase (SOD) activity, serum
nase (ALT) levels. a,bDifferent letters represent significant differences (P <
group; HELP + SSa, high-energy and low-protein with saikosaponin a group
scaling results (Figure 4B) showed a significant separa-
tion (P < 0.05) of ileal microbial communities between
HELP and HELP + SSa groups. Firmicutes and Actino-
bacteria were the dominant phyla in all groups, account-
ing for more than 70% of the whole ileal microbial
communities (Figure 5A). SSa supplementation resulted
in a decreased (P < 0.05) relative abundance of Firmi-
cutes (Figure 5B). The dominant classes were Lactoba-
cillaceae and Bifidobacteriaceae (Figure 5C). The
relative abundances of Lactobacillaceae, Erysipelotri-
chaceae, Eggerthellaceae, and Eggerthellaceae were
decreased (P < 0.05) by SSa intervention (Figure 5C).
At genus level, the abundance of Aeriscardovia abun-
dances was increased (P < 0.05) with SSa addition
(Figure 5D). The abundance of Lactobacillus, Weissella,
and Turicibacter was decreased (P < 0.05) with SSa
addition (Figure 5D). The LEfSe analysis was conducted
to identify the relative richness (LDA > 3.0) of bacterial
members in the ileum of 3 groups (Figure 4C). Lactoba-
cillus, Romboutsia, and Latilactobacillus were enriched
in the HELP, while Aeriscardovia and Enterococcus
were enriched in SSa-supplemented group.
Ileal BA Profile

Compared with HELP diet, SSa had a considerable
difference in BA structure (Figure 6A). The total BA,
laying hens (n = 6). (A) H&E staining of liver section, viewed under a
aspartate aminotransferase (AST) levels, and serum alanine transami-
0.05). CON, control group; HELP, high-energy and low-protein diet

.



Figure 3. Effects of saikosaponin a treatment on the relative mRNA expression in the ileal (A) and liver (B) of laying hens (n = 6). a,bDifferent
letters represent significant differences (P < 0.05). CON, control group; HELP, high-energy and low-protein diet group; HELP + SSa, high-energy
and low-protein with saikosaponin a group; LXRa: liver X receptor a; FXR: farnesoid X receptor; FGF: fibroblast growth factor; CYP7a: cholesterol
7a-hydroxylase; ACC: acetyl-CoA carboxylase; FAS: fatty acid synthetase; SREBP: sterol-regulatory element-binding protein; PPAR: peroxisome
proliferator-activated receptor; HMGCR: b-hydroxy-b-methylglutaryl-coenzyme reductase; ASBT: apical sodium-dependent bile acid transporter;
Ibabp: ileum bile acid binding protein.
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conjugated BA, and the conjugated BA to unconjugated
BA ratio (Figure 6B) were evidently enhancive (P <
0.05) with SS intervention. The levels of taurohyodeoxy-
cholic acid (THDCA), taurohyocholic acid (THCA),
taurochenodeoxycholic acid (TCDCA), and tauro-
alpha-muricholic acid (TaMCA) were remarkably ele-
vated (P < 0.05) with SSa supplementation (Figure 6D).
SSa decreased the levels of lithocholic acid (LCA), hyo-
deoxycholic acid (HDCA), and hyocholic acid (HCA)
in ileum (P < 0.05). A subsequent Spearman’s correla-
tion analysis revealed a negative correlation between
conjugated BA levels with Lactobacillus, Ligilactobacil-
lus, and Leuconostoc, whereas FXR agonists, like LCA,
HDCA, and HCA, had a positively correlation with Lac-
tobacillus and Ligilactobacillus (Figure 7).
Table 3. The effect of saikosaponin a on a-diversity of ileum
microbiota of laying hens.

Treatments Shannon Simpson Chao1 Pielou_e

CON 4.30 § 0.18 0.87 § 0.03 174.61 § 23.14 0.59 § 0.03
HELP 3.99 § 0.35 0.79 § 0.05 238.81 § 41.18 0.51 § 0.03
HELP + SSa 4.59 § 0.20 0.88 § 0.03 190.53 § 6.89 0.61 § 0.03
P value 0.246 0.195 0.211 0.056

CON, control group; HELP, high-energy and low-protein diet group;
HELP + SSa, high-energy and low-protein diet with saikosaponin a
group.
DISCUSSION

FLHS has become one of the most common noninfec-
tious diseases that contribute to a great losses of poultry
industry. Considerable evidence indicated that SSa
showed great potential in preventing lipid metabolism
disorders (Tang et al., 2023), but the effect on FLHS in
laying hens remains unclear. In the current study, we
found that SSa treatment alleviated diet-induced fatty
liver by decreasing cholesterol deposition and ameliorat-
ing liver injury. The beneficial effect of SSa was attrib-
uted to the decrease of intestinal BSH-producing
bacteria abundance and subsequently increase of ileal
conjugated BA level. The SSa-induced change of intesti-
nal BA profile was beneficial to the decrease of liver lipid
deposition via inhibiting BA receptors expression, such
as FXR and ASBT, promoting hepatic BA synthesis
and decreasing BA reabsorption.
FLHS is characterized by lipid metabolism disorder

and hepatic steatosis which can be induced by HELP
diet, a classical research method in laying hens (Rozen-
boim et al., 2016). In the present study, HELP diet
reduced egg production rate and increased lipid droplet
area, NEFA level, and cholesterol content of liver, which
was consistent with the natural FLHS characteristics. In
addition, the elevation of serum AST and ALT levels in



Figure 4. Beta diversity analysis of gut microbiota between the 3 groups. (A) Principal co-ordinates analysis plot. (B) Nonmetric multidimen-
sional scaling plot. (C) The analysis of the nonparametric factors Kruskal-Wallis rank-sum test and LDA discrimination. CON, control group;
HELP, high-energy and low-protein diet group; HELP + SSa, high-energy and low-protein with saikosaponin a group.
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HELP group indicated the injury of hepatic cell and the
abnormal liver function (Rozenboim et al., 2016). Diet-
induced hepatic lipid metabolism disorder could be partly
reversed by SSa, as shown by the decrease of liver TC
content, yolk TC content and serum AST level. In addi-
tion, the increase of serum TC level and decrease of liver
TC level implied that the transportation of liver choles-
terol into blood would be promoted following SSa treat-
ment. Therefore, SSa addition could relieve HELP diet-
induced fatty liver, as indicated by the decrease of liver
cholesterol accumulation and alleviation of liver injury.

The excessive lipid deposition contributed to the
development of fatty liver and further aggravates
lipotoxicity-related hepatocellular injury via the activa-
tion of endoplasmic reticulum stress (Musso et al., 2013;
Wang et al., 2021). Our data showed that HELP-
induced lipid dysregulation was characterized by the
promotion of cholesterol synthesis and the suppression
of BA synthesis. Cholesterol biosynthesis was under the
control of the HMGCR and SREBP-2 (Jo et al., 2011), a
transcription factor, which could further activate the
expression of genes (including HMGCR) in the choles-
terol synthesis pathway (Liu et al., 2012). In this study,
there were no significant effects on HELP-induced upre-
gulation of HMGCR and SREBP-2 expression following
SSa treatment, possibly indicating that the cholesterol



Figure 5. Effects of saikosaponin a on the composition of gut microbiota in laying hens (n= 6). (A) Microbiota composition at the phylum level.
(B) Relative abundance of major bacteria at the phylum level. (C) Microbiota composition at the family level. (D) Relative abundance of major bac-
teria at the genus level. a,bDifferent letters represent significant differences (P < 0.05). CON, control group; HELP, high-energy and low-protein diet
group; HELP + SSa, high-energy and low-protein with saikosaponin a group.
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clearance in SSa group is not achieved by inhibiting
hepatic cholesterol synthesis. The marked drop in
hepatic cholesterol level might be associated with the
activated BA synthesis and increased intracellular cho-
lesterol efflux in response to SSa treatment. Cholesterol
7a-hydroxylase, encoded by CYP7a1, represents the
rate-limiting step of the cholesterol conversion into BAs
(Goodwin et al., 2003). LXR exerts a crucial function in
maintaining cholesterol homeostasis through promoting
cholesterol efflux and suppressing LDL uptake. Some
studies had pointed out that saponins could act as a
potential ligand to stimulate LXR expression and
CYP7a1 expression (Kawase et al., 2013; Xiong et al.,
2021). In the current study, the increased expression of
CYP7a1 might be attributed to the upregulation of
transcriptional factors LXR and SREBP-1 with SSa
supplementation. However, it was reported that SSa
could inhibit the maturation of SREBP-1 in a dose-
dependent manner but had no effects on its transcription
levels (Lim et al., 2021). Therefore, SSa could promote
cholesterol excretion and subsequently protect from
HELP-induced liver lipid metabolism disorder in laying
hens.

Alteration in gut microbiota composition is strongly
linked to the progression of FLHS. The HELP-induced
gut dysbiosis, such as the increased Firmicutes abun-
dance, would disrupt host energy metabolism and facili-
tate the occurrence of fatty liver disease (Armougom
et al., 2009). SSa addition decreased the relative abun-
dance of Firmicutes in ileum, which might contribute to
the relief of liver lipid deposition. Additionally, the
abundance of Erysipelotrichaceae, Eggerthellaceae, and
Coriobacteriaceae was increased with HELP diet,
whereas SSa intervention could reverse these alterations.
An excess abundance of Erysipelotrichia would lead to
the imbalance of choline metabolism, reflected by cho-
line depletion and high trimethylamine levels in serum,
which might be associated with liver fat deposition and
a high risk of FLHS development (Vallianou et al.,
2021). Eggerthellaceae involved in host lipid metabo-
lism, whose increased abundance was discovered in mice
with fatty liver (Chen et al., 2023). Genus Enterorhab-
dus belonging to Eggerthellacease was believed to inhibit
lipogenesis as indicated by the positive correlation with
hepatic TG content and SREBP-1 mRNA expression
(Duan et al., 2022). Coriobacteriaceae had been consid-
ered as a pathobiont because its occurrence had a corre-
lation with increased blood cholesterol level and a series
of pathologies such as obesity and FLHS (Romo-
Vaquero et al., 2019). Of particular interest was that



Figure 6. Effects of saikosaponin a on the composition of bile acids (BAs) in laying hens (n = 6). (A) BAs principal component analysis (PCA)
plot; (B) Total BAs content levels, the conjugated/unconjugated BA ratio and primary/secondary BA ratio; (C) The composition of ileal conju-
gated BAS, unconjugated BAs, primary BAs, and secondary BAs; (D) Some conjugated BA monomer contents in ileal contents; (E) Some unconju-
gated BA monomer contents in ileal contents. a, bDifferent letters represent significant differences (P < 0.05). CON, control group; HELP, high-
energy and low-protein diet group; HELP + SSa, high-energy and low-protein with saikosaponin a group; THDCA, taurohyodeoxycholic acid;
THCA, taurohyocholic acid; TDCA, taurodeoxycholic acid; TCDCA, taurochenodeoxycholic acid; TUDCA, tauroursodeoxycholic acid; GCDCA,
glycochenodeoxycholic acid; GCA, glycocholic acid; TLCA, taurolithocholic acid; TCA, taurocholic acid; T-a-MCA, tauro-alpha-muricholic acid; 7-
ketoLCA, 7-ketolithocholic acid; NorCA, 23-norcholic acid; HDCA, hyodeoxycholic acid; alloLCA, allolithocholic acid; LCA-S, lithocholic acid 3-
sulfate; DCA, deoxycholic acid; CDCA, chenodeoxycholic acid; CA, cholic acid; LCA, lithocholic acid; UDCA, ursodeoxycholic acid; 3-DHCA, 3-
dehydrocholic acid; HCA, hyocholic acid; a-MCA, alpha-muricholic acid.
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these bacteria had the ability to synthesize BSH, which
was a key player in the microbe-host dialogue function-
ally regulating host cholesterol and BA metabolism
(Joyce et al., 2014). The decreased abundance of these
BSH-producing bacteria suggested that low BSH activ-
ity might be responsible for changed cholesterol metabo-
lism in the liver. At the genus level, SSa significantly
decreased the relative abundance of BSH-producing
Lactobacillus, Weissella, and Turicibacter. Previous
studies demonstrated that a decrease of Lactobacillus
abundance inhibited hepatic lipidosis (Jiang et al., 2015;
Cai et al., 2016). Weissella and Turicibacter had been
shown to alleviate lipid metabolism dysregulation by
producing BSH and regulating the intestinal BA profile
(Wu et al., 2020). These results further supported our
finding that inhibition of BSH-producing bacteria abun-
dance might be involved in upregulation of cholesterol
metabolism, which was consistent with several reports
showing the metabolic benefits of inhibiting BSH activ-
ity (Huang et al., 2019; Xiong et al., 2021; Fan et al.,
2022). There are massive studies supporting the role of
low-BSH activity in reducing hepatic lipidosis through
the regulation of intestinal BA profile, while some stud-
ies reported the benefit of BSH-producing probiotics
that exert a serum cholesterol-lowering effect and pre-
vention of hypercholesterolemia (Li et al., 2022;
M€unzker et al., 2022; Zhang et al., 2023). There is a
growing appreciation for the role that the diversity of
BSH in the probiotics and their substrate selectivity
play in the management of metabolism disease. Differen-
ces in substrate specificity might underlie the double-
edged effects of BSH on the host metabolism or at least
serve as a marker for health (Jarocki et al., 2014). It
could be assumed that the intestinal BA profile alter-
ation caused by BSH-producing bacteria might play a
pivotal role in SSa protection against diet-induced liver
lipid deposition.
BAs are critical regulators in cholesterol homeostasis

and lipid metabolism, whose biological characteristics
are closely related to their hydrophobic structures. The



Figure 7. Spearman’s correlation analysis between the identified bacterial species and bile acids.
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enrichment of unconjugated BA due to long term high
fat diet (HFD) were believed to induce the increased
intestinal permeability and hepatic steatosis (Li et al.,
2022). The ileal total BA level was elevated, especially
conjugated BA, including THDCA, THCA, TCDCA,
and TaMCA, following SSa treatment, which might
contribute to protection from HELP diets-induced liver
lipid accumulation and injury. The alteration of conju-
gated BA level was mainly due to the change of BSH-
producing intestinal bacteria relative abundance. Our
study demonstrated that conjugated BA had a negative
relationship with the Firmicutes which was the primary
phylum on BSH synthesis. Besides, some BSH-produc-
ing bacteria species, like Lactobacillus and Latilactoba-
cillus, had a negative relationship with primary
conjugated BA. This was consistent with previous
reports that increased fecal excretion of BAs was associ-
ated with the cholesterol-lowing activity of saikosapo-
nins (Tang et al., 2023). However, it was still unclear
that the specific effects of SSa on BA metabolism and its
mechanism underlying the alleviation of HELP-induced
fatty liver. In the present study, SSa intervention
resulted in a shift toward more hydrophilic forms of
BAs, like THDCA, together with the decreased HDCA
and LCA contents, which might favor the mitigation of
BA-mediated hepatotoxicity. The result was consistent
with previous study that the increase of THDCA could
improve the laying performance of late-phase hens and
decrease the serum TC levels by modulating gut micro-
biota composition (Yang et al., 2022). LCA, the 7a-
dehydroxylation product of CDCA, was reported as a
potential biomarker for the identification of nonalcoholic
fatty liver in type 2 diabetes mellitus patients (Sheng et
al., 2022). Similarly, this study indicated that LCA and
its stereoisomers had a negative relationship with the
relative abundance of Clostridium, the primary 7a-dehy-
droxylase-producing bacteria. FXR-FGF19 pathway
plays an important role in regulating BA synthesis and
the pleiotropic activities of endogenous BAs through
enterohepatic recycling. As a member of the nuclear
receptor superfamily, FXR is highly expressed in the
liver and intestine. The intestinal FXR has been
reported to be activated in HFD-induced fatty liver
(Fiorucci and Distrutti, 2015). In intestine, FXR can be
upregulated by BAs in the terminal ileum and further
induces the expression of FGF15/19 (Katafuchi and
Makishima, 2022). FGF15/19 goes into the liver
through portal vein and inhibits CYP7a1 expression
and hepatic BA synthesis. Similarly, this study showed
that HELP diet increased the expression of intestinal
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FXR and FGF19, which might be related to the accumu-
lation of hepatic cholesterol. Conjugated BA such as
TCDCA, THCA, and TaMCA are identified as natu-
rally occurring FXR antagonists, whereas unconjugated
BA including CA, CDCA, and DCA are FXR agonists
(Sun et al., 2021). The massive accumulation of taurine
conjugated BA in the intestine alleviated diet-induced
fatty liver by inhibiting intestinal FXR with the thea-
brownin treatment (Huang et al., 2019). In our study,
SSa inhibited intestinal FXR signaling by decreasing
BSH-expression flora and altering ileum BA profile, sug-
gesting that the microbiota-BA-intestinal FXR axis
might be the main way of SSa regulation on hepatic cho-
lesterol metabolism. Approximately 95% of intestinal
BAs are reabsorbed into enterohepatic circulation by
ASBT in the ileum to maintain the size of the BA pool
(Al-Dury and Marschall, 2018). ASBT inhibitor had
been demonstrated to ameliorate hepatic steatosis by
regulating BA metabolism in HFD-fed mice (Rao et al.,
2016). In the present work, intestinal ASBT expression
was be downregulated by the alterations of ileal BA
composition with SSa treatment, which contributed to
the excretion of BAs and the decrease of hepatic choles-
terol levels. Therefore, SSa might attenuate hepatic
cholesterol accumulation by regulating BA synthesis
and reabsorption via intestinal microbiota-BA-FXR
pathway.
CONCLUSIONS

In summary, SSa reversed diet-induced hepatic cho-
lesterol accumulation and liver injury by reshaping gut
microbiota composition and BA profiles. The beneficial
effects of SSa were believed to be mediated mainly
through the decrease of BSH-carrying bacteria, such as
Lactobacillus, and increase of intestinal conjugated BA,
especially FXR antagonists like TCDCA and TaMCA,
which decreased the hepatic cholesterol accumulation
through microbiota-BA-intestinal FXR crosstalk. These
findings indicated that SSa might act as an efficient
additive to alleviate excessive lipid deposition-induced
liver damage, which provided a potential intervention
strategy for resolving fatty liver in laying hens.
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