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Due to the exceptional laying performance of hens, the demand on lipid metabolism and oxidation
in vivo is vigorous, resulting in excessive lipid accumulation in late-phase hens, which lowers the pro-
duction performance. Bile acids regulate lipid metabolism and gut microbiota in humans and animals.
However, the effect of porcine bile acids on lipid metabolism and cecal microbiota in laying hens in the
late phase is still unclear. A total of 360 healthy 45-week-old laying hens were chosen for a 24-week
feeding trial, where 0, 30, 60 and 90 mg/kg porcine bile acids were added to a basal diet, respectively.
The results showed that dietary supplementation of 60 mg/kg bile acids increased egg production and
feed conversion (P < 0.05). Also, 60 and 90 mg/kg porcine bile acids reduced abdominal fat percentage
and body weight (P < 0.05). The levels of serum total cholesterol, triglyceride, and low-density lipo-
protein cholesterol of hens decreased (P < 0.05) in bile acids supplement groups. As for cecal microbiota,
bile acids supplementation did not affect the alpha diversity of cecal microbiota at the genus level.
Moreover, dietary supplementation of 90 mg/kg bile acids resulted in an increase in the abundance of
beneficial bacteria in the cecum, such as Lactobacillus, Bifidobacterium and Turicibacter. The changes in
the cecal microbiota caused by bile acids supplementation correlated with serum lipid indexes. Ac-
cording to KEGG pathway analysis, dietary supplementation of 60 and 90 mg/kg bile acids promoted
structural transformation of the cecal microbiota to down-regulate steroid biosynthesis, up-regulate
fatty acid degradation and up-regulate unsaturated fatty acid biosynthesis. Meanwhile, bile acids bio-
isomerization function of cecal microbiota was enhanced in 60 and 90 mg/kg bile acids treatment,
and the short-chain fatty acid metabolism was also affected. In conclusion, the present study revealed
dietary supplementation of porcine bile acids enriched probiotics in the gut and improved serum lipid
metabolism of laying hens. These findings demonstrate that porcine bile acids can be a potential gut
beneficial promoter for late-phase laying hens.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).
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1. Introduction periods, fat synthesis of hepatic cells is in a delicate dynamic bal-

ance with the consumption of fat by cells by other organs (Kersten,

In the poultry industry, the laying performance and egg quality
of laying hens in the late phase usually decline, with increased
mortality on occasion (Liu et al., 2018). In the early and peak laying
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2001). However, steatosis occurs due to hepatic hypofunction
during aging, with a symptomatic increase in serum triglyceride
(TG) or low-density lipoprotein cholesterol (LDL-C) (Miller, 1987).
These lipids are important biomarkers of cardiovascular disease
(Ginsberg, 2002). Therefore, producers need to deal with this
change by improving lipid metabolism of laying hens in order to
deal with the performance loss of late-phase egg production.

Bile acids, specific products of cholesterol catabolism in the liver,
are the principal components of human and animal bile (Marin
et al., 2015). In the liver, bile acids have feedback role on choles-
terol synthesis (Pandak et al, 1990). Bile acids regulate lipid
metabolism via its receptors (Watanabe et al., 2004; Langhi et al.,
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2008; Chennamsetty et al., 2011). For instance, chenodesoxycholic
acid (CDCA) raises peroxisome proliferator-activated receptor o by
activating farnesoid X receptor (FXR, a bile acid nuclear receptor) to
enhance the function of lipid metabolism (Pineda Torra et al.,
2003). In the duodenum, bile acids play a crucial role in lipid ab-
sorption (Hofmann, 1978). Bile acids are also inextricably linked
with intestinal microbiota simultaneously. In the posterior segment
of gut, bile acids are isomerized under the action of intestinal
bacterial enzymes into, for example, 7a-0xo cholic acid (Lucas et al.,
2021). These bile acids isomers play an important role in main-
taining intestinal immunity (Hang et al., 2019; Campbell et al,,
2020; Song et al., 2020). Conversely, Islam et al. (2011) found that
the abundance of intestinal microbiota decreased, Firmicutes
increased and Bacteroidetes decreased in 5 mmol/kg cholic acid
treated rats. Some populations of Bacteroidetes may be the
“culprit” in the transfer of “lean” microbiota to “obese” microbiota
(Ridaura et al., 2013). In response to the results of this study, some
researchers put forward the “bile acid hypothesis” — It seems that
the alteration in the gut microbiota caused by bile acids is related to
high-fat diets (Yokota et al., 2012). Other evidence supported that
the conjugate of cholic acid seemed to be able to alter the
composition of the mouse gut microbiota towards a high-fat diet
type (Zheng et al., 2017). Besides, changes in bile acids and gut
microbiota are often accompanied by modulation of bile acid re-
ceptors. For instance, the use of metformin to treat obese mice can
reduce the abundance of Bacteroides_fragilis and increase the con-
tent of glucoursodeoxycholic acid in the gut, thereby improving the
outcome for metabolic diseases through intestinal FXR (Sun et al.,
2018).

However, the study on the effects of exogenous bile acids on
laying hens, especially on serum lipid metabolism and cecal
microbiota, is rarely reported. For humans and birds, bile mainly
includes CDCA and CA. However, the extraction of avian bile is
difficult, due mainly to its low bile reserves. Porcine bile acids,
composed of hyodeoxycholic acid and CDCA, are a potential sub-
stitute for bile acids due to its ease of extraction, stable properties
and well-known composition. Hence, this experiment studied the
effects of porcine bile acids on performance, serum lipid meta-
bolism and cecal microbiota of laying hens, to provide a new means
to alleviate the decline of hen performance in the late egg-laying
phase.

2. Materials and methods
2.1. Animal ethics

The protocol was ratified by the Institutional Animal Care and
Use Committee of China Agricultural University (grant No.
AW16129102-2; Beijing, China). All animal experiments followed
the ARRIVE guidelines (Kilkenny et al., 2010).

2.2. Experimental materials

The experimental porcine bile acids were produced by Shan-
dong Longchang Co., Ltd (Dezhou, China). Bile acids used in this
experiment were extracted from swine bile. According to the
method described by John et al. (2014), the content of bile acids in
the product was detected by liquid chromatography-tandem mass
spectrometry. The product contained hyocholic acid 8.00%, hyo-
deoxycholic acid 70.67%, and chenodeoxycholic acid 19.61%.

2.3. Animals and management

A total of 360 healthy 45-week-old Hy-Line Grey laying hens
with similar body weights were obtained from Deqingyuan
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Table 1

Composition and nutrient level of basal diet (as-fed basis, %).
Ingredients Content Nutrient levels' Content
Corn 62.25 ME, kcal/kg 2,703.35
Soybean meal 26.00 CP 16.54
Dicalcium phosphate 1.70 Digestible Met 0.38
Limestone 8.20 Digestible Lys 0.78
Sodium chloride 0.30 Ca 3.60
Choline chloride 0.10 Total P 0.65
DL-Met 0.12 Non-phytate P 0.39
Soybean oil 1.00
Vitamin premix” 0.03
Mineral premix> 0.30
Total 100

ME = metabolic energy.

T Nutrient levels are analyzed values.

2 The vitamin premix supplied the following per kilogram of diet: 8,500 IU of
vitamin A (retinol acetate), 3,600 IU of vitamin D3, 21 IU of vitamin E (DL-a-
tocopherol acetate), 4.2 mg of vitamin K3, 3.0 mg of vitamin B;, 10.2 mg of vitamin
B,, 0.9 mg of folic acid, 15 mg of calcium pantothenate, 45 mg of niacin, 5.4 mg of
vitamin Bg, 24 pg of vitamin B;, and 150 pg of biotin.

3 The mineral premix provided the following per kilogram of diet: 6.8 mg of Cu
(CuS04-5H,0), 66 mg of Fe (FeSO4-7H,0), 83 mg of Zn (ZnSO,4-7H,0), 80 mg of Mn
(MnSO4-H0), 1 mg of I (KI) and 0.3 mg of Se (Na,SeOs).

Agricultural Technology Co., Ltd (Beijing, China). Birds were caged
(3 birds per cage) and were allowed appropriate light (16 L:8 D).
Feed and water are freely available during the experiment. The
temperature and humidity in the house were kept at 26 °C and 65%,
respectively. Birds were allowed to adapt to the cages for 7 days
before the start of the experiment.

2.4. Experimental design and diet

Birds were distributed into 4 treatments with 6 replicates per
treatment, and 15 hens per replicate. Corn-soybean meal diet was
added with 0 (control), 30, 60, and 90 mg/kg porcine bile acids,
respectively. The trial period was 24 weeks, which was the period
from 45 to 69 weeks of age in laying hens. The diet was formulated
according to the Nutrition Requirement of Chicken in China (NY/T
33-2004). The dietary composition and nutrient levels are shown in
Table 1. Porcine bile acids were diluted and amplified step by step
with corn flour, and then mixed with other raw materials.

2.5. Sample collection

On the last day (the 168th day), one hen was selected per
replicate for blood collection after a 12-h fast, and then was
euthanized. Sub-wing vein blood was centrifuged in a centrifuge at
1,500 x g in 4 °C for 10 min to obtain serum. Abdominal adipose
tissue and entire liver was taken out from hens and weighed. Cecal
chyme was taken out, quick-frozen in liquid nitrogen, and stored
at —80 °C.

2.6. Laying performance

At 15:00 every day during the experiment, number and weight
of eggs were recorded. Feed intake was recorded every week. Then
15 hens in each treatment were randomly selected to measure their
body weight every 4 weeks. Daily egg production, average egg
weight, daily egg mass and daily feed intake (ADFI) were calculated
according to replicate. Daily egg mass = daily egg production x egg
weight. The feed conversion ratio (FCR) was calculated as feed to
egg weight every week.
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2.7. Serum biochemical parameters

An automatic biochemical analyzer (Hitachi 7600, Hitachi High-
Technologies Corp., Tokyo, Japan) was used to determine serum TG,
total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C),
and LDL-C. The ratio of LDL-C to HDL-C was calculated. The assay
kits of TC (A111-1-1), TG (A110-1-1), LDL-C (A113-1-1), and HDL-C
(A112-1-1) were purchased from Nanjing Jiancheng Bioengi-
neering Institute (Nanjing, China).

2.8. Total community DNA extraction

Microbial DNA in the cecal samples was extracted using the
QIAamp Fast DNA Stool Mini Kit (Qiagen, Germany) according to
the instructions. Microbial community DNA was examined using
NanoDrop 2000 spectrophotometer (Thermo Scientific, Wilming-
ton, DE, USA) and 1% agarose gel electrophoresis to assess the
quantity and quality.

2.9. 16S rRNA amplicon sequencing

The V3—V4 region of bacteria was amplified with 338 F (5’-ACTC
CTACGGGAGGCAGCA-3') and 806 R (5-GGACTACHVGGGTWTC-
TAAT-3’) amplification primers. The PCR amplification program
included: 4 pL 5 x FastPfu buffer, 2 puL 2.5 mM dNTPs, 0.8 pL 5 uM
each primer, 0.4 pL FasPfu Polymerase and 10 ng template DNA. The
obtained PCR products were purified using the AxyPrep DNA Gel
Extraction Kit (Axygen Biosciences, Union City, CA, USA). Samples
were sequenced on Illumina MiSeq PE300 platform (Illumina, San
Diego, CA, USA) by Shanghai Majorbio Bio-pharm Technology Co.,
Ltd (Shanghai, China). The obtained raw paired-end reads were
deposited in the NCBI Sequence Read Archive (Bioproject:
PRJNA785366).

2.10. Statistical analysis

The performance and serum biochemical parameters data were
analyzed using the SPSS Statistics 19.0 program (SPSS Inc., Chicago,
IL, USA). ANOVA in GLM was used to analyze variance, and linear
and quadratic P values were also calculated using orthogonal con-
trasts. The difference at P < 0.05 was considered statistically sig-
nificant. Tukey's multiple range test was used for post-hoc multiple
comparisons. The replicate served as the experimental unit.

The obtained paired-end reads were spliced according to the
overlap relationship, and the sequences were quality controlled and
filtered by Fastp (0.19.6) and FLASH (1.2.11) software as fellows:
average base quality score > 20; length > 50 bp; mismatch overlap
region < 0.2. The obtained high-quality sequences were clustered
into operational taxonomic units (OTUs) at 97% identity threshold
by the Usearch software (7.0). Venn diagram and community
composition bar were carried out by R (3.3.1). The Circos diagram at
the genus level was made by Circos. Then, the alpha-diversity
(Shannon, Simpson, ACE and Chao 1 index) was calculated by the
Mothur software (1.30.2) and estimated by Student's t test. The
sample Bray—Curtis distance was calculated by R (3.3.1) and prin-
cipal coordinate analysis (PCoA) was performed. We calculated the
beta-diversity distance matrix through Qiime (1.9.1). Then non-
metric multidimensional scaling (NMDS) was achieved by vegan
package in R (3.3.1), and Anosim method was used for significance
test.

The Kruskal—Wallis H test was used for significance difference
analysis, and false discovery rate procedure was used for multiple
testing corrections. Linear discriminant analysis effect size (LEfSe)
program provided by Segata et al. (2011) was used to carry out
linear discriminant analysis (LDA) on samples according to the
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taxonomic composition, and present the communities that there
were significant differences in sample division (LDA score >2.0).

Procrustes analysis based on PCoA at the genus level between
metagenomics data and serum biochemical parameters was carried
out using the vegan package in R (3.3.1), and goodness-of-fit sta-
tistics of the 2 ranking results were expressed by M? as described by
Gower (1975). The P-value of M? was from 999 Monte-Carlo sim-
ulations. Spearman correlation coefficient of the genus and species
level was brought out through the heatmap package in R (3.3.1),
and P < 0.05 is a significant correlation.

We used Tax4fun (0.3.1) package in R (3.3.1) provided by
ABhauer et al. (2015) for functional prediction. We transformed
the 16S classification pedigree based on Silva database into the
classification pedigree of prokaryotes in KEGG database, and then
annotated the 16S RNA gene sequence. The abundance of 2
groups of different functional genes was compared using Stu-
dent's ttest.

3. Results
3.1. Effects of dietary porcine bile acids on laying performance

With increasing age, the body weight of hens also increased
(Fig. 1A). However, dietary supplementation of 60 and 90 mg/kg
bile acids slowed it down. Thus, the abdominal fat level in 60 and
90 mg/kg bile acids group decreased (P < 0.05; Fig. 1B), but the liver
weight did not change (P > 0.05). Also, porcine bile acids did not
affect ADFI (P > 0.05; Table 2). Importantly, dietary bile acids
increased egg production quadratically (P < 0.05; Table 2) and
dietary bile acids reduced average egg weight (P < 0.05). Supple-
mentation of 60 mg/kg bile acids improved daily egg mass and FCR
(P < 0.05), but not at 30 and 90 mg/kg bile acids (P > 0.05).

3.2. Effects of dietary porcine bile acids on serum biochemical
parameters

Dietary supplementation of bile acids decreased TC, TG and LDL-
C concentrations in serum (P < 0.05, Fig. 1C). Compared with the
control group, the content of HDL-C did not change with bile acids
supplementation (P > 0.05), but the LDL-C/HDL-C ratio decreased
(P < 0.05, Fig. S1).

3.3. Effects of dietary porcine bile acids on cecal microbiota
composition

After optimization, there were 1,117,013 sequences with an
average length of 417 bp. In general, 174 genera were the same in
bile acids groups and the control (Fig. S2A). At the phylum level, the
main populations were Firmicutes and Bacteroidetes followed by
Actinobacteriota and Desulfobacterota (Fig. S2B). At the genus level,
Bacteroides, Rikenellaceae_RC9_gut_group, unclassified_o_Bacter-
oidales, Romboutsia, Ruminococcus_torques_group, Lactobacillus
were dominant (Fig. S2C). Noteworthily, there were more Lacto-
bacillus and Turicibacter in the 90 mg/kg bile acids treatment group.
At the species level, a substantial increase in Turicibacter_sp._H121
in 90 mg/kg bile acids treatment group (Fig. S2D).

We selected 2 abundance indexes and 2 diversity indexes to
compare the cecal microbiota of laying hens at the genus level.
Compared with the control group, ACE and Chao 1 index of bile
acids treatment groups had no noticeable change (Fig. 2A). There
was also no significant change in the Shannon index and Simpson
index of cecal microbiota. However, supplementation of 90 mg/kg
bile acids seemed to clearly separated the cecal microbiota at the
OTU level (Fig. 2B) as well as the genus level (Fig. 2C), while 30 and
60 mg/kg bile acids group did not. It demonstrated that although it



B. Yang, S. Huang, G. Zhao et al.

Animal Nutrition 11 (2022) 283—-292

(A) B) _
-e- Control § 494 —F 2.5
o L x _
- BAX 3 s
1.807 - BAGD & 3] =
—~ 1.751 * BAS o & 2.0
o * ]
= 0 e = B
= 1701 g 27 % -
o s O 1.54
o 1.65- = 1
3 £ 17 g
.§‘ 1.60 g 5
@ 4.55- §o —— 1.0 ——
\
1.50 T T T T T T T 060\ v,‘/bg v,?Q v.‘/bg Qéo vf/bQ V?Q V?Q
N S S S S VUV P Q9 K Q¥
Q & & 4‘ Q) Q) &
S L R R NP
(C) 4+ * 154 ok 0.8+ 2.0- * d
* *% ' -*—|
—E kk —F
— 31 - t' 0.6 j 1.5
= = 10 ° =
o ] £ £
£ 2- £ E 0.4- € 1.01
s | aBR s g 3| B
k14 = é 2 0.2 8 0.5
0 L] T T T 0 ] T T ] 0-0 T T T T 0-0 T T T T
&o\ ?Q 90 ?Q .¢°\ ,}9 ?Q 90 .¢°\ ?e ?0 ?e 5\-‘0\ ,}Q ?«o ?Q

Fig. 1. Effects of dietary porcine bile acids supplementation on body weight and serum biochemical indexes of laying hens. BA = bile acids; TC = total cholesterol; TG = triglyceride;
HDL-C = high-density lipoprotein cholesterol; LDL-C = low-density lipoprotein cholesterol. (A) Body weight changes of laying hens during the experiment (n = 15). (B) Abdominal
adipose tissue and liver weight as percentages of body weight. (C) Serum biochemical indexes of laying hens. Each box represents the mean value of 6 hens each treatment (n = 6).

Whiskers represent maximum and minimum. *, P < 0.05; **, P < 0.01.

Table 2

Effect of porcine bile acids on laying performance of laying hens'.
Item Control Bile acids, mg/kg SEM P-value

30 60 90 ANOVA Linear Quadratic

Daily egg production, % 80.72¢ 83.29° 85.59% 82.16™ 0.51 <0.01 0.20 0.02
Average egg weight, g 61.87° 60.65° 60.61° 60.46° 0.19 0.01 <0.01 0.02
Daily egg mass, g/d per bird 49.45° 50.51%° 51.88° 49.73P 032 0.02 0.66 0.03
ADFI, g/d per bird 110.27 110.11 109.41 108.26 0.38 0.22 0.82 0.13
FCR, g/g 2232 2.16%° 2.15° 2.17% 0.01 0.05 0.08 0.03

SEM = the standard error of the mean; ADFI = average daily feed intake; FCR = feed conversion ratio.
b, ¢ Means within a row with no common superscripts differ significantly (P < 0.05).

! Data represent the mean value of 6 replicates each treatment (n = 6).

did not affect alpha diversity, bile acids supplemented at 90 mg/kg
markedly changed the distribution and composition of cecal
microbiota in laying hens.

In the Kruskal—Wallis H test of the phylum level, Firmicutes and
Bacteroides as well as their ratio showed little change (P > 0.05;
Fig. 3A). In LEfSe analysis at the phylum to genus level, a total of 15
bacterial phyla and genera showed significant changes (Fig. 3B). In
the control, Oscillibacter significantly enriched. Changes in the
populations of Rikenellaceae_RC9_gut_group and Brachyspira were
most noticeable in the 30 mg/kg bile acids group. Compared with
other groups, Desulfobacterota in the 60 mg/kg bile acids group
were markedly enriched. In the 90 mg/kg bile acids group,
Turicibacter became the most contributing genus. We also compared
LDA at the level of genus and species and listed the populations with
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significant differences among groups (Fig. 3C). At the species level,
Turicibacter_sp._H121, Lactobacillus_reuteri and unclassified_
g Lactobacillus in the 90 mg/kg bile acids group were most notice-
able, whereas in the 60 mg/kg bile acids group, Bifidobacterium_
pseudocatenulatum_DSM_20438 was highly enriched.

Kruskal—Wallis H test was used to estimate the alterations of
individual characteristics of microbial genus or species. Supple-
mentation of 90 mg/kg bile acids increased the abundance of
Lactobacillus and Turicibacter (P < 0.05) as is shown in Fig. 3D.
Despite low abundance, the Bifidobacterium was markedly
increased in the 90 mg/kg bile acids group (P < 0.01). Furthermore,
the 60 mg/kg and 90 mg/kg bile acids groups increased Lactoba-
cillus_reuteri (P < 0.05; Fig. 3E), whereas Turicibacter_sp._H121
increased in the 90 mg/kg bile acids group (P < 0.05).
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Fig. 2. Effects of dietary porcine bile acids (BA) supplementation on alpha and beta diversity of cecal microbiota of laying hens. Samples from each treatment group included cecal
contents samples from 6 birds (n = 6). (A) Alpha diversity at the genus level. Whiskers represent maximum and minimum. NS, P > 0.05. (B) Principal coordinate analysis (PCoA)
based on Bray—Curtis distance at the OTU level (R = 0.1630, P = 0.034). (C) Non-metric multidimensional scaling (NMDS) at the genus level (stress = 0.14, R = 0.2387, P = 0.006).

Points of different colors or shapes represent samples in different treatment groups.

3.4. Effects of dietary porcine bile acids on KEGG pathway of cecal
microbiota

We used the Tax4fun prediction to predict the function of the
KEGG pathway of cecal microbiota related to lipid metabolism
(Fig. 4A). The result showed that function of sphingolipid, linoleic
acid and arachidonic acid metabolism in the 30 mg/kg bile acids
group decreased (P < 0.05), but alpha-linolenic acid and ether lipid
metabolism increased (P < 0.05). In addition, the bacterial gene
associated with fatty acid degradation increased in the 60 mg/kg
bile acids group (P < 0.05) and the abundance of bacterial genes
involved in the synthesis and degradation of ketone bodies also
increased in this group (P < 0.05). The genes relevant to biosyn-
thesis of unsaturated fatty acids, glycerolipid metabolism,
alpha-linolenic acid metabolism and primary bile acid biosynthesis
tended to increase (P < 0.1). In contrast, bacterial genes related to
steroid biosynthesis and arachidonic acid metabolism showed a
marked decrease (P < 0.05). In the 90 mg/kg bile acids group, the
changes in bacterial genes were similar to those in the 60 mg/kg
bile acids group, but the differences were smaller. Only the genes
involved in biosynthesis of unsaturated fatty acids and glycerolipid
metabolism tended to increase (P < 0.1), whereas that associated
with arachidonic acid metabolism tended to decrease (P < 0.1).

Given the fact that bile acids can be biotransformed and bio-
modificated under the action of gut microbiota, we also analyzed
the relevant KEGG orthology (Fig. 4B—E). The abundance of 3 alpha-
hydroxylsteroid dehydrogenase (HSDH, K00038) in the 60 and
90 mg/kg bile acids groups increased (P < 0.01) and the abundance
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of bile salt hydrolases (BSH, K01442) in the 60 and 90 mg/kg bile
acids groups also significantly increased (P < 0.01), while 7 alpha-
HSDH (K00076) remained unaffected.

We also evaluated bacterial genes for short-chain fatty acids
(SCFA) associated with energy metabolism. In the acetic acid syn-
thesis pathway, the acetate kinase level (K00925) in the 90 mg/kg
bile acids group increased (P < 0.05), but the amount of phosphate
acetyltransferase (K00625) only showed a numerical increase. For
the propionic acid synthesis pathway, we selected 3 enzymes in
this pathway for evaluation. Acryloyl-CoA reductase (K15020) re-
ported by Hetzel et al. (2003) displayed an increase in the 60 mg/kg
bile acids group (P < 0.05) whereas acrylyl-CoA reductase (with
NADPH as acceptor; K14469) showed a decrease in the 90 mg/kg
bile acids group (P < 0.05). However, the propionate CoA-
transferase (K10026) described by Scott et al. (2006) was not
affected by bile acids supplementation. Intriguingly, the abundance
of bacterial genes related to the expression of acetate CoA-
transferase alpha/beta subunit (KO1034 and K01035) reported by
Duncan et al. (2002) in butyric acid metabolism pathway decreased
dramatically in the 60 and 90 mg/kg bile acids groups (P < 0.01),
while butyrate kinase (K00929) reported by Louis et al. (2004) in
another butyric acid metabolism pathway did not change.

3.5. Correlations between cecal microbiota and serum indicators
The result of Procrustes analysis indicated that there was a

significant correlation between cecal microbiota and serum
biochemical indexes of laying hens (M? = 0.694, P = 0.011; Fig. S3).
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Fig. 3. Effects of dietary porcine bile acids supplementation on differences in taxonomic abundance among groups. BA = bile acids. Samples from each treatment group included
cecal contents samples from 6 birds (n = 6). (A) Firmicutes and Bacteroides abundance and their ratio in each treatment group. (B) Linear discriminant analysis effect size (LEfSe)
analyses (LDA score >2.0) at the phylum level to the genus level. Different color nodes represent microbial groups that are significantly enriched in the corresponding treatment
groups and have a significant impact on the differences among groups. (C) Comparison of LDA score of cecal microbiota from the genus level to the species level with significant
changes among groups. Wilcoxon rank-sum test difference at P < 0.05 and LDA score (logqo) > 3.0 was considered significant. (D-E) Relative abundance of cecal microbiota at the
genus or species level with significant changes and specific functions. The data are expressed as mean + SEM. NS, P > 0.05; *, P < 0.05; **, P < 0.01. Significance was calculated by

Kruskal—Wallis H test.

Spearman coefficient was used to evaluate the correlation between
cecal microbiota and serum biochemical indexes. Correlations
between cecal microbiota genus level and specific indicators were
shown in Fig. 5A. Eubacterium_brachy_group, Rikenellaceae_
RC9_gut_group, Desulfovibrio, Odoribacter, Eubacterium_hallii_group
and UCG-005 were negatively correlated with serum lipid meta-
bolism (TC, TG, or LDL-C).

Correlations between cecal microbiota species level and serum
biochemical indexes were shown in Fig. 5B. Overall, the correlation
at the species level corresponds to the correlation at the genus level
in our study. Interestingly, unclassified_g_Rikenellaceae_RC9_
gut_group negatively correlated with serum TC, TG and LDL-C.

4. Discussion

Previous studies have focused on the interaction between bile
acids and gut microbiota in different model animals (Islam et al.,
2011; Xiong et al., 2018). Thus, to our best knowledge, the current
study is the first to show the effect of porcine bile acids on the gut
microbiota in birds. Bile acids are both hydrophobic and hydrophilic,
a structural property that allows them to combine water and fat into
a water-oil mixture (Fuchs, 2003). This change can increase the
contact area of lipase with fat, leading to its increased hydrolysis.
Also, lipase hydrolyzes fat only in combination with bile acids and
co-lipase (Hofmann, 1978). The enhanced fat absorption capacity
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will improve the laying performance of laying hens (Barzegar et al.,
2020). Porcine bile acids have been proved to play a role in fat ab-
sorption in broilers (Lai et al., 2018; Ge et al., 2019), which may be
similarly responsible for the increase of laying hen performance. In a
previous study investigating the safety of porcine bile acids in laying
hens, we found that bile acids improved egg mass and they were safe
to use at 10 times the recommended dose in laying hens (Yang et al.,
2022). As the metabolites of cholesterol, bile acids play a feedback
role of cholesterol synthesis (Salen et al., 1980; Pandak et al., 1990;

Wang et al., 2003) and bile acids enhance low-density lipoprotein
receptor gene expression on cell membrane, thereby improving the
absorption and transformation of LDL-C (Nakahara et al., 2002;
Langhi et al., 2008). As the current study demonstrated, bile acids
are known to decrease serum TG (Bateson et al., 1978; Bilz et al.,
2006; Watanabe et al., 2011; Jain et al, 2012), which may
contribute to the reduction of adipose tissue weight.

Interaction between bile acids and gut microbiota is complex.
In vitro, bile acids show a strong selective pressure to inhibit
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bacterial proliferation by destroying the membrane structure of
bacteria (Floch et al., 1972; Kurdi et al., 2006). Islam et al. (2011)
reported that the abundance of cecal microbiota in rats fed a CA
supplemented diet decreased and the ratio of Firmicutes to
Bacteroidetes increased significantly. Zhang et al. (2019) added
obicholic acid, a bile acid derivative, to a high-fat diet of mice and
found that the gut microbiota of mice changed, with the ratio of
Firmicutes to Bacteroidetes increasing markedly. On the contrary,
the diversity and the ratio of Firmicutes to Bacteroidetes of cecal
microbiota in laying hens supplemented with bile acids supple-
mented diets did not change in the present study. It may be related
to dietary energy or fat level (high-fat or normal diet) used in the
present study. It has been reported that the Western diet (high-fat
or high-sugar) mediated changes in the mouse gut microbiota
(Turnbaugh et al., 2008; Schulz et al., 2014), which mimics the ef-
fect of bile acids in animal models fed high-fat diets. Yokota et al.
(2012) proposed that bile acids may be a potential determinant of
intestinal microbial alteration mediated by high-fat diets. It was
reported that bile acids could change the composition of gut
microbiota in mice fed a normal diet via FXR to transform it towards
the type of gut microbiota found in animals or humans given high-
fat diets (Zheng et al., 2017).

Bile acids are weak acids with detergent-like properties, which
selectively inhibit or enrich the proliferation of certain bacteria
(Foleyetal., 2021). Lactobacilli harbor a variety of bile salt hydrolases
(BSHs). BSHs help conjugated bile acids remove glycine or taurine.
These BSHs are thought to reduce the toxicity of bile acids to some
extent and promote Lactobacillus colonization (Moser and Savage,
2001). Furthermore, some species of Lactobacillus have been
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reported to be resistant to bile acids due to the phospholipid car-
diolipin on their membranes (Kato et al., 2019). Our study found that
the abundance of Lactobacillus increased significantly in the 90 mg/
kg bile acids group, especially the Lactobacillus_reuteri species.
Numerous studies have demonstrated the beneficial effect of
Lactobacillus on serum lipid metabolism. Jones et al. (2012) reported
that microencapsulated BSH-active Lactobacillus_reuteri lowered
the serum TC, LDL-C and apoB-100, but did not affect the serum
HDL-C in hypercholesterolaemic adults. Wu et al. (2017) used a
meta-analysis to evaluate the efficacy of Lactobacillus on regulating
serum lipid metabolism and showed that Lactobacillus_reuteri
reduced serum TC and LDL-C significantly. The present study
demonstrated that Bifidobacterium increased in the ceca of laying
hens in the 90 mg/kg bile acids group. Bifidobacterium is regarded as
a probiotic involved in lipid metabolism. Bernini et al. (2016) proved
that Bifidobacterium_lactis reduced serum TC and LDL-C of patients
with metabolic syndrome. Bifidobacteria can also protect intestinal
health by producing acetic acid (Fukuda et al., 2011). In addition to
the well-known probiotics Lactobacillus and Bifidobacterium, Turi-
cibacter is also a genus of bacteria whose main secretion is lactic acid
and is known to be beneficial to the host. According to the quanti-
tative trait locus analysis, there is a certain interaction between
Turicibacter and the content of endogenous bile acids, and its
abundance is affected by the level of bile acids in the intestine
(Kemis et al., 2019). Fung et al. (2019) reported that Turici-
bacter_sanguinis, a species of the genus Turicibacter, altered the
expression of a variety of genes pathways in the host intestine,
including lipid and steroid metabolism genes, thus reduced the
whole-body TG levels and adipocyte size of the host. Furthermore,
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Gao et al. (2020) demonstrated that Turicibacter had a negative
correlation with white adipocyte size, serum TC and LDL-C in mice
fed a high-fat diet. Turicibacter also reduced blood glucose in obese
rats, regulate immunity and inhibit inflammation (Jiao et al., 2018;
Caslin et al., 2019; Zhou et al., 2019).

Our research also indicated that dietary supplementation of bile
acids greatly affected the KEGG pathway of cecal microbiota on lipid
metabolism. Enhancement of fatty acid degradation and weakening
of steroid biosynthesis pathway directly affected the serum lipid
metabolism function of the host. Unexpectedly, the pathway of
unsaturated fatty acids biosynthesis was enhanced, which is bene-
ficial to the gut microbiota as well as the host. Alpha-linolenic acid is
an omega-3 essential fatty acid for humans, which can help reduce
serum TC and LDL-C in both humans and animals (Aguilera et al.,
2005; Burak et al., 2019). As to the function of bile acids biotrans-
formation and biomodification, the present study proved that the
bacterial gene involved in BSH (K01442) increased in bile acids
groups, which corresponds to the increase of Lactobacilli mentioned
above. BSH is the key enzyme for bile acids deconjugation, and the
enhancement of this gene may be related to an increased amount of
bile acids entering the gut. In addition, 3 alpha-HSDH (K00038) play
a role in biotransformation of cholic acid to 3-oxoCA, CDCA to 3-
0x0CDCA and DCA to 3-oxoDCA (Lucas et al., 2021). These oxo-bile
acids preserve RORy™ Tyeg cells homeostasis in mouse colon and
ameliorate the symptoms of colitis, thus playing an indispensable
role in gut immunity (Song et al., 2020).

Gut microbiota change may indicate a link between bile acids
supplementation and SCFA production. Islam et al. (2011) showed
that feeding cholic acid in rats decreased the contents of acetate
and butyrate in the cecum, but not propionate. Chen et al. (2020)
reported that Clostridium_butyricum reduced the abundance of
bacteria biotransforming bile acids in the mouse cecum, thereby
reducing bile acids excretion in the feces while increasing SCFA in
the cecum. Combined with the results of our study, bile acids or
bacteria that biotransform bile acids may compete or synergize
with SCFA-producing bacteria, resulting in significant changes in
SCFA-producing bacteria in the cecum following bile acids sup-
plementation. This part needs to be further studied.

In the current study, Odoribacter was negatively correlated with
serum TC and LDL-C. Odoribacter is a SCFA-producing member of the
gut microbiota (Hiippala et al., 2020). The number of Odoribacter in
the gut of mice fed a high-fat cholesterol diet decreased (Brandsma
et al.,, 2019). Intriguingly, Rikenellaceae_RC9_gut_group, a bacteria
group with mixed reviews, also showed a negative correlation with
serum TC, TG, and LDL-C. Similar to the findings of our study, Rike-
nellaceae_RC9_gut_group abundance was negatively correlated with
the serum TC and TG contents in the offspring of mice fed a high-fat
diet supplemented with genistein (Zhou et al., 2018).

5. Conclusions

Supplementation of 60 mg/kg porcine bile acids increased the
laying performance of late-phase hens, and at 60 and 90 mg/kg
levels, bile acids decreased serum TC, TG, and LDL-C, leading to
reduced abdominal adipose tissue. They also increased the abun-
dance of beneficial microbiota in the cecum, such as Lactobacillus,
Bifidobacterium and Turicibacter and promoted the structural
transformation of the cecal microbiota which down-regulated ste-
roid biosynthesis, up-regulated fatty acid degradation and unsatu-
rated fatty acid biosynthesis. Meanwhile, bile acids bioisomerization
function and butyric acid production function of cecal microbiota
was enhanced. These findings demonstrate that porcine bile acids
can be a potential gut microbiota promoter for late-phase laying
hens.
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