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ABSTRACT

High energy diets are a risk factor for intestinal barrier damage. Butyrate, a major energy source for
intestinal epithelial cells, has been shown to improve barrier dysfunction and modulate the gut
microbiota. In this trial, we examined the preventative effect of coated sodium butyrate (CSB) on high-
energy and low-protein (HELP)-induced intestinal barrier injury in laying hens, and also worked to
determine the underlying mechanisms by an integrative analysis of gut microbiota and the metabolome.
A total of 216 healthy 28-week-old Huafeng laying hens were randomly assigned to 3 groups with 6
replicates each: the CON group (normal diet), HELP group (HELP diet) and CH500 group (500 mg/kg CSB
added to HELP diet). The duration of the trial encompassed a period of 10 weeks. The results revealed
that CSB treatment improved the laying rate and mitigated the detrimental effects on intestinal barrier
function and the inflammatory response induced by the HELP diet in laying hens (P < 0.05). Microbial
profiling analysis revealed that the CSB treatment reshaped the HELP-perturbed gut microbiota and
promoted the growth of beneficial bacteria (P < 0.05). Untargeted metabolomics analysis revealed that
CSB reduced the metabolites associated with intestinal inflammation (P < 0.05). In conclusion, CSB did
not merely modulate alterations in the gut microbiota composition and microbial metabolites but also
yielded increased egg production, while mitigating intestinal barrier dysfunction and inflammatory re-
sponses induced by HELP in laying hens.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

1. Introduction

major worldwide health issue in recent decades (Wang et al., 2018).
Multiple references illustrated that altered intestinal barrier func-

Non-alcoholic fatty liver disease (NAFLD) is considered the he- tion and heightened intestinal inflammation are closely involved in
patic manifestation of the metabolic syndrome, emerging as a the onset and progression of NAFLD (Rahman et al., 2016; Liu et al.,
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2023). Regarding events in humans, mice and common carps, in-
testinal barrier injury can lead to increased mucosal permeability,
thereby increasing the likelihood of the translocation of microbes
and metabolites, inducing inflammation, an immune response, and
hepatocyte injury in NAFLD (Csak et al., 2011; Luther et al., 2015;
Miao et al., 2023). Thus, the integrity and function of the intestinal
barrier are considered early markers that influence the progression

of NAFLD.
Studies have revealed that intestinal microbes and metabolites

Production and Hosting by Elsevier on behalf of KeAi regulate intestinal barrier structure and function. For instance, the
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potentially beneficial bacteria Clostridium butyricum or its metab-
olite, butyric acid, can protect the epithelial barrier by maintaining
the expression of tight junction-related genes such as tight junction
protein zonula occludens-1 (ZO-1) and occludin, in the intestines of
mice (Li et al., 2018). Conversely, an escalation in the population of
opportunistic pathogenic bacteria or their metabolites can lead to
alterations in intestinal structure and permeability. This heightened
permeability allows for microbial interaction with intestinal im-
mune cells, thereby triggering an inflammatory response (Lee,
2015). Additionally, studies have shown that intestine-derived
microbes such as Bifidobacterium, Ruminococcus and Roseburia are
thought to be associated with the progression of NAFLD (Le Roy
et al., 2013; Boursier et al., 2016). Moreover, subsequent in-
vestigations revealed that gut microbiota intricately modulates the
progression of NAFLD via abundant metabolites, encompassing bile
acids, short-chain fatty acids (SCFA), sphingolipids, and lipopoly-
saccharide (LPS) (Nixon, 2009; Abu-Shanab and Quigley, 2010).
These reports corroborate that gut microbes and metabolic phe-
notypes can be denoted as potential therapeutic targets for
ameliorating intestinal barrier injury in NAFLD.

Fatty liver hemorrhage syndrome (FLHS) is a type of hepatic
lipid metabolism dysfunction in avian species, bearing significant
resemblance to NAFLD in humans (Hamid et al., 2019). The FLHS is
known to decrease laying rate and increase mortality in female
laying hens (Gao et al., 2019). Intestinal barrier injury can result in
heightened translocation of gut materials into blood circulation,
followed by an influx of pathogenic bacteria and/or harmful me-
tabolites to other organs, such as the oviduct. Although most of the
live bacteria are likely lysed or killed by lysozyme and other anti-
microbials in the egg albumen (Gantois et al., 2009), a recent study
by Shterzer et al. (2020) suggested that at least bacterial products
(such as LPS and microbial DNA), if not live bacteria, might be found
in the egg. Considering the demonstrated survival of Salmonella in
the albumen environment (Schoeni et al., 1995), it would not be
surprising if other bacteria exhibited similar resilience. Recent in-
vestigations indicate that birds with FLHS experience intestinal
barrier injuries, which correlate with the severity of hepatic dis-
orders and disturbances in the intestinal microbiome (Hamid et al.,
2019; Gu et al., 2020; Nii et al., 2020). Therefore, intestinal barrier
injury in hens with FLHS will not only impact the bird's health but
also lead to contaminated eggs, which might cause foodborne
diseases in humans. Analogous to the situation in humans, the in-
testinal micro-environment has an essential role in the progression
of FLHS and may be regarded as a prospective therapeutic target for
the treatment of liver lipid metabolism disorder in birds. As such,
protecting hens from FLHS by targeting gut microbiota and me-
tabolites to ameliorate intestinal barrier injury is becoming an
increasingly important strategy.

A growing body of evidence has shown that butyrate, a major
energy source for intestinal epithelial cells, is a pivotal regulator of
the intestinal micro-environment, exerting influences such as the
improvement of barrier dysfunction (Grilli et al., 2016; Nielsen
et al., 2018), and the modulation of gut microbiota (Huang et al.,
2015). Previous literature also demonstrated the protective effects
of butyrate against high-fat diet-induced hepatic steatosis by
regulating gut microbiota and enhancing the gastrointestinal bar-
rier function in mice (Zhou et al., 2017). Additionally, our previous
work has confirmed that butyrate exhibited the capacity to prevent
and treat FLHS by regulating lipid metabolism and autophagy in
laying hens (Miao et al., 2024). However, the question of whether
butyrate could ameliorate intestinal barrier injury in laying hens
with FLHS, and its underlying mechanism, remains unclear. In this
study, we hypothesize that the gut microbiota and/or metabolites
play a vital role in mediating the positive effect of butyrate on in-
testinal barrier function in laying hens with FLHS. To investigate
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this hypothesis, this study first assessed the effect of butyrate
(coated sodium butyrate [CSB]) in ameliorating intestinal barrier
injury using a high-energy and low-protein (HELP) diet-induced
FLHS laying hen model and determined the underlying mecha-
nisms by an integrative analysis of gut microbiota and the
metabolome.

2. Materials and methods
2.1. Animal ethics statement

All experimental protocols involving animals were approved by
the Animal Care and Welfare Committee of Animal Science College
and the Scientific Ethical Committee of Zhejiang University (No.
ZJU2013105002) (Hangzhou, China).

2.2. Experimental design, animals, and diet

Following a one-week acclimatization period, 216 healthy 28-
week-old Huafeng laying hens were randomly assigned to 3
groups with 6 replicates each, namely, the CON group (normal diet),
HELP group (HELP diet) and CH500 group (500 mg/kg CSB added to
HELP diet). The CSB (sodium butyrate content was 50% coated with
palm oil and silica) was procured from Hangzhou Dade Biotech-
nology Co. Ltd. (Hangzhou, China). The section on CSB dosage in
this experiment was guided by our previous report (Miao et al.,
2024), which documented a noteworthy positive impact on
ameliorating HELP diet-induced hepatic dysfunction. The trial
extended over 10 weeks, during which the hens were provided ad
libitum access to both feed and water. The coop underwent disin-
fection regularly, while ventilation and lighting conditions
remained identical, maintaining an average daily light exposure of
16 h. The diet composition of the CON and HELP groups is shown in
Table 1. Diet samples were analyzed for dry matter (method 930.15)
and crude protein (method 990.03) following the methods of the
Association of Official Analytical Chemists (AOAC, 2006), as well as
the concentration of amino acids using an amino acids analyzer (L-
8900 Hitachi, Tokyo, Japan). Levels of calcium and total phosphorus
were ascertained through ethylene diamine tetraacetic acid (EDTA)
and ammonium metavanadate colorimetry following the China
National standard (GB/T 6436-2018 and GB/T 6437-2018). Metab-
olizable energy was calculated according to the Chinese Feed
Composition and Nutritional Value Table (31st edition, 2020), Chi-
nese feed database (Xiong et al., 2020).

2.3. Hen performance and egg quality

Throughout the study, egg production and egg weight were
recorded daily, and feed consumption was recorded weekly. After
the trial, the laying rate per replicate, average egg weight, average
daily feed intake (ADFI), and feed conversion ratio (FCR) were all
calculated. At the end of the trial, eggs were collected for the
determination of egg quality parameters, and a random sample of 4
eggs was chosen from each replicate. Eggshell strength, Haugh unit,
yolk color, and eggshell thickness (without the shell membrane)
were measured with a digital egg tester (DET-6000, NABEL, Kyoto,
Japan).

2.4. Sample collection

After the trial, 2 birds per repetition were randomly chosen and
subjected to a 12 h fasting period. Blood samples were collected
from wing veins, then separated by centrifugation (1509 x g), and
immediately stored at —80 °C. Portions of the duodenum, jejunum
and ileum were removed, immediately rinsed with saline to



S. Miao, J. Li, Y. Chen et al.

Table 1
Composition and nutrient levels of diets (air-dry basis, %).

Item Normal diet High-energy and
low-protein diet
Ingredients
Corn 64.50 69.70
Soybean meal 24.00 14.58
Corn oil 0.00 4.22
Limestone 8.00 8.00
CaHPO4 1.20 1.20
NaCl 030 0.30
Premix' 2.00 2.00
Total 100.00 100.00
Nutrient levels?
Crude protein 15.76 12.02
Calcium 343 3.21
Total phosphorus 0.59 0.53
Methionine 0.38 0.33
Lysine 0.76 0.66
Metabolizable energy, kcal/kg 2650.05 2946.00

T Premix provided the following per kilogram of diets: Cu 2.50 mg, Fe 20.00 mg,
Zn 17.50 mg, Mn 15.00 mg, KI 4.00 mg, Na,SeO3 6.00 mg, CoCl,-6H,0 2.50 mg, Met
50.00 mg, chromium 2.00 mg, multivitamin 15.00 mg, phytase 10.00 mg, kininase
7.50 mg, antioxidant 2.00 mg, betaine 15.00 mg, choline 50.00 mg, zeolite, 76.00 mg.

2 Metabolizable energy was calculated, while the others were measured.

remove intestinal contents, and fixed in 4% paraformaldehyde and/
or 2.5% glutaraldehyde solution. Additionally, the remaining small
intestinal tissue was promptly stored at —80 °C for subsequent
analyses. The cecal contents were collected for omics analysis.

2.5. Intestinal morphology examination

Hematoxylin—eosin (H&E) staining was employed to assess
duodenal, jejunal and ileal tissue morphology in accordance with
established protocols (Xu et al, 2023). In brief, 4% para-
formaldehyde was utilized to fix the freshly isolated intestine
segment. The samples underwent processing involving embedding,
sectioning, and staining. Subsequently, images of the duodenal,
jejunal and ileal morphology were captured and quantified,
including measurements of villus height, crypt depth and villus
height to crypt depth ratio (VCR) using the microscope (Media
Cybernetics, Inc., Rockville, MD, USA).

The transmission electron microscopy (TEM) experiment
adhered to established protocols (Cao et al., 2019). Jejunum sam-
ples were initially fixed in 2.5% glutaraldehyde and subsequently
treated with 1% OsO4. Following dehydration, infiltration, embed-
ding, ultrathin sectioning, and staining, images were acquired using
transmission electron microscopy (TEM) (Model H-7650, Hitachi,
Japan). The processing of samples remained consistent with that
employed for scanning electron microscopy (SEM), spanning from
the fixation stage to the dehydration steps. The subsequent pro-
cedures involved further dehydration, coating, and observation
utilizing SEM equipment (Model TM-1000, Philips, Japan).

2.6. Intestinal mucosal permeability

The levels of diamine oxidase (DAO), D-lactate (DL), and LPS in
the serum were determined by commercial ELISA kits (JM-09299C1,
JM-09310C1 and JM-09242C1, Jiangsu Jingmei Biotechnology,
Yancheng, China) according to the manufacturer's protocol.

2.7. Immunofluorescence staining and TUNEL assay
Paraffin-embedded jejunum samples were sectioned into 5-um

slides. Sections underwent a systematic processing regimen ac-
cording to the previous protocol (Wang et al., 2022) and were
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incubated with primary and secondary antibodies. After that, the
sections were counterstained with 4,6-diamidino-2-phenylindole
(DAPI, G1012, Servicebio, Wuhan, China). B-Catenin (dilution
1:100, AF10715, Aifang Biotechnology, Changsha, China), ZO-1
(dilution 1:200, GB111402, Servicebio, Wuhan, China), Occludin
(dilution 1:300, SAF009, Aifang Biotechnology, Changsha, China),
proliferating cell nuclear antigen (PCNA) (dilution 1:500,
AF300029, Aifang Biotechnology, Changsha, China), and F4/80
(dilution 1:500, GB113373, Servicebio, Wuhan, China) were used in
this trial.

The TUNEL assay was conducted using the one-step TUNEL
apoptosis assay kit (C1088, Beyotime Biotechnology, Shanghai,
China) according to the manufacturer's protocol. Images of all the
above-processed slides were captured using a confocal microscope
(FV 1000; Olympus, Tokyo, Japan), and fluorescence intensity was
quantified using Image ] software.

2.8. Real-time quantitative PCR (RT-qPCR)

Approximately 50 mg of intestine tissue was used for total RNA
extraction, employing 1 mL TRIzol reagent, followed by reverse
transcription in accordance with the cDNA synthesis kit in-
structions (R223, Vazyme, Nanjing, China). RT-qPCR was conducted
using the SYBR Green Master Mix (Q711, Vazyme, Nanjing, China)
on the Applied Biosystems Quant Studio 3 Real-Time PCR System.
The relative mRNA expression of target genes was normalized to
that of B-Actin levels using the comparative 2~ A2 method (Livak
and Schmittgen, 2001). The primer sequences employed for RT-
qPCR are detailed in Table 2.

2.9. Cecal microbiome analysis

Total DNA extraction of microbial communities from cecum
samples was performed according to the instructions of the MoBio
PowerSoil DNA extraction kit (QIAGEN, NRW, Germany). The
V3—V4 regions of the bacterial 16S rRNA gene were targeted for
amplification using primers 338F (5-ACTCCTACGGGAGGCAGCAG-
3’) and 806R (5'-GGACTACHVGGGTWTCTAAT-3’). Subsequently,
amplified products were purified and subjected to sequencing on
an Illumina NovaSeq PE250 platform (Illumina, San Diego, USA),
following standard protocols as conducted by Majorbio Bio-Pharm
Technology Co. Ltd. (Shanghai, China). Operational taxonomic units
(OTU) sharing 97% sequence similarity were grouped, and subse-
quent data analyses, encompassed alpha diversity, beta diversity,
linear discriminant analysis (LDA) effect size (LEfSe), and sample

heatmap. Phylogenetic Investigation of Communities by

Table 2

Primer used for real-time quantitative PCR analysis.
Gene Forward sequence (5'-3') Reward sequence (5'-3')
B-Actin TCCCTGGAGAAGAGCTATGAA CAGGACTCCATACCCAAGAAAG
IFN-vy AGCTGACGGTGGACCTATTATT GGCTTTGCGCTGGATTC
TNF-«a GACAGCCTATGCCAACAAGTA TCCACATCTTTCAGAGCATCAA
IL-6 CTCGTCCGGAACAACCTCAA TCAGGCATTTCTCCTCGTCG
IL-10 CCAGGGACGATGAACTTAACA GATGGCTTTGCTCCTCTTCT
IL-16 ACTGGGCATCAAGGGCTA GGTAGAAGATGAAGCGGGTC
TGF-f1 GATGGACCCGATGAGTATTG CGTTGAACACGAAGAAGATG
mucz CAGCACCAACTTCTCAGTTCC TCTGCAGCCACACATTCTTT
E-Cadherin ACTGGTGACATTATTACCGTAGCA TAGCCACTATGACATCCACTCTGT
Z0-1 TGTAGCCACAGCAAGAGGTG CTGGAATGGCTCCTTGTGGT
Occludin ~ TCATCGCCTCCATCGTCTAC TCTTACTGCGCGTCTTCTGG
Claudin-1 TGGAGGATGACCAGGTGAAGA CGAGCCACTCTGTTGCCATA
B-Catenin TGCGAATCAACCCAACAGTA CTCACCAGCAGACATCAGGA

IFN-y = interferon-y; TNF-a = tumor necrosis factor-o; IL-6 = interleukin-6; IL-
10 = interleukin-10; IL-18 = interleukin-1B; TGF-31 = transforming growth factor
beta 1; MUC2 = mucin 2; ZO-1 = zonula occluden-1.
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Reconstruction of Unobserved States (PICRUSt) was employed to
predict functional variations within the intestinal microbiota. The
data were analyzed on the RealBio Cloud Platform (http://cloud.
Majorbio.com/).

2.10. Untargeted metabolomic analysis

The cecal sample extraction followed the previously established
method (Geng et al., 2018). The extracted samples were conducted
on a Thermo UHPLC-Q Exactive HF-X system equipped with an
ACQUITY HSS T3 column (100 mm x 2.1 mm i.d., 1.8 um; Waters,
USA) at Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China).
Raw peak extraction, database filtering and calibration of the
baseline, peak alignment, deconvolution analysis, peak identifica-
tion, and integration of the peak area were performed using Pro-
genesis QI (Waters Corporation, Milford, USA) software. Metabolite
identification was carried out by querying the Majorbio Database.
The resultant data matrix obtained by searching the database was
uploaded to the Majorbio cloud platform (https://cloud.majorbio.
com) for comprehensive data analysis.

Subsequently, the R package “ropls” (Version 1.6.2) was
employed for conducting principal component analysis (PCA) and
orthogonal least partial squares discriminant analysis (OPLS-DA),
accompanied by a seven-cycle interactive validation to evaluate the
stability of the model. Metabolites with Variable importance in the
projection (VIP) values exceeding 1 and a significance threshold of
P < 0.05, as determined by both the OPLS-DA model and Student's
t-test, were identified as differential metabolites. Differential me-
tabolites between HELP and CSB groups were mapped into their
biochemical pathways through metabolic enrichment and pathway
analysis based on the KEGG database (http://www.genome.jp/

kegg/).

2.11. Statistical analysis

The data were subjected to one-way ANOVA analysis using SPSS
20.0 software, followed by multiple comparisons between groups
using Tukey's test. Graphs were generated using GraphPad Prism
8.0 software. All data were expressed as mean and standard error of
the means (SEM). P < 0.05 were considered statistically significant.
Furthermore, Spearman's correlation analysis and Mantel test
analysis were constructed using the OmicStudio tools (http://www.
omicstudio.com).

3. Results

3.1. CSB increased growth performance and egg quality in laying
hens fed with HELP diets

As shown in Tables 3 and 4, compared with the CON group, the
HELP diet significantly reduced the laying rate and the eggshell
strength (P < 0.05), while increasing the FCR (P = 0.038). Impor-
tantly, CSB treatment conspicuously ameliorated the decline of the
laying rate induced by the HELP diets in laying hens.

3.2. CSB repaired intestinal morphology disruption induced by
HELP diets in laying hens

As illustrated in Fig. 1A, the duodenal, jejunal, and ileal villi in
the HELP group exhibited structural damage and sparse arrange-
ment, while the villi in the CON and CH500 groups were arranged
compactly and closely. Additionally, in comparison to the CON
group, HELP treatment decreased the villus height and the VCR in
the jejunum and ileum (P < 0.05), while increasing the crypt depth
in the ileum (P = 0.006) (Table 5). Nevertheless, the alterations
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Table 3

Effects of CSB and HELP on growth performance of laying hens.'
Item CON HELP CH500 SEM P-value
Laying rate, % 84.732 76.15° 81.18° 1.646 <0.001
Egg weight, g 49.37 49.71 49.23 1.323 0.935
ADFI, g 104.97 103.04 105.15 6.353 0.935
FCR 232° 2.62° 2.38% 0.113 0.038

CSB = coated sodium butyrate; HELP = high-energy and low-protein;

SEM = standard error of the means; ADFI = average daily feed intake; FCR = feed
conversion ratio.
3bMeans within a row with different superscripts are significantly different
(P < 0.05).

1 CON = normal diet; HELP = high-energy and low-protein diet; CH500 = 500
mg/kg coated sodium butyrate added to high-energy and low-protein diet. Values
are represented as the mean and SEM (n = 6).

were notably reversed by CSB addition. Subsequently, we evaluated
the jejunum microstructure using TEM and SEM. The TEM imaging
revealed these phenomena, namely, the jejunal villi were exhibited
shortly and sparsely in the HELP group, whereas they were dis-
played lengthily and densely in the CH500 treatment (Fig. 1B).
Similarly, observation using SEM also revealed severe damage,
sparsity, shrinkage, and disarray of the jejunal villus in the HELP
group, which was ameliorated with CSB addition (Fig. 1C). Finally,
we used PCNA labeling for cell proliferation and TUNEL staining to
assess apoptosis of the jejunum in laying hens. The immunofluo-
rescence findings revealed that the HELP diet decreased the num-
ber of PCNA™ cells (P < 0.01), with the crypt cells displaying a
dispersed and disordered state; Nevertheless, CSB intervention
reversed these anomalies, effectively restoring the proliferative
ability of crypt cells (Fig. 1E; Fig. S1A) (P < 0.01). Simultaneously, a
higher TUNEL fluorescence intensity was observed in the HELP
treatment (P < 0.01), which was obviously attenuated by the
administration of CSB (P < 0.01) (Fig. 1D; Fig. S1B).

3.3. CSB ameliorated impairment of intestinal epithelial cell
junctions induced by HELP diets in laying hens

In Fig. 2A, we tested the mRNA relative expression of tight
junction and adherens junction-related genes. The results indicated
that the HELP diet obviously decreased the jejunal mRNA relative
expressions of f-Catenin (P < 0.01), E-Cadherin (P < 0.01), ZO-1
(P < 0.05), occludin (P < 0.05) and claudin-1 (P < 0.01), which was
reversed by CSB administration (P < 0.01). Furthermore, the protein
expression of tight junctions and adherens junctions was verified
through immunofluorescence analysis. The resulting images
revealed that CSB obviously enhanced the p-Catenin, ZO-1, and
occludin fluorescence intensity compared with the HELP group
(Fig. 2B). Table 6 displayed that CSB could decrease intestinal
permeability, as demonstrated by its effect in decreasing serum

Table 4

Effects of CSB and HELP on egg quality of laying hens.!
Item CON HELP CH500 SEM P-value
Eggshell strength, kgf/m?>  4.182 359"  3.95% 0.157  0.006
Eggshell thickness, mm 0.38 0.37 0.38 0.007 0.079
Haugh unit 79.75 77.73 79.40 2.016 0.577
Yolk color 6.92 6.83 7.00 0.281 0.840

CSB = coated sodium butyrate;HELP = high-energy and low-protein;

SEM = standard error of the means.
2PMeans within a row with different superscripts are significantly different
(P < 0.05).

1 CON = normal diet; HELP = high-energy and low-protein diet; CH500 = 500
mg/kg coated sodium butyrate added to high-energy and low-protein diet. Values
are represented as the mean and SEM (n = 24).
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Fig. 1. Coated sodium butyrate (CSB) repaired intestinal morphology disruption induced by high-energy and low-protein (HELP) diets in laying hens. (A) Representative hema-
toxylin-eosin (H&E)-stained images of duodenum, jejunum and ileum (magnification, 40x ). (B) Representative transmission electron microscopy (TEM) images of the jejunum. (C)
Representative scanning electron microscopy (SEM) images of jejunum. (D) Representative immunofluorescence images of TUNEL (green) in the jejunum (magnification, 400x). (E)
Representative immunofluorescence images of proliferating cell nuclear antigen (PCNA) (red) in the jejunum (magnification, 400x). CON = normal diet; HELP = HELP diet;

CH500 = 500 mg/kg CSB added to HELP diet; DAPI = 4’,6-diamidino-2’-phenylindole.

Table 5
Effects of CSB and HELP on villi morphology of small intestine of laying hens.'
Item CON HELP CH500 SEM P-value
Duodenum
Villus height, pm 1284.80 1225.84 1261.38 23.491 0.062
Crypt depth, pm  135.77 143.55 136.53 4.840 0.232
VCR 9.51 8.58 9.12 0.401 0.077
Jejunum
Villus height, pm 1025.07° 878.43° 973.47° 21.694 <0.001
Crypt depth, pm  98.63% 107.46%  97.33° 3.536 0.021
VCR 10.44* 8.20° 10.20* 0.391 <0.001
Ileum
Villus height, pm  796.47° 74120  781.42® 16960 0.012
Crypt depth, ym  78.45° 90.522 80.47° 3.471 0.006
VCR 10.22° 8.22° 9.80? 0.523 0.003
CSB = coated sodium butyrate;, HELP = high-energy and low-protein;

SEM = standard error of the means; VCR = villus height to crypt depth ratio.
2bMeans within a row with different superscripts are significantly different
(P < 0.05).

1 CON = normal diet; HELP = high-energy and low-protein diet; CH500 = 500
mg/kg coated sodium butyrate added to high-energy and low-protein diet. Values
are represented as the mean and SEM (n = 12).
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DAO activity, LPS and DL contents compared with the HELP group
(P < 0.05). These results suggest that CSB has a positive effect for
recovering jejunal barrier impairment induced by the HELP diet.

3.4. CSB suppressed excessive intestinal inflammation induced by
HELP diets in laying hens

We conducted assessments involving F4/80 fluorescence and
the expression of inflammation-related genes. Our data revealed
that the HELP diet facilitated the F4/80 macrophage infiltration
(P < 0.01), but the addition of CSB exhibited a reversal effect on its
expression (P < 0.01) (Fig. 3A; Fig. S1C). Moreover, CSB adminis-
tration significantly suppressed interleukin-1p (IL-16) (P < 0.01),
tumor necrosis factor-a. (TNF-«) (P < 0.01), and interferon-y (IFN-vy)
(P < 0.01) mRNA expression, and promoted transforming growth
factor beta 1 (TGF-f1) (P < 0.01) and interleukin-10 (IL-10)
(P < 0.01) mRNA relative expression in HELP-treated laying hens,
indicating that CSB could attenuate inflammation induced by the
HELP diet (Fig. 3B).
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v

A) mRNA

relative expression of tight junction proteins of jejunum, n = 6. (B) Representative immunofluorescence images of f-Catenin (red), ZO-1 (red) and occludin (red) stammg in the
jejunum (magnification, 400x ). CON = normal diet; HELP = HELP diet; CH500 = 500 mg/kg CSB added to HELP diet; MUC2 = mucin 2; ZO-1 = zonula occluden-1. *P < 0.05,

**P < 0.01.

Table 6

Effects of CSB and HELP on serum indexes of laying hens.’
Items CON HELP CH500 SEM P-value
DAO, ng/mL 10.46° 15.412 11.04° 0.411 <0.001
DL, pg/L 389.48°¢ 563.40° 437.55° 5.507 <0.001
LPS, ng/L 207.11° 250.122 213.86° 2.774 <0.001

CSB = coated sodium butyrate; HELP = high-energy and low-protein;

SEM = standard error of the means; DAO = diamine oxidase; DL = D-lactate;
LPS = lipopolysaccharide.
“Means within a row with different superscripts are significantly different
(P < 0.05).

! CON = normal diet; HELP = high-energy and low-protein diet; CH500 = 500
mg/kg coated sodium butyrate added to high-energy and low-protein diet. Values
are represented as the mean and SEM (n = 6).

3.5. CSB reshaped gut microbiota changes induced by HELP diets in
laying hens

The overall changes in gut microbiota were evaluated by
sequencing the 16S rRNA gene of cecum samples isolated from the
CON, HELP, and CH500 groups. The rarefaction curves leveled off as
the number of sequences increased, indicating sufficient OTU
coverage for accurate characterization of microbial composition
(Fig. 4A). The Venn diagram highlighted the distinctions in micro-
biota compositions among these three groups (Fig. 4B). a-Diversity
analysis, evaluating species richness and uniformity, revealed a
significant increase in the Shannon index (P < 0.05) and a decrease
in the Simpson index (P < 0.01) in the CH500 group compared with
HELP group, suggesting that CSB promoted both species richness
and uniformity (Fig. 4C). The weighted UniFrac algorithm at the
OTU level was used to calculate beta diversity. The PCoA and
UPGMA hierarchical clustering analysis displayed that clear sepa-
ration among the three groups (Fig. 4D and E), indicating that both
HELP and CSB induced alterations in the diversity and structure of
the intestinal microbiota.
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3.6. Species and difference analysis of intestinal flora

To further assess the impact of CSB on the intestinal microbiota
in HELP-fed laying hens, this study analyzed the bacterial compo-
sition at the phylum and genus level. At the phylum level, Firmi-
cutes and Bacteroidetes were the predominant phyla, followed by
Actinobacteriota and Spirochaetota (Fig. 5A). The HELP diet signif-
icantly diminished the relative abundance of Firmicutes and
enhanced Bacteroidetes abundance, but this change was reversed
by CSB administration. Bacteroides, Rikenellaceae_RC9_gut_group,
Lactobacillus, and Romboutsia were the four predominant genera in
each group (Fig. 5B). Subsequently, we employed LEfSe analysis
(with an LDA score > 3) to investigate the biomarkers exhibiting
significant differences among the three groups (Fig. 5C and D). In
the CON group, 13 taxa were identified, 8 taxa in the HELP group,
and 11 taxa in the CH500 group. The HELP group exhibited a
notable increase in the relative abundance of Synergistes and
Rikenellaceae_RC9_gut_group. CH500 obviously enriched the rela-
tive abundance of Alistipes, unclassified_f Oscillospiraceae, and
norank_f_Eubacterium_coprostanoligenes_group. These findings
offer evidence that HELP and CSB had an alteration in the compo-
sition of the intestinal microbiota.

3.7. Predictive analysis of intestinal flora function

To further explore whether alterations in the structure and
composition of the gut flora would induce functional changes, we
used PICRUSTs analysis to obtain the KEGG pathway information
corresponding to OTU. Subsequently, we calculated the relative
abundance of the functional categories of each pathway, and finally
obtained the metabolic pathway information at three levels, for
which we performed the functional prediction analysis. The anal-
ysis results are shown in Fig. 6A, there are six main pathways at
level 1, namely, metabolism, genetic information processing, envi-
ronmental information processing, cellular processes, human
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Fig. 3. Coated sodium butyrate (CSB) suppressed excessive intestinal inflammation induced by high-energy and low-protein (HELP) diets in laying hens. (A) Representative
immunofluorescence images of F4/80 (red) staining in the jejunum (magnification, 400 x ). (B) mRNA relative expression of inflammatory cytokines of jejunum, n = 6. CON = normal
diet; HELP = HELP diet; CH500 = 500 mg/kgCSB added to HELP diet; DAPI = 4’,6-diamidino-2’-phenylindole; IL-10 = interleukin-10; TNF-a = tumor necrosis factor-o; IL-
18 = interleukin-1p; IL-6 = interleukin-6; IFN-y = interferon-y; TGF-$1 = transforming growth factor beta 1. *P < 0.05, **P < 0.01.

diseases, and organism systems, among which metabolism is the
pathway with the highest proportion at level 1. The results indi-
cated a significant down-regulation of metabolism in the CON and
CH500 groups in comparison to the HELP group (P < 0.01).
Furthermore, cellular processes and environmental information
processing were significantly down-regulated in the HELP group in
comparison to the CON and CH500 groups. Subsequently, our
predictive analysis of gut flora at level 2 revealed that metabolism
mainly included carbohydrate metabolism, amino acid metabolism,
energy metabolism, metabolism of cofactors and vitamins, and
lipid metabolism. Intriguingly, only lipid metabolism pathways
exhibited a decrease in the HELP group compared to the CON group
(Fig. 6B). To further analyze the specific pathways of lipid meta-
bolism, we analyzed its level 3 level (Fig. 6C), which showed that
the linoleic acid metabolism in the CON and CH500 treatment
compared to the HELP treatment were significantly decreased;
additionally, the arachidonic acid metabolism was decreased in the
CH500 treatment compared to the HELP treatment.

3.8. CSB altered the caecal metabolome induced by HELP diets in
laying hens

To directly investigate the changes of metabolites in the gut flora,
the contents of the cecum were subjected to non-targeted
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metabolomics analysis using a gas chromatography—mass spec-
trometry (GC—MS) platform. The PCA, PLS-DA, and OPLS-DA score
plots distinctly revealed separated clusters between the two groups,
with all samples falling within the 95% confidence interval
(Fig. 7A—C). PLS-DA and OPLS-DA were modeled and analyzed with
random permutations to verify their validity and robustness (Fig. 7E
and F). The results showed that the test parameters of PLS-DA were
R2 = (0, 0.9825), Q2 = (0, —0.0331); and OPLS-DA were R2 = (0,
0.9852),Q2 = (0, —0.1509); indicating the authenticity and robustness
of the model. According to a VIP > 1 and Student's t-test P < 0.05, 399
differentially expressed metabolites were screened between the two
groups, mainly including lipids, steroids, peptides, hormones and
transmitters, among which 25 expressed metabolites were up-
regulated, while 374 expressed metabolites were down-regulated
(Fig. 7D). Following classification based on similar characteristics, 25
metabolites were definitively recognized as biomarker metabolites
(Fig. 7G). Among these, 2,3-dihydroxycarbamazepine exhibited a
decrease, whereas 11-HpODE, 9,12,13-TriHOME, 2beta-hydrox-
ytestosterone, 2-n-propyl-4-oxopentanoic acid, 10,11-dihydro
xycarbamazepine, prostaglandin B2, and 20-carboxy-leukotriene B4
displayed an increase in the HELP group compared to the CH500
group. Furthermore, KEGG enrichment analysis pinpointed that CSB
predominantly influenced linoleic acid metabolism and arachidonic
acid metabolism pathways (Fig. 7H).
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3.9. Correlation among gut microbiota, metabolites and intestinal
barrier related indicators

The potential association between gut microbiota and metab-
olites was explored through Spearman correlation analysis
(Fig. 8A; Fig. S2). Our result displayed that the relative abundance
of norank_f_UCG-010 is negatively correlated with the levels of
9,12,13-TriHOME, 13-L-hydroperoxylinoleic acid, 12-epi-LTB4,
(10E,12Z)-(9S)-9-hydroperoxyoctadeca-10,12-dienoic  acid, 20-
carboxy-leukotriene B4, and 16(R)-HETE; Simultaneously, the
relative abundance of  norank_f _Eubacterium_coprostano
ligenes_group is negatively correlated with the levels of 9,12,13-
TriHOME, 13-L-hydroperoxylinoleic acid, 12-epi-LTB4, 9-hpode
and (10E,12Z)-(9S)-9-hydroperoxyoctadeca-10,12-dienoic  acid;
the relative abundance of Sellimonas is negatively correlated with
only the level of 9,12,13-TriHOME. The relative abundance of
Rikenellaceae_RC9_gut_group is positively correlated with the
levels of 12-epi-LTB4, 20-carboxy-leukotriene B4, 16-HETE, pros-
taglandin G2 and 6-ketoprostaglandin E1. Furthermore, through
mantel test analysis (Fig. 8B), strong correlations were observed
between intestinal barrier mediators (tight junction proteins, in-
flammatory factors, and intestinal permeability regulators) and
microbiota (genus affiliated with Firmicutes and genus Bacter-
oidetes), as well as metabolites involved in arachidonic acid and
linoleic acid metabolism pathways. Concretely, microbiota
demonstrated a strong correlation with the mRNA relative
expression of Claudin-1, B-Catenin, E-Catenin, IL-10, TNF-«, and the
levels of DAO, DL, and LPS; meanwhile, metabolites exhibited a
strong correlation with the mRNA relative expression of $-Catenin,
E-Catenin, IL-10, and IL-18. In addition, the mRNA relative
expression of f-Catenin, E-Catenin, IL-10, and IL-1(3 are strongly
correlated with both the relative abundance of microbiota and the
levels of metabolites.
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4. Discussion

The FLHS is tightly connected with decreased egg production in
female laying hens, causing great economic losses for the poultry
industry (Gao et al, 2019). As such, developing therapeutic ap-
proaches to prevent this adverse outcome is becoming important. A
HELP diet is linked to an increased incidence of FLHS (Rozenboim
et al,, 2016). The demonstrated efficacy of CSB in alleviating he-
patic steatosis in our previous work (Miao et al., 2024), coupled
with its ability to improve productivity of hens fed a HELP diet in
the present study, indicates that dietary CSB might be a promising
strategy for FLHS treatment in laying hens. It is well established
that changes to the integrity and function of the intestinal barrier
are considered an early event that influences the initiation and
progression of chronic liver disease (Rahman et al., 2016; Liu et al.,
2023). However, whether CSB might ameliorate intestinal barrier
disruption in laying hens with FLHS remains poorly understood.
Thus, the effects of CSB on the integrity and function of the intes-
tinal barrier in HELP diet-induced FLHS laying hens were further
evaluated in this study.

The structural integrity is vital to the maintenance of intestinal
barrier functions. This study found that the integrity of intestinal
architecture was damaged in HELP diet-induced FLHS laying hens.
On the one hand, HELP treatment caused intestinal villus atrophy
by decreasing the proliferation of crypt epithelial cells and
increasing the apoptosis of villi epithelial cells. On the other hand,
HELP treatment significantly altered the expression of molecules
associated with tight junction and junctional adhesion, including B-
Catenin, E-Cadherin, ZO-1, occludin, and claudin-1. Atrophy of villi
and loss of tight junction proteins are recognized to elevate intes-
tinal permeability (Jeurissen et al., 2002). As anticipated, markers of
intestinal permeability, including DAO, DL, and LPS levels in blood
circulation, increased following HELP treatment in the current
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Fig. 5. Species and difference analysis of intestinal flora. (A) Relative abundance of gut microbiota at phylum level. (B) Relative abundance of gut microbiota at genus level. Linear
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study, which further supported the viewpoint that the structural
integrity of the intestinal barrier was diminished in laying hens
with FLHS. Loss of structural integrity is usually a major cause of
inflammatory events in the intestinal mucosa (Capaldo et al., 2017).
Consistent with previous observations, HELP treatment in this
study did lead to the progression of the inflammatory response, as
indicated by increased infiltration of inflammatory cells (F4/80
macrophages), elevated expression of several pro-inflammatory
factors (IL-18, TNF-a, and IFN-y), and a decrease in anti-
inflammatory factors (TGF-81 and IL-10) in the intestine. The
possible molecular mechanisms involved in the pro-inflammatory
effects of HELP warrant further investigation in future studies.
Nevertheless, the loss of structural integrity and induction of
inflammation in the intestinal barrier can not only reduce capacity
for nutrient absorption, and hence affect poultry productivity (Nii,
2022), but also permit the translocation of bacteria and bacterial-
related products via the mucosa to the whole body, finally result-
ing in the production of contaminated eggs as described previously
(Shterzer et al., 2020). Collectively, our data confirmed that intes-
tinal barrier dysfunction, including damaged structural integrity,
increased permeability, and induced intestinal inflammation, could
be involved in the development of HELP diet-induced FLHS in
laying hens, which is similar to the pathogenetic mechanism of

112

NAFLD in humans (Liu et al., 2023). In accordance with our hy-
pothesis, CSB intervention reversed these anomalies to some
extent.

A growing number of data indicates that gut microbiota can be
denoted as a promising therapeutic target for ameliorating intestinal
barrier dysfunction in diet-induced chronic liver disease, including
NAFLD in humans and mice (Boursier et al., 2016; Le Roy et al., 2013),
as well as FLHS in birds (Hamid et al., 2019). In this study, HELP diet-
induced FLHS laying hens exhibited an elevated relative abundance
of Bacteroidetes and a reduced relative abundance of Firmicutes.
Similar to our results, previous findings have also observed that
chronic liver disease can lead to an imbalance in gut bacteria, with
fewer relative abundance of Firmicutes and more Bacteroidetes
(Duarte et al., 2019). The CSB intervention reversed the HELP diet-
induced changes in the relative abundance of Firmicutes and Bac-
teroidetes. Firmicutes bacteria, Gram-positive in nature, are
responsible for the production of SCFA (Stojanov et al., 2020), which
can provide energy for the growth of intestinal epithelial cells,
safeguard the structural integrity and function of the intestinal
barrier, and suppress the generation of pro-inflammatory factors
(Park et al., 2007; Ploger et al., 2012). Conversely, Bacteroidetes
bacteria, Gram-negative in nature, have been reported to enhance
immune reactions through pro-inflammatory cytokine synthesis via
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CH500 = 500 mg/kg coated sodium butyrate added to high-energy and low-protein diet. *P < 0.05, **P < 0.01.

their LPS and flagellin by interacting with cell receptors (Ploger et al.,
2012). Our detailed LEfSe analysis demonstrated that the CSB-
induced increase in Firmicutes phylum was associated with the
rise of unclassified_f_Oscillospiraceae, Sellimonas, norank_f _UCG-010,
and norank_f_Eubacterium_coprostanoligenes_group genera relative
abundance, whereas the decrease in the Bacteroidetes phylum was
mainly attributed to a reduction relative abundance of Rikenella-
ceae_RC9_gut_group genus abundance. Additionally, CSB interven-
tion increased microbiota diversity in HELP diet-induced FLHS
laying hens. A high microbiota diversity is theoretically considered
to enhance the ecosystem's defense against pathogens (Konopka,
2009). These results indicated that the amelioration of CSB on in-
testinal barrier dysfunction and inflammatory events in HELP diet-
induced FLHS laying hens may be attributed to the regulation of
microbes, especially the improved Firmicutes/Bacteroidetes ratio
and increased microbiota diversity. In agreement with our findings,
Zhou et al. (2017) reported that sodium butyrate intervention
mitigated the high-fat diet-induced decreases in Firmicutes/Bac-
teroidetes ratio in mice.

The gut microbiota has been reported to modulate the intestinal
metabolic phenotype, including microbiota- and host-derived
metabolites, and in turn affect gut homeostasis and disease (Li
et al,, 2016; Hu et al., 2020). Thus, the way CSB-induced microbial
alterations affected the metabolic phenotype was further investi-
gated in this study. The GC/MS analysis revealed that CSB inter-
vention reshaped not only the gut microbiota but also the
metabolic phenotype. Among the 25 identified biomarker

113

metabolites, a notable observation was the significant decrease in
the levels of metabolites associated with linoleic acid and arach-
idonic acid metabolism following CSB intervention. Moreover, the
predicted function of the altered microbiota according to PICRUSt
analysis shows that the HELP diet-induced FLHS increased linoleic
acid and arachidonic acid metabolism, which was reversed by CSB
intervention. Considering that the CSB-induced microbial alter-
ations were mainly related to changes in Firmicutes and Bacter-
oidetes, it was intriguing to investigate whether CSB influenced the
production of the above metabolites by modulating the Firmicutes/
Bacteroidetes ratio. By correlation analysis, we found that most of
the changed genera from Firmicutes (Sellimonas, norank_f _UCG-
010, and norank_f_Eubacterium_coprostanoligenes_group) in the
CH500 group were negatively associated with metabolites related
to linoleic acid and arachidonic acid metabolism. These findings
suggested that the CSB-induced Firmicutes/Bacteroidetes ratio
improvement might have caused or contributed to the decrease of
linoleic acid and arachidonic acid metabolite levels. However, the
detailed mechanism of how those microbes are involved in the
participation of linoleic acid and arachidonic acid metabolism after
CSB intervention in HELP diet-induced FLHS laying hens remains to
be further elucidated.

Arachidonic acid, derived from linoleic acid, represents an
essential polyunsaturated fatty acid (PUFA) intricately involved in
inflammatory processes within the gastrointestinal tract (Ma et al.,
2021). In this investigation, linoleic acid metabolism encompassed
5 metabolites, while arachidonic acid metabolism involved 11
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Fig. 7. Coated sodium butyrate (CSB) altered the caecal metabolome induced by high-energy and low-protein (HELP) diets in laying hens. (A), (B) and (C) score plot of principal
component analysis (PCA), partial least squares discriminant analysis (PLS-DA) and orthogonal partial least squares discriminant analysis (OPLS-DA). (D) Volcano plot of differential
metabolites. (E) and (F) permutation test plot of PLS-DA and OPLS-DA. The horizontal axis represents the permutation retention of the permutation test, the vertical axis represents
the value of R2 or Q2, the red dot represents the value of R2Y, the blue square dot represents the value of Q2, and the two dashed lines represent the regression lines of R2Y and Q2.
(G) Heatmap of hierarchical clustering analysis. The left side is the metabolite clustering dendrogram, and the right side is the metabolite variable importance projection (VIP) bar
graph, the bar length indicates the value of the metabolite's contribution to the difference between the two groups, the default is not less than 1, and the larger the value indicates
that the metabolite has a greater difference between the two groups. (H) KEGG enrichment analysis. The horizontal coordinate is the enrichment rate, calculated as num_in_study/
num_in_pop; the vertical coordinate is the KEGG pathway. The size of the bubbles in the graph represents how much of the pathway is enriched to compounds in the metabolic set,
and the color of the bubbles indicates the size of the P-value for different enrichment significance. HELP = HELP diet; CH500 = 500 mg/kg CSB added to HELP diet. *P < 0.050,

**P < 0.010, ***P < 0.001.
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Fig. 8. Statistical Spearman's correlation between intestinal microbial genus, metabolites and intestinal barrier-related parameters. (A) Spearman correlation network was con-
structed to assess the associations between representative genera affiliated with Firmicutes and Bacteroidetes, and identified metabolites within arachidonic acid and linoleic acid
metabolism. (B) Mantel test network heat map analysis revealed the relationships among microbial genera, metabolites and intestinal barrier-related parameters. ZO-1 = zonula
occluden-1; IL-10 = interleukin-10; TNF-o« = tumor necrosis factor-; IL-14 = interleukin-1p; IFN-y = interferon-y; TGF-$1 = transforming growth factor beta 1; DAO = diamine
oxidase; DL = D-lactate; LPS = lipopolysaccharide. *P < 0.050, **P < 0.010.
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metabolites. Among the linoleic acid metabolites were prosta-
glandins, leukotrienes, and other inflammatory mediators.
Research indicated that the secretion of prostaglandin could trigger
intestinal irritation and foster the development of intestinal
inflammation (Mohamed et al., 2011; Leung et al., 2012). In addi-
tion, leukotrienes are well-recognized inflammatory mediators
(Osher et al., 2006; Talahalli et al., 2010), and are involved in various
chronic intestinal disorders, including inflammatory bowel disease
(Arthur and Sundaram, 2014). In the current study, the metabolite
concentrations of the arachidonic acid and linoleic acid metabolic
pathways were reduced by the addition of CSB, which suggested
that CSB intervention might further ameliorate the injured intes-
tinal barrier via decreasing arachidonic acid and linoleic acid me-
tabolites in the HELP diet-induced FLHS laying hens. Additionally, a
strong correlation between intestinal barrier mediators (tight
junction proteins, pro-inflammatory factors, makers of intestinal
permeability), microbes (genera from Firmicutes and Bacter-
oidetes) and metabolites (involved in arachidonic acid and linoleic
acid metabolism) was observed using Mantel-test analysis in the
current study. This result complements earlier reports that intes-
tinal microbiota and metabolic phenotype should be important
modulators of intestinal barrier function (Lee, 2015; Li et al., 2018),
and supports this hypothesis that gut microbes and metabolites can
be denoted as potential therapeutic CSB targets for ameliorating
intestinal barrier dysfunction in HELP diet-induced FLHS laying
hens.

5. Conclusions

The CSB intervention could ameliorate HELP diet-induced in-
testinal barrier dysfunction by improvements on structural integ-
rity, permeability and inflammatory events. These benefits are
likely attributable to the modulatory effects of CSB on gut micro-
biota and metabolites, evidenced by the improvement of the Fir-
micutes/Bacteroidetes ratio and the decrease in metabolites of the
linoleic acid and arachidonic acid metabolic pathway. Our findings
will provide a promising strategy for the treatment of intestinal
metabolic disorders by using CSB in laying hens and will contribute
to the yield and safety of chicken eggs.
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