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Aspirin eugenol ester affects ileal
barrier function, inflammatory
response and microbiota in
broilers under
lipopolysaccharide-induced
Immune stress conditions
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Affairs, Lanzhou Institute of Husbandry and Pharmaceutical Science of Chinese Academy of
Agricultural Sciences, Lanzhou, China, ®Longmen Laboratory, Science and Technology Innovation
Center for Completed Set Equipment, Luoyang, China

Aims: The aim of this study was to investigate the effects of aspirin eugenol
ester (AEE) on ileal immune function in broilers under lipopolysaccharide (LPS)-
induced immune stress.

Methods: Two hundred and forty one-day-old male Arbor Acres chicks were
randomly divided into four groups (saline, LPS, saline + AEE and LPS + AEE) with
six replicates of ten broilers each. The saline group and LPS group were fed the
normal diet, while the other two groups received normal diet plus 0.1g/kg AEE.
Broilers in the LPS and LPS + AEE groups were injected intraperitoneally with
0.5mg/kg B.W LPS in saline for seven consecutive days beginning at 14 days
of age, while broilers in the saline and saline + AEE groups were injected with
saline only.

Results: The results showed that AEE improved the ileal morphology and
increased the ratio of villus height to crypt depth of immune-stressed broilers.
LPS-induced immune stress significantly reduced the expression of the genes
for the tight junction proteins occludin, zonula occludens-1 (ZO-1), claudin-1
and claudin-2, in the ileum, while AEE significantly up-regulated the expression
of these genes. Compared with the saline group, the LPS-treated chickens
showed significantly increased mRNA expression of the inflammatory factors
tumor necrosis factor-a (TNF-a), interleukin-1p (IL-1f), interleukin-6 (IL-6),
interleukin-10 (/L-10), cyclooxygenase-2 (COX-2), and microsomal Prostaglandin
E Synthesase-1 (mPGES-1) in the ileum, while they were significantly decreased
by AEE supplementation. In addition, analysis of the ileal bacterial composition
showed that compared with saline and LPS+ AEE groups, the proportion of
Firmicutes and Lactobacillus in the LPS group was lower, while the proportion of
Proteobacteria and Escherichia-Shigella was higher. Similarly, Line Discriminant
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Analysis Effect Size (LEfSe) analysis showed that compared with the LPS group,
Brevibacillus was dominant in the saline group, while the LPS + AEE group was
rich in Rhizobium, Lachnoclostridium, Ruminococcaceae, Faecalibacterium,
Negativibacillus, Oscillospiraceae, and Flavonifractor.

Conclusion: These results indicate that dietary supplementation with 0.1g/
kg AEE could protect the intestinal health by improving the intestinal villus
morphology, enhancing the expression of tight junction genes and alleviating
inflammation to resist the immune stress caused by LPS stimulation in broilers,
and the mechanism may involve COX-2-related signal transduction and

improved intestinal microbiota composition.

KEYWORDS

immune stress, aspirin eugenol ester, intestinal barrier function, ileal microbiota,

broiler

1 Introduction

Under the current intensive broiler breeding program, excessive
immune responses, pathogen infection and drug overuse can induce
immune stress in chickens (1), resulting in slow growth, decreased
immunity and disease resistance (2), and huge economic losses to
broiler producers (3). As the organ with the largest area of direct
contact with the external environment in the body (4), the intestine
not only has the physiological function of food digestion and nutrient
absorption in the body (5), but also is an important immune organ (6)
for resisting pathogen invasion (7). The ileum is the site where the
small intestine and large intestine connect (8), and it plays an
important role in the intestinal immune system (9). The occurrence
of immune stress in broiler chickens can inhibit the intestinal immune
function (10), lead to intestinal inflammation (11), barrier damage
(12), and microbial imbalance (13), which negatively affects the birds’
health and productivity. Thus, there is an urgent need to discover new
safe and efficient anti-stress treatments for poultry production.

Aspirin eugenol ester (AEE) is a new class of non-steroidal anti-
inflammatory drugs formed by the combination of aspirin and eugenol
through the acyl chloride reaction (14). Compared with the precursor
drugs, AEE not only has low toxicity (15), long action time (16), and
wide safety range (17), but also reduces the irritation of aspirin on the
gastrointestinal tract (18) and enhances the stability of eugenol (19).
Studies have shown that AEE has anti-inflammatory (20) and
antioxidant (17, 21, 22) effects that are better than either aspirin or
eugenol alone (23). In view of the fact that drugs entering the intestine
always affect the intestinal microbiota (24), some researchers have
conducted experiments with AEE and found that it can indeed alter the
composition of the gut microbiota in mice and rats (25, 26) and
regulate the metabolomics of cecal contents and feces in rats (27).
Moreover, AEE can inhibit the epoxide pathway and reduce the level
of the inflammatory mediator cyclooxygenase-2 (COX-2) and
Prostaglandin E2 (PGE,) (28). The COX-2/PGE, signaling pathway can
regulate the expression of intestinal tight junction proteins (29),
thereby affecting intestinal epithelial barrier function (30-32).

However, the impacts of AEE on growth performance, intestinal
mucosal immunity, barrier functions and gut microbiota remain elusive,
especially in broiler chickens under immune stress. Lipopolysaccharide
(LPS) is one of the most commonly used immune activators (33-35),
and intraperitoneal injection can induce immune stress (36, 37).
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Therefore, this study used intraperitoneal injection of LPS to establish
an immune stress model in broiler chickens to explore the protective
effect of AEE on intestinal health. Our goal was to obtain theoretical
support for the application of AEE in the field of animal husbandry and
provide new data on the use of anti-stress drugs in broiler production.

2 Materials and methods
2.1 Animals and treatments

A total of 240 one-day-old healthy male Arbor Acres broiler chicks
were randomly assigned into four groups with six replicates of 10 chicks
each. The four groups comprised a saline group, an LPS group, a saline
+ AEE group and an LPS+ AEE group. Broilers are reared in 4-layer
stereoscopic superimposed cage, with 6 cages per layer and 10 chickens
per cage. Light, temperature and humidity are artificially controlled, and
they can drink and eat freely. Broilers in the saline and LPS groups were
fed a basal diet, while broilers in the saline + AEE and LPS + AEE groups
were fed the basal diet containing 0.1 g/kg AEE. AEE (purity 99.5%) was
provided by the Lanzhou Institute of Husbandry and Pharmaceutical
Sciences of CAAS, and its concentration was based on our team’s
previous studies (38). From the age of 14 days, broilers in the LPS and
LPS + AEE groups received intraperitoneal injections of 0.5 mg/kg B.W
LPS in saline once a day for 7 days; broilers in the saline and saline +
AEE groups received peritoneal injection of the same dose of saline only
once a day. Continuous injection for 7 days. This immune stress model
induction method is based on our team’s previous experiments and
improved (37). The experiment was conducted in accordance with the
NRC guidelines (Table 1) for feeding a basal diet and in accordance with
animal ethics guidelines and protocols approved by the Animal Care
and Use Committee of Henan University of Science and Technology.

2.2 Sample collection

According to our team’s previous experiments (2), at 2h, 4h, 24h
after the initial injection (14d-2h, 14d-4h, 15d) and at 24 h after the
16d, 18d, 20d injections (17d, 19d, 21d), one chicken was selected from
each cage for euthanasia and samples of ileal tissue and contents were
collected. Part of the tissue samples was fixed in 4% paraformaldehyde,
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TABLE 1 Composition and nutrient levels of the experimental basal diet.

Ingredients, % ‘ Content
Corn 60.1
Soybean meal 33.07
Soybean oil 3.6
Limestone-calcium carbonate 1.1
Calcium hydrogen phosphate 1
DL-methionine (98%) 0.2
L-lysine HCL (78%) 0.2
Sodium chloride 0.3
Vitamin Premix* 0.03
Mineral Premix” 0.2
Choline chloride (50%) 0.15
Ethoxyquin (33%) 0.05
Total 100
Calculated nutrient levels

Metabolizable energy, kcal/kg 2,990
Crude protein 20.5
Calcium 0.99
Available phosphorus 0.44
Lysine 0.1
Methionine 0.47

“Vitamin premix provided the following per kg of diet: vitamin A (retinylacetate), 12,500 IU;
vitamin D (cholecalciferol), 2,500 IU; vitamin E (DL-a-tocopherol acetate), 18.75 mg;
vitamin K; (menadione sodium bisulfate), 2.65 mg; vitamin B,, 2mg; vitamin B,, 6 mg;
vitamin Bs, 6 mg; vitamin B,, (cyanocobalamin), 0.025 mg; biotin, 0.0325 mg; folic acid,

1.25 mg; pantothenic acid, 1.25 mg; nicotinic acid, 50 mg.

"Mineral premix provided per kilogram of complete diet: Cu (as copper sulfate), 8 mg; Zn (as
zinc sulfate), 75 mg; Fe (as ferrous sulfate), 80 mg; Mn (as manganese sulfate), 100 mg; Se (as
sodium selenite), 0.15mg; I (as potassium iodide), 0.35 mg.

“Calculated value based on the analyzed data of experimental diets.

and the remaining tissue samples and contents were frozen in liquid
nitrogen and transferred to —80°C for preservation.

2.3 Examination of intestinal morphology

The fixed ileum tissues were trimmed, dehydrated, embedded in
paraffin, sectioned, stained with hematoxylin and eosin (H&E),
microscopically examined and imaged using CaseViewer2.4 software to
record the morphology and structure of the ileum. Ten relatively
complete villi were selected from each ileum tissue section, and the villus
height and crypt depth were measured. The mean value was determined
and the ratio of villus height to crypt depth (V/C) was calculated.

2.4 Gene expression analysis using
quantitative real-time PCR

TRIzol reagent (Thermo Fisher Scientific, Ottawa, Canada) was
used to extract total RNA from ileum tissue, and gel electrophoresis on
1.0% agarose and Nano-drop2000 (Thermo Scientific, Ottawa, Canada)
absorbance measurements were used to determine RNA concentration
and purity. RNA was converted to cDNA with an Evo M-MLV mix kit
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(Accurate Biology, AG11728, China). NCBI/Primer-BLAST was used
to design target gene-specific primers (Table 2), which were used for
quantitative real-time. The SYBR Green premixed ProTaq-HS qPCR
kit (Accurate Biology, AG11701, China) was used to prepare the
reaction mixes and qRT-PCR was performed on a CFX-Connect real-
time PCR system (Bio-Rad Laboratories, Hercules, CA). The specific
operation is according to the instruction manual. The 274 method
was used to analyze the relative gene expression levels.

2.5 Analysis of the ileum microbiota

Total microbial genomic DNA was extracted from ileum contents
samples using the E.Z.N.A.® soil DNA kit (Omega Bio-tek, Norcross,
GA, United States) according to manufacturer’s instructions. The
quality and concentration of DNA were determined by 1.0% agarose
gel electrophoresis and absorbance measurements with a Nano-
drop2000 spectrometer (Thermo Scientific, Ottawa, Canada); DNA
aliquots were kept at —80°C for later testing. The hypervariable region,
V3-V4, of the bacterial 16S rRNA gene was amplified with the
following primer pairs (39).

338F (5'-ACTCCTACGGGAGGCAGCAG-3')

806R (5'-GGACTACHVGGGTWTCTAAT-3)

with an ABI GeneAmp® 9700 PCR thermocycler (ABI, CA,
United States). The PCR product was electrophoresed on a 2% agarose
gel, purified using the AxyPrep DNA gel extraction kit (Axygen
Biosciences, Union City, CA, United States), and quantified using a
Quantus™ fluorometer (Promega, United States). Purified amplicons
were pooled in equimolar amounts and paired-end sequencing was
done on an Illumina MiSeq PE300 platform (Illumina, San Diego,
United States) according to the standard protocols by Majorbio
Bio-Pharm Technology Co. Ltd. (Shanghai, China). The raw
sequencing reads were deposited into the NCBI sequence read archive
(SRA) database (Accession No: PRINA1052936). Raw FASTQ files
were quality-filtered with Fastp version 0.19.6 (40) and merged by
FLASH version 1.2.7 (41). The optimized sequences were clustered
into operational taxonomic units (OTUs) using UPARSE 7.1 (42) with
97% sequence similarity level, and the most abundant sequence for
each OTU was selected as representative. To minimize the effects of
sequencing depth on alpha and beta diversity calculations, the number
of 16S rRNA gene sequences from each sample were rarefied to
20,000, which still yielded an average Good’s coverage of 99.09%. The
taxonomy of each representative OTU sequence was determined using
the RDP classifier version 2.2 (43) against the 16S rRNA gene database
(Silva v138) using a confidence threshold of 0.7. The community
composition of each sample was calculated at different species
classification levels. Bioinformatic analysis of the ileum microbiota
was carried out using the Majorbio cloud platform.!

2.6 Statistical analysis

The experimental results were analyzed by one-way ANOVA
using SPSS software (ver. 20.0 for Windows, SPSS Inc., Chicago, IL,

1 https://cloud.majorbio.com
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TABLE 2 Primers for RT-qPCR analysis.

a .
Gene Primer sequence (5 to 3)>  GenBank
number

occludin F: ACGGCAGCACCTACCTCAA XM_025144247.2
R: GGGCGAAGAAGCAGATGAG

70-1 F: CITCAGGTGTTTCTCTTCCTCCTC | XM_021098886.1
R: CTGTGGTTTCA TGGCTGGATC

daudin-1 | F:CATACTCCTGGGTCTGGTTGGT ~ NM_001013611.2
R: GACAGCCA TCCGCA TCTTCT

daudin-2  F: CCTACATTGGTTCAAGCATCGTGA = NM_001277622.1
R: GATGTCGGGAGGCAGGTTGA

TNF-a F: GAGCGTTGACTTGGCTGTC NM_214022.1
R: AAGCAACAACCAGCTA TGCAC

1L-1p F: ACTGGGCA TCAAGGGCTA NM_214005.1
R: GGTAGAAGA TGAAGCGGGTC

L6 F: GCTGCGCTTCTACACAGA NM_204628.1
R: TCCCGTTCTCA TCCA TCTTCTC

IL-10 F: AGAAATCCCTCCTCGCCAAT NM_001004414.2
R: AAATAGCGAACGGCCCTCA

COX-2 F: CCGAATCGCAGCTGAATTCA NM_001277664.2
R: GAAAGGCCATGTTCCAGCAT

mPGES-1  F: AGGCTCAGGAAGAAGGCATT NM_001194983.1
R: CACAGCTCCAAGGAAGAGGA

GAPDH F: TGCTGCCCAGAACATCATCC NM_204305
R: ACGGCAGGTCAGGTCAACAA

*TNF-a, tumor necrosis factor-o; IL-1f, interleukin-1p; IL-6, interleukin-6; IL-10,
interleukin-10; COX-2, cyclooxygenase-2; mPGES-1, microsomal prostaglandin E
synthase-1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

YF, forward primer; R, reverse primer.

United States) followed by Duncan’s multiple comparison tests. The
data are expressed as mean * standard error, and p <0.05 indicates a
significant difference.

3 Results

3.1 Effects of AEE on ileal morphology in
immune-stressed broilers

The results of H&E staining (Figure 1A) showed that compared
with saline group, the villi in the ileum from the LPS group were
arranged sparsely, but feeding AEE alleviated the damage to the ileum
morphology caused by immune stress. By measuring the villus height
and crypt depth in the ileum, it was found that there was no significant
difference in villus height between the groups at 14d-2h, 14d-4h, and
21d. At 17d and 19d, the villus height in the LPS group was
significantly lower (p < 0.05) than that in the saline group (Figure 1B).
From 17 to 21days of age, the crypt depth in the LPS group was
significantly greater (p < 0.05) than control, and it was reduced in the
LPS+ AEE group compared with the LPS group, while there was no
significant difference in crypt depth between the saline+AEE group
and the saline group (Figure 1C). The V/C calculation of the LPS
group was lower (p < 0.05) than that of the saline group from 17 to
21days of age, and V/C was increased by the addition of AEE to the
diet (Figure 1D).
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3.2 Effects of AEE on relative mRNA
expression of tight junction genes in the
ileum of immune-stressed broilers

At 14d-2h, there was no significant difference in the expression
of the tight junction genes occludin (Figure 2A), zonula occludens-1
(ZO-1) (Figure 2B), claudin-1 (Figure 2C) and claudin-2 (Figure 2D)
between the LPS group and the saline+AEE group compared to the
saline group. From 14d-4h to 17d, the expression of the tight
junction genes in the LPS group was significantly lower (p < 0.05)
than that in the saline group, and the addition of AEE to the feed
significantly upregulated (p < 0.05) the expression of these genes. At
19d, the expression of claudin-1 in the AEE added groups was
significantly higher (p < 0.05) than that in the non-addition groups
(Figure 2C).

3.3 Effects of AEE on relative mRNA
expression of inflammatory cytokines in
the ileum of immune-stressed broilers

Compared with saline group, LPS-induced immune stress
significantly increased (p < 0.05) the relative mRNA expression of ileal
inflammatory factors tumor necrosis factor-a (TNF-a) (Figure 3A),
interleukin-1p (IL-14) (Figure 3B), interleukin-6 (IL-6) (Figure 3C)
and interleukin-10 (IL-10) (Figure 3D), COX-2 (Figure 3E) and
mPGES-1 (Figure 3F) in the ileum of broilers. TNF-a in the LPS group
showed high expression throughout the experiment, while the relative
expression of IL-1f, IL-6, IL-10, and mPGES-1 on 14d were higher
than that at the later stages, and the relative expression of COX-2 on
21d were higher than that at other time points. The expression of
TNF-a, IL-1f, IL-6, IL-10, COX-2, and mPGES-1 in the LPS+ AEE
group was significantly lower (p < 0.05) than that in LPS group, and
the differences were obvious at each time point.

3.4 Effects of AEE on ileal microbiota
composition and diversity in
immune-stressed broilers

Alpha diversity analysis showed that there were no significant
differences in the Simpson and Shannon indices of ileal microbiota
among the four groups at 21d (Figures 4A,B). Venn diagram analysis
(Figure 4C) of the composition of OTUs in the ileal microbiota at 21d
showed that the number of OTUs shared by the four groups was 119.
The number of unique OTUs in the saline, LPS, saline+AEE and
LPS+AEE groups was 26, 4, 27, and 34, respectively. Principal
Component Analysis (PCA) (Figure 4D) showed that the distribution
of community composition among the samples of the four treatment
groups was relatively concentrated. Community composition analysis
showed that the predominant phyla in the ileum of the four groups
(Figure 4E) were Firmicutes (84.77, 78.79, 79.59, 81.22%),
Proteobacteria (8.51, 16.72, 14.04, 6.79%), and Actinobacteriota
(6.50, 4.40, 6.28, 11.81%). Compared with the saline and LPS+ AEE
groups, the proportion of Firmicutes and Actinobacteriota in the LPS
group was lower, while the proportion of Proteobacteria was higher.
At the genus level (Figure 4F), the dominant genera in the ileum of
the four groups were Lactobacillus (75.55, 73.61, 66.63, 69.43%),
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FIGURE 1
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Effects of AEE on ileal morphology in immune-stressed broilers. (A) Morphological structure of ileal tissue. (B) Villus height. (C) Crypt depth. (D) V/C,
ratio of villus height to crypt depth. Each vertical bar represents the mean + SEM (n = 6). Bars with different letters differed significantly (p < 0.05). Scale
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(B), claudin-1 (C), and claudin-2 (D) mRNA in ileum. The gene for GAPDH was used as a reference for normalization. Each vertical bar represents the
mean + SEM (n = 6). Bars with different letters differed significantly (p < 0.05).

Escherichia-Shigella (7.71, 16.24, 12.94, 4.08%), Streptomyces (6.43,
4.39, 6.20, 11.71%), Paenibacillus (3.66, 1.41, 2.76, 5.70%),
Enterococcus (2.57, 1.79, 7.06, 1.04%), Bacillus (1.62, 0.52, 1.46,
2.29%), Ralstonia (0.41, 0.19, 0.33, 0.50%), Burkholderia-
Caballeronia-Paraburkholderia (0.28, 0.11, 0.44, 0.31%), and
Lactococcus (0.23, 0.16, 0.31, 0.35%). Compared with the saline
group, the proportion of Lactobacillus, Streptomyces, Paenibacillus,
Enterococcus and Bacillus in the LPS group was lower. The proportion
of Escherichia-Shigella in the LPS group was higher than that in the
saline group and the LPS+AEE group. The proportion of
Streptomyces, Paenibacillus and Bacillus in the LPS + AEE group was
higher than in the LPS group.
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3.5 Line discriminant analysis effect size
analysis of ileal microbiota

By LEfSe analysis of the saline and LPS groups, the saline group
was enriched in Brevibacillales, Brevibacillus and Brevibacillaceae,
while the LPS group was enriched in g_Clostridium_sensu_stricto_1,
o_Clostridiales, f_Clostridiaceae (Figure 5A). Compared with the LPS
group, the LPS+AEE group was enriched in Rhizobiales,
Rhizobiaceae, Allorhizobium-Neorhizobium-Pararhizobium-
Rhizobium, Lachnoclostridium, Ruminococcaceae, Streptococcus,
Faecalibacterium, Eisenbergiella, Blautia, DTU089, Negativibacillus,

Tuzzerella, Oscillospiraceae, UCG-005, Shuttleworthia,
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Clostridia_vadinBB60_group, Erysipelatoclostridium, Colidextribacter,
Oscillibacter, Flavonifractor and UCG-009 (Figure 5B). Compared with
the saline group, the saline+AEE group was enriched in Rhizobiales,
Rhizobiaceae, Allorhizobium-Neorhizobium-Pararhizobium-
Rhizobium, Eisenbergiella, Faecalibacterium, Anaerotruncus, DTU089,

Negativibacillus, GCA-900066575 and Tuzzerella (Figure 5C).

4 Discussion

The gut is not only a digestive organ, but also has a powerful
immune function in the body (44). The normal structure of the intestinal
mucosa is designed for digestion (45) and nutrient absorption, but also
has immunoregulatory activity. Intestinal villus height, crypt depth and
their ratio (V/C) are important indicators of intestinal health. The
restoration of normal intestinal morphology and structure can help
relieve stress and improve intestinal barrier function (46). The higher the
villus height, the larger the surface area available for nutrient absorption
(47). A shallower crypt depth indicates more mature cells (48) with
superior ability to digest and absorb beneficial compounds (49). The
V/C ratio reflects the comprehensive intestinal nutrient absorption
capacity and the degree of development (50). Broilers under intensive
production conditions are easily infected by pathogenic microorganisms,
which often induce immune stress in the chickens (51), causing damage
to the intestinal mucosa (52), intestinal villi atrophy (53), increased crypt
depth and intestinal permeability (54). Nie et al. (55) found that
LPS-induced immune stress increased intestinal permeability, damaged
mucosal structure, increased crypt depth, and decreased villus height
and V/C in chickens. Similarly, in this study, peritoneal injection of
broilers with LPS seriously damaged ileum morphology, and resulted in
a significant decrease in villus height on 17d and 19d, a significant
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increase in crypt depth from 17d to 21d, and a significant decrease in
V/C. However, dietary supplementation with AEE significantly reduced
the morphological damage and the villus crypt depth, and increased V/C
in the later stages of the experiment. This suggests that AEE has a
potential protective effect on intestinal barrier function and can promote
intestinal nutrient absorption by improving ileum villi morphology.
Tight junctions are the main connective structures between
intestinal mucosal epithelial cells (56), and they play a critical role in
maintaining the integrity of the intestinal mucosal structure and a
strong intestinal barrier (57). The tight junctions between intestinal
epithelial cells are formed by a number of specific proteins such as
occludin, claudins, ZOs and the junctional adhesion molecule (58).
Occludin and claudin-1 are mainly employed in the construction and
maintenance of tight junction structures (59), while claudin-2 forms
cell bypass pores and participates in water transport and ion transfer
(60). ZO-1 is an important scaffold protein, which regulates adhesion
junctions and signal transduction between cells by interacting with
other tight junction proteins (61). When broilers are subjected to
immune stress, the connections between the ileal epithelial cells
weaken, allowing more inflammatory pathogen molecules and
disease-causing bacteria to pass through and disrupt intestinal
immune function (62). According to a report (63), LPS stimulation
significantly decreased the expression of occludin, ZO-1 and claudin-1
in the ileum of broilers, and induced intestinal barrier dysfunction. In
this study, LPS-induced immune stress significantly reduced the
relative expression of the tight junction genes occludin, ZO-1, claudin-
1, and claudin-2 in the ileum at 14d-4h, 15d, and 17d, which is
evidence of impaired intestinal barrier function. Dietary AEE
supplementation significantly increased the expression of these tightly
linked genes in the ileum of immune-stressed broilers, especially in
the early stages of the experiment. Taken together, these results suggest
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that AEE has a positive regulatory effect on intestinal tight junction

gene expression, thereby improving intestinal barrier function.
Intestinal barrier damage is often associated with an inflammatory

response (64), and signals from the inflammatory cytokines are key to
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the regulation of the inflammatory response (65). TNF-a and IL-1f are
important pro-inflammatory cytokines in the intestine (66), and IL-6
has both pro-inflammatory and anti-inflammatory regulatory
properties, depending on the environment in which it is produced and
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released (67). IL-10 is a critical anti-inflammatory cytokine with
immunomodulatory functions (68), which can inhibit the expression
of TNF-a, IL-6, and IL-1f3 (69). When pro-inflammatory cytokines are

Frontiers in Veterinary Science 08

expressed in large quantities, the body can lower the inflammatory
response by up-regulating the expression of anti-inflammatory
cytokines (70), which jointly participate in maintaining the immune
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balance and barrier function of the intestine. The results of this study
showed that intraperitoneal injection of LPS significantly enhanced the
mRNA expression of the ileal inflammatory factors TNF-a, IL-1f, IL-6,
and IL-10 throughout the trial. However, increased levels of IL-10
mRNA expression are not always beneficial. In some cases, the high
expression of IL-10 may inhibit the effective clearance of pathogens by
the immune system, leading to the persistence or aggravation of
infection. In addition, in some autoimmune diseases, the regulatory
function of IL-10 may be impaired, making inflammation still unable
to be effectively controlled even when the IL-10 mRNA expression level
is increased. Therefore, the results of this study fully confirmed the
LPS-mediated intestinal inflammatory response in broilers. Consistent
with our results, Liu et al. (71) showed that LPS treatment led to
increased mRNA expression of TNF-q, IL-1f, and IL-6 in the ileum of
broilers. LPS can induce systemic inflammatory response in animals
by regulating I-kB kinase/NF-kB, Toll-like receptors and downstream
cytokine genes signaling pathways (72). In this study, the expression of
ileal inflammatory factor genes in the LPS+AEE group was
significantly down-regulated compared with the LPS group, suggesting
that AEE had a significant alleviating effect on ileal inflammation in
broilers exposed to immune stress. Similar studies have confirmed that
AEE shows good anti-inflammatory properties both in vivo and in vitro
(20). It can inhibit the formation of LPS-induced inflammatory
mediators, and significantly reduce the expression and secretion of
inflammatory cytokines such as IL-1, TNF-a, and IL-6, thus alleviating
the inflammatory response (18). Thus, our study strongly supports the
anti-inflammatory potential of AEE in broilers and provides a
theoretical basis for the role of AEE in resisting immune stress.

It is well known that stress can activate the Hypothalamic—
Pituitary-Adrenal (HPA) axis, and our previous studies have found
that the HPA axis can be activated by up-regulation of the expression
of the COX-2/mPGES-1/PGE, signaling pathway in LPS-induced
immune stress models (73). In this study, we obtained the same results:
the expression of COX-2 and its downstream enzyme mPGES-1 in the
ileum of broilers in the LPS group was significantly higher than that
in saline group. COX-2 is only expressed at low levels in most tissues
and organs in a healthy body. It is induced by cytokines at the site of
inflammation and injury, causing the synthesis and accumulation of
prostaglandins at the damaged site, promoting an inflammatory
response leading to tissue damage (74), which is consistent with the
above elevated expression of ileum inflammatory factor genes in
broilers treated with LPS. These results suggest that ileal inflammation
induced by peritoneal injection of LPS may also be related to the
increased mRNA levels of COX-2 and mPGES-1 in broilers. The
COX-2-related signaling pathway can also regulate the expression of
intestinal tight junction proteins (75). This would affect the integrity
of the intestinal epithelial barrier, suggesting that the decrease in tight
junction gene expression caused by LPS stimulation may involve the
activation of the COX-2-related signaling pathway. Previous studies
have confirmed that AEE can regulate the pathways associated with
arachidonic acid metabolism and reduce the expression of COX-2 and
other genes (20). Similarly, the data of this study showed that the
addition of AEE significantly decreased the mRNA expression of
COX-2 and mPGES-1 in the ileum of broilers under LPS-induced
immune stress. Thus, we further confirmed the protective effect of
AEE on intestinal health in immune-stressed broilers by alleviating
ileal inflammation and improving barrier function through a
mechanism that may involve COX-2-related signal transduction.
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The current study also revealed that the composition of gut
microbes can significantly affect the health of poultry (76). The intestinal
microbiota plays an important role in inhibiting pathogen infection and
regulating digestion and nutrient absorption (77). The beneficial
microbes help to maintain homeostasis by protecting the intestinal
barrier (78) and regulating the nervous, endocrine and immune
systems, which are indispensable parts of the body (79, 80). Under
normal conditions, the intestinal microbiota of broilers is in a relatively
stable equilibrium, with the beneficial gut bacteria colonizing the
intestinal mucosa, thus preventing the attachment and growth of
pathogenic bacteria and promoting the optimal regulation of the
immune system and other physiological processes (31, 32). However,
when the body is stressed, the harmful bacteria in the intestine multiply
rapidly and produce a large amount of bacterial endotoxin, which causes
an imbalance in the normal microbial community in the gut (83),
changes the normal physiological and biochemical environment of the
intestine, negatively affects normal intestinal function, and can lead to
host disease (84). In this study, immune stress reduced the relative
abundance of beneficial bacteria, such as Firmicutes, and increased the
relative abundance of harmful bacteria, such as Proteobacteria, in the
ileum of broilers. Firmicutes are a common type of dominant bacteria
in the intestines of broilers (85). They participate in the host's material
and energy metabolism processes (86), produce butyrate that promotes
the development of intestinal epithelial cells and has anti-inflammatory
effects (87), and they are capable of digesting dietary fiber and other
food components, and interacting with the intestinal mucosa to protect
health (88). There are many pathogenic microorganisms in the phylum
Proteobacteria, such as Helicobacter pylori, Escherichia and Salmonella
(89), and an increase in Proteobacteria is a sign of gut bacterial
imbalance (90). On the genus level, the proportion of beneficial bacteria
such as Lactobacillus in the ileum of the LPS group was lower than that
in the saline group, while the proportion of Escherichia-Shigella was
higher. Lactobacillus is a common probiotic in the phylum Bacteroidota
(91), which can ferment in the intestine to produce lactic acid, reduce
intestinal pH to inhibit the growth of harmful bacteria, and effectively
maintain the acid-base balance of the intestine (92). It can also help to
enhance immune function and provide nutritional support to promote
intestinal health (93). Escherichia-Shigella can cause gastrointestinal
infections such as diarrhea and food poisoning (94). This further
suggests that LPS-induced immune stress can lead to intestinal
microecological imbalance. In this study, the addition of AEE increased
the proportion of Firmicutes and Lactobacillus in the ileum of broilers
stimulated by LPS, and reduced the proportion of Proteobacteria and
Escherichia-Shigella, which proves that AEE can regulate the ileum
microbiota of broilers under immune stress, alleviate the microbial
imbalance caused by LPS stimulation, and improve intestinal health.
This is consistent with the findings of Ma et al. (25) and Lu et al. (26).
LEfSe analysis showed that Brevibacillus was dominant in the saline
group compared with the LPS group, and we found that bacillus
fermentation products could improve intestinal morphology and
growth performance, increase short-chain fatty acid (SCFA) level,
normalize gut microbial composition and maintain optimal intestinal
health of broilers (95). Compared with the LPS group, the LPS+AEE
group was rich in Rhizobium, Lachnoclostridium, Ruminococcaceae,
Faecalibacterium, Negativibacillus, Oscillospiraceae, Flavonifractor, and
others that have also been shown to play an important role in
maintaining health (96-99). B-glucan extracted from Rhizobium can
promote growth and immune regulation and can control obesity (100).
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Lachnoclostridium has important metabolic and immunomodulatory
functions in the intestinal microbiota, and its abundance is positively
correlated with the level of acetic acid in the intestine, which can
effectively stabilize the intestinal environment through anti-
inflammatory and immunosuppressive effects (101). Ruminococcaceae
can break down plant cellulose and other complex carbohydrates and
produces short-chain fatty acids, such as butyric acid and acetic acid,
which are essential for maintaining gut health (102). Faecalibacterium
plays an important role in promoting intestinal barrier function and
inhibiting inflammation (103). Taken as a whole, the results of these
experiments demonstrate that the addition of AEE can improve the
intestinal bacterial composition of broilers, thereby contributing to the
improvement of digestion, absorption and immune function.

5 Conclusion

Supplementation of broiler diets with 0.1g/kg AEE protected
intestinal health by improving intestinal villus morphology, enhancing
tight junction gene expression and reducing the inflammatory
response and immune stress of broilers caused by LPS stimulation,
and the mechanism may be related to COX-2 signal transduction and
improved intestinal microbiota composition.

Data availability statement

The data presented in the study are deposited in the https://www.
ncbinlm.nih.gov/, accession number PRINA1052936.

Ethics statement

The animal study was approved by Animal Care and Use
Committee of Henan University of Science and Technology. The study
was conducted in accordance with the local legislation and
institutional requirements.

Author contributions

RZ: Data curation, Formal analysis, Investigation, Writing — original
draft. DB: Investigation, Writing - original draft. WZ: Data curation,
Formal analysis, Writing - review & editing. XH: Data curation, Formal
analysis, Writing — review & editing. HZ: Data curation, Formal

References

1. Jiang S, Yan F-E Hu J-Y, Mohammed A, Cheng H-W. Bacillus subtilis-based
probiotic improves skeletal health and immunity in broiler chickens exposed to heat
stress. Animals (Basel). (2021) 11:1494. doi: 10.3390/ani11061494

2. Liu K, Zhen W, Bai D, Tan H, He X, Li Y, et al. Lipopolysaccharide-induced immune
stress negatively regulates broiler chicken growth via the COX-2-PGE2-EP4 signaling
pathway. Front Immunol. (2023) 14:1193798. doi: 10.3389/fimmu.2023.1193798

3. Zhao L, Liu M, Sun H, Yang J-C, Huang Y-X, Huang J-Q, et al. Selenium deficiency-
induced multiple tissue damage with dysregulation of immune and redox homeostasis
in broiler chicks under heat stress. Sci China Life Sci. (2023) 66:2056-69. doi: 10.1007/
s11427-022-2226-1

4. Mowat AM, Agace WW. Regional specialization within the intestinal immune
system. Nat Rev Immunol. (2014) 14:667-85. doi: 10.1038/nri3738

Frontiers in Veterinary Science

10.3389/fvets.2024.1401909

analysis, Writing - review & editing. JZ: Data curation, Formal analysis,
Writing - review & editing. YZ: Writing - review & editing. KI: Writing
- review & editing. BZ: Writing — review & editing. YY: Supervision,
Writing - review & editing. JL: Supervision, Writing - review & editing.
YM: Project administration, Writing — review & editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. The research
was supported in part by the National Key Research and Development
Program of China (2022YFE0111100), the Key Scientific Research
Foundation of the Higher Education Institutions of Henan Province
(22A230001), the Science Foundation for Expat Scientist Studio for
Animal Stress and Health Breeding of Henan Province (Grant
Number GZS2021006), and the Program for International S&T
Cooperation Projects of Henan (232102521012).

Acknowledgments

The authors are grateful to the College of Animal Science and
Technology, Henan University of Science and Technology for the use
of experimental facilities, and we would particularly like to thank the
International Joint Lab for Animal Welfare and Health Breeding of
Henan Province, the Expat Scientist Studio for Animal Stress and
Health Breeding of Henan Province, and the Longmen Laboratory for
supportive academic advice provided during this study.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher's note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

5. Garrett WS, Gordon JI, Glimcher LH. Homeostasis and inflammation in the
intestine. Cell. (2010) 140:859-70. doi: 10.1016/j.cell.2010.01.023

6. Magrone T, Jirillo E. The interplay between the gut immune system and microbiota
in health and disease: nutraceutical intervention for restoring intestinal homeostasis.
Curr Pharm Des. (2013) 19:1329-42. doi: 10.2174/138161213804805793

7. Kau AL, Ahern PP, Griffin NW, Goodman AL, Gordon JI. Human nutrition, the
gut microbiome and the immune system. Nature. (2011) 474:327-36. doi: 10.1038/
naturel0213

8. Akritidou T, Akkermans S, Smet C, Gaspari S, Sharma C, Matthews E, et al. Gut
microbiota of the small intestine as an antimicrobial barrier against foodborne pathogens:
impact of diet on the survival of S. Typhimurium and L. monocytogenes during in vitro
digestion. Food Res Int. (2023) 173:113292. doi: 10.1016/j.foodres.2023.113292

frontiersin.org


https://doi.org/10.3389/fvets.2024.1401909
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://doi.org/10.3390/ani11061494
https://doi.org/10.3389/fimmu.2023.1193798
https://doi.org/10.1007/s11427-022-2226-1
https://doi.org/10.1007/s11427-022-2226-1
https://doi.org/10.1038/nri3738
https://doi.org/10.1016/j.cell.2010.01.023
https://doi.org/10.2174/138161213804805793
https://doi.org/10.1038/nature10213
https://doi.org/10.1038/nature10213
https://doi.org/10.1016/j.foodres.2023.113292

Zhang et al.

9. Mao J, Wang Y, Wang W, Duan T, Yin N, Guo T, et al. (dandelion) on growth
performance, expression of genes coding for tight junction protein and mucin,
microbiota composition and short chain fatty acids in ileum of broiler chickens. BMC
Vet Res. (2022) 18:180. doi: 10.1186/s12917-022-03278-5

10. Stokes CR. The development and role of microbial-host interactions in gut
mucosal immune development. | Anim Sci Biotechnol. (2017) 8:12. doi: 10.1186/
540104-016-0138-0

11.Li G, Lin ], Zhang C, Gao H, Lu H, Gao X, et al. Microbiota metabolite butyrate
constrains neutrophil functions and ameliorates mucosal inflammation in inflammatory
bowel disease. Gut Microbes. (2021) 13:1968257. doi: 10.1080/19490976.2021.1968257

12. Gasaly N, de Vos P, Hermoso MA. Impact of bacterial metabolites on gut barrier
function and host immunity: a focus on bacterial metabolism and its relevance for
intestinal inflammation. Front Immunol. (2021) 12:658354. doi: 10.3389/
fimmu.2021.658354

13. Rinninella E, Cintoni M, Raoul P, Lopetuso LR, Scaldaferri F, Pulcini G, et al. Food
components and dietary habits: keys for a healthy gut microbiota composition.
Nutrients. (2019) 11:2393. doi: 10.3390/nu11102393

14. Huang M-Z, Lu X-R, Yang Y-J, Liu X-W, Qin Z, Li J-Y. Cellular metabolomics
reveal the mechanism underlying the anti-atherosclerotic effects of aspirin eugenol Ester
on vascular endothelial dysfunction. Int J Mol Sci. (2019) 20:3165. doi: 10.3390/
ijms20133165

15.LiJ, Yu 'Y, Yang Y, Liu X, Zhang J, Li B, et al. A 15-day oral dose toxicity study of
aspirin eugenol ester in Wistar rats. Food Chem Toxicol. (2012) 50:1980-5. doi: 10.1016/j.
fct.2012.03.080

16. Shen Y, Liu X, Yang Y, Li J, Ma N, Li B. In vivo and in vitro metabolism of aspirin
eugenol ester in dog by liquid chromatography tandem mass spectrometry. Biomed
Chromatogr. (2015) 29:129-37. doi: 10.1002/bmc.3249

17. Huang M-Z, Yang Y-J, Liu X-W, Qin Z, LiJ-Y. Aspirin eugenol ester attenuates
oxidative injury of vascular endothelial cells by regulating NOS and Nrf2 signalling
pathways. Br ] Pharmacol. (2019) 176:906-18. doi: 10.1111/bph.14592

18. Tao Q, Zhang Z-D, Qin Z, Liu X-W, Li S-H, Bai L-X, et al. Aspirin eugenol ester
alleviates lipopolysaccharide-induced acute lung injury in rats while stabilizing serum
metabolites levels. Front Immunol. (2022) 13:939106. doi: 10.3389/fimmu.2022.939106

19. Liu Y-X, Liu X-W, Yang Y-J, Li S-H, Bai L-X, Ge W-B, et al. AEE alleviates ox-LDL-
induced lipid accumulation and inflammation in macrophages. Biomed Pharmacother.
(2023) 167:115486. doi: 10.1016/j.biopha.2023.115486

20. Liu X, Tao Q, Shen Y, Liu X, Yang Y, Ma N, et al. Aspirin eugenol ester ameliorates
LPS-induced inflammatory responses in RAW264.7 cells and mice. Front Pharmacol.
(2023) 14:1220780. doi: 10.3389/fphar.2023.1220780

21. Huang M-Z, Zhang Z-D, Yang Y-J, Liu X-W, Qin Z, Li J-Y. Aspirin eugenol Ester
protects vascular endothelium from oxidative injury by the apoptosis signal regulating
Kinase-1 pathway. Front Pharmacol. (2020) 11:588755. doi: 10.3389/fphar.2020.588755

22. Zhang Z-D, Huang M-Z, Yang Y-J, Liu X-W, Qin Z, Li S-H, et al. Aspirin eugenol
Ester attenuates Paraquat-induced hepatotoxicity by inhibiting oxidative stress. Front
Physiol. (2020) 11:582801. doi: 10.3389/fphys.2020.582801

23.LiJ, Kong X, Li X, Yang Y, Zhang ]. Genotoxic evaluation of aspirin eugenol ester
using the Ames test and the mouse bone marrow micronucleus assay. Food Chem
Toxicol. (2013) 62:805-9. doi: 10.1016/j.fct.2013.10.010

24. Lin T-L, Lu C-C, Lai W-E Wu T-S, Lu J-J, Chen Y-M, et al. Role of gut microbiota
in identification of novel TCM-derived active metabolites. Protein Cell. (2021)
12:394-410. doi: 10.1007/s13238-020-00784-w

25.Ma N, Liu X-W, Kong X-J, Li S-H, Jiao Z-H, Qin Z, et al. Aspirin eugenol ester
regulates cecal contents metabolomic profile and microbiota in an animal model of
hyperlipidemia. BMC Vet Res. (2018) 14:405. doi: 10.1186/s12917-018-1711-x

26. Lu X-R, Liu X-W, Li S-H, Qin Z, Bai L-X, Ge W-B, et al. Untargeted lipidomics
and metagenomics reveal the mechanism of aspirin eugenol ester relieving
hyperlipidemia in ApoE—/— mice. Front Nutr. (2022) 9:1030528. doi: 10.3389/
fnut.2022.1030528

27.MaN, Liu X, Kong X, Li S, Jiao Z, Qin Z, et al. Feces and liver tissue metabonomics
studies on the regulatory effect of aspirin eugenol eater in hyperlipidemic rats. Lipids
Health Dis. (2017) 16:240. doi: 10.1186/s12944-017-0633-0

28.MaN, Yang G-Z, Liu X-W, Yang Y-J, Mohamed I, Liu G-R, et al. Impact of aspirin
eugenol ester on cyclooxygenase-1, cyclooxygenase-2, C-reactive protein, prothrombin
and arachidonate 5-lipoxygenase in healthy rats. Iran ] Pharm Res. (2017) 16:1443-51.

29. Rodriguez-Lagunas MJ, Martin-Venegas R, Moreno J], Ferrer R. PGE2 promotes
Ca2+—mediated epithelial barrier disruption through EP1 and EP4 receptors in Caco-2
cell monolayers. Am ] Physiol Cell Physiol. (2010) 299:C324-34. doi: 10.1152/
ajpcell.00397.2009

30. Golden JM, Escobar OH, Nguyen MVL, Mallicote MU, Kavarian P, Frey MR, et al.
Ursodeoxycholic acid protects against intestinal barrier breakdown by promoting
enterocyte migration via EGFR-and COX-2-dependent mechanisms. Am ] Physiol
Gastrointest Liver Physiol. (2018) 315:G259-71. doi: 10.1152/ajpgi.00354.2017

31.Na YR, Jung D, Stakenborg M, Jang H, Gu GJ, Jeong MR, et al. Prostaglandin E2
receptor PTGER4-expressing macrophages promote intestinal epithelial barrier

regeneration upon inflammation. Gut. (2021) 70:2249-60. doi: 10.1136/
gutjnl-2020-322146
Frontiers in Veterinary Science

11

10.3389/fvets.2024.1401909

32.Guo S, Huang Z, Zhu J, Yue T, Wang X, Pan Y, et al. CBS-H2S axis preserves the
intestinal barrier function by inhibiting COX-2 through sulfhydrating human antigen
Rin colitis. ] Adv Res. (2023) 44:201-12. doi: 10.1016/j.jare.2022.03.010

33. Biesmans S, Acton PD, Cotto C, Langlois X, Ver Donck L, Bouwknecht JA, et al.
Effect of stress and peripheral immune activation on astrocyte activation in transgenic
bioluminescent Gfap-luc mice. Glia. (2015) 63:1126-37. doi: 10.1002/glia.22804

34. Chiaramonte M, Inguglia L, Vazzana M, Deidun A, Arizza V. Stress and immune
response to bacterial LPS in the sea urchin Paracentrotus lividus (Lamarck, 1816). Fish
Shellfish Immunol. (2019) 92:384-94. doi: 10.1016/j.£51.2019.06.017

35. Wu R, Chen E, Wang N, Tang D, Kang R. ACODI in immunometabolism and
disease. Cell Mol Immunol. (2020) 17:822-33. doi: 10.1038/s41423-020-0489-5

36. Yang XJ, Li WL, Feng Y, Yao JH. Effects of immune stress on growth performance,
immunity, and cecal microflora in chickens. Poult Sci. (2011) 90:2740-6. doi: 10.3382/
ps.2011-01591

37.Tan H, Zhen W, Bai D, Liu K, He X, Ito K, et al. Effects of dietary chlorogenic acid
on intestinal barrier function and the inflammatory response in broilers during
lipopolysaccharide-induced immune stress. Poult Sci. (2023) 102:102623. doi: 10.1016/j.
Psj.2023.102623

38. Zhong J, Zhen W, Bai D, Hu X, Zhang H, Zhang R, et al. Effects of aspirin eugenol
Ester on liver oxidative damage and energy metabolism in immune-stressed broilers.
Antioxidants. (2024) 13:341. doi: 10.3390/antiox13030341

39. Liu C, Zhao D, Ma W, Guo Y, Wang A, Wang Q, et al. Denitrifying sulfide removal
process on high-salinity wastewaters in the presence of Halomonas sp. Appl Microbiol
Biotechnol. (2016) 100:1421-6. doi: 10.1007/s00253-015-7039-6

40. Chen S, Zhou Y, Chen Y, Gu J. Fastp: an ultra-fast all-in-one FASTQ preprocessor.
Bioinformatics. (2018) 34:1884-90. doi: 10.1093/bioinformatics/bty560

41. Magoc T, Salzberg SL. FLASH: fast length adjustment of short reads to improve
genome assemblies. Bioinformatics. (2011) 27:2957-63. doi: 10.1093/bioinformatics/
btr507

42. Edgar RC. UPARSE: highly accurate OTU sequences from microbial amplicon
reads. Nat Methods. (2013) 10:996-8. doi: 10.1038/nmeth.2604

43. Wang Q, Garrity GM, Tiedje JM, Cole JR. Naive Bayesian classifier for rapid
assignment of rRNA sequences into the new bacterial taxonomy. Appl Environ Microbiol.
(2007) 73:5261-7. doi: 10.1128/ AEM.00062-07

44. Wu Y, Zhen W, Geng Y, Wang Z, Guo Y. Pretreatment with probiotic Enterococcus
faecium NCIMB 11181 ameliorates necrotic enteritis-induced intestinal barrier injury
in broiler chickens. Sci Rep. (2019) 9:10256. doi: 10.1038/s41598-019-46578-x

45.Han L, Zhang M, Li E, Su J, Wang R, Li G, et al. 10-hydroxy-2-decenoic acid
alleviates lipopolysaccharide-induced intestinal mucosal injury through anti-
inflammatory, antioxidant, and gut microbiota modulation activities in chickens. Front
Microbiol. (2023) 14:1285299. doi: 10.3389/fmicb.2023.1285299

46. Viveros A, Chamorro S, Pizarro M, Arija I, Centeno C, Brenes A. Effects of dietary
polyphenol-rich grape products on intestinal microflora and gut morphology in broiler
chicks. Poult Sci. (2011) 90:566-78. doi: 10.3382/ps.2010-00889

47.Qin Y, Wang S, Huang W, Li K, Wu M, Liu W, et al. Chlorogenic acid improves
intestinal morphology by enhancing intestinal stem-cell activity. ] Sci Food Agric. (2023)
103:3287-94. doi: 10.1002/jsfa.12469

48.Liu Q, Du P, Zhu Y, Zhang X, Cai J, Zhang Z. Thioredoxin reductase 3 suppression
promotes colitis and carcinogenesis via activating pyroptosis and necrosis. Cell Mol Life
Sci. (2022) 79:106. doi: 10.1007/s00018-022-04155-y

49. Wang Z, Hu J, Yang X, Yin L, Wang M, Yin Y, et al. N-acetyl-D-glucosamine
improves the intestinal development and nutrient absorption of weaned piglets via
regulating the activity of intestinal stem cells. Anim Nutr. (2022) 8:10-7. doi: 10.1016/j.
aninu.2021.04.008

50. Adelman DC, Murray J, Wu T-T, Maki M, Green PH, Kelly CP. Measuring change
in small intestinal histology in patients with celiac disease. Am J Gastroenterol. (2018)
113:339-47. doi: 10.1038/ajg.2017.480

51. El-Ghareeb WR, Kishawy ATY, Anter RGA, Aboelabbas Gouda A, Abdelaziz WS,
Alhawas B, et al. Novel antioxidant insights of Myricetin on the performance of broiler
chickens and alleviating experimental infection with Eimeria spp.: crosstalk between
oxidative stress and inflammation. Antioxidants (Basel). (2023) 12:1026. doi: 10.3390/
antiox12051026

52. Bhattacharyya A, Chattopadhyay R, Mitra S, Crowe SE. Oxidative stress: an
essential factor in the pathogenesis of gastrointestinal mucosal diseases. Physiol Rev.
(2014) 94:329-54. doi: 10.1152/physrev.00040.2012

53. Dannappel M, Vlantis K, Kumari S, Polykratis A, Kim C, Wachsmuth L, et al.
RIPK1 maintains epithelial homeostasis by inhibiting apoptosis and necroptosis. Nature.
(2014) 513:90-4. doi: 10.1038/nature13608

54. YuJ, Zheng C, Zheng J, Duan G, Guo Q, Zhang P, et al. Development of intestinal
injury and restoration of weaned piglets under chronic immune stress. Antioxidants
(Basel). (2022) 11:2215. doi: 10.3390/antiox11112215

55.Nie W, Wang B, Gao ], Guo Y, Wang Z. Effects of dietary phosphorous
supplementation on laying performance, egg quality, bone health and immune responses
of laying hens challenged with Escherichia coli lipopolysaccharide. ] Anim Sci Biotechnol.
(2018) 9:53. doi: 10.1186/540104-018-0271-z

frontiersin.org


https://doi.org/10.3389/fvets.2024.1401909
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://doi.org/10.1186/s12917-022-03278-5
https://doi.org/10.1186/s40104-016-0138-0
https://doi.org/10.1186/s40104-016-0138-0
https://doi.org/10.1080/19490976.2021.1968257
https://doi.org/10.3389/fimmu.2021.658354
https://doi.org/10.3389/fimmu.2021.658354
https://doi.org/10.3390/nu11102393
https://doi.org/10.3390/ijms20133165
https://doi.org/10.3390/ijms20133165
https://doi.org/10.1016/j.fct.2012.03.080
https://doi.org/10.1016/j.fct.2012.03.080
https://doi.org/10.1002/bmc.3249
https://doi.org/10.1111/bph.14592
https://doi.org/10.3389/fimmu.2022.939106
https://doi.org/10.1016/j.biopha.2023.115486
https://doi.org/10.3389/fphar.2023.1220780
https://doi.org/10.3389/fphar.2020.588755
https://doi.org/10.3389/fphys.2020.582801
https://doi.org/10.1016/j.fct.2013.10.010
https://doi.org/10.1007/s13238-020-00784-w
https://doi.org/10.1186/s12917-018-1711-x
https://doi.org/10.3389/fnut.2022.1030528
https://doi.org/10.3389/fnut.2022.1030528
https://doi.org/10.1186/s12944-017-0633-0
https://doi.org/10.1152/ajpcell.00397.2009
https://doi.org/10.1152/ajpcell.00397.2009
https://doi.org/10.1152/ajpgi.00354.2017
https://doi.org/10.1136/gutjnl-2020-322146
https://doi.org/10.1136/gutjnl-2020-322146
https://doi.org/10.1016/j.jare.2022.03.010
https://doi.org/10.1002/glia.22804
https://doi.org/10.1016/j.fsi.2019.06.017
https://doi.org/10.1038/s41423-020-0489-5
https://doi.org/10.3382/ps.2011-01591
https://doi.org/10.3382/ps.2011-01591
https://doi.org/10.1016/j.psj.2023.102623
https://doi.org/10.1016/j.psj.2023.102623
https://doi.org/10.3390/antiox13030341
https://doi.org/10.1007/s00253-015-7039-6
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1093/bioinformatics/btr507
https://doi.org/10.1093/bioinformatics/btr507
https://doi.org/10.1038/nmeth.2604
https://doi.org/10.1128/AEM.00062-07
https://doi.org/10.1038/s41598-019-46578-x
https://doi.org/10.3389/fmicb.2023.1285299
https://doi.org/10.3382/ps.2010-00889
https://doi.org/10.1002/jsfa.12469
https://doi.org/10.1007/s00018-022-04155-y
https://doi.org/10.1016/j.aninu.2021.04.008
https://doi.org/10.1016/j.aninu.2021.04.008
https://doi.org/10.1038/ajg.2017.480
https://doi.org/10.3390/antiox12051026
https://doi.org/10.3390/antiox12051026
https://doi.org/10.1152/physrev.00040.2012
https://doi.org/10.1038/nature13608
https://doi.org/10.3390/antiox11112215
https://doi.org/10.1186/s40104-018-0271-z

Zhang et al.

56. Tscheik C, Blasig IE, Winkler L. Trends in drug delivery through tissue barriers
containing tight junctions. Tissue Barriers. (2013) 1:¢24565. doi: 10.4161/tisb.24565

57.Liu J, Liang S, Qin K, Jia B, Ren Z, Yang X, et al. Acer truncatum leaves extract
modulates gut microbiota, improves antioxidant capacity, and alleviates
lipopolysaccharide-induced inflammation in broilers. Poult Sci. (2023) 102:102951. doi:
10.1016/j.psj.2023.102951

58. Chao A-C, Lee T-C, Juo S-HH, Yang D-I. Hyperglycemia increases the production
of amyloid Beta-peptide leading to decreased endothelial tight junction. CNS Neurosci
Ther. (2016) 22:291-7. doi: 10.1111/cns.12503

59. Ru M, Wang W, Zhai Z, Wang R, Li Y, Liang J, et al. Nicotinamide mononucleotide
supplementation protects the intestinal function in aging mice and D-galactose induced
senescent cells. Food Funct. (2022) 13:7507-19. doi: 10.1039/d2f000525¢

60. Ganapathy AS, Saha K, Suchanec E, Singh V, Verma A, Yochum G, et al. AP2M1
mediates autophagy-induced CLDN2 (claudin 2) degradation through endocytosis and
interaction with LC3 and reduces intestinal epithelial tight junction permeability.
Autophagy. (2022) 18:2086-103. doi: 10.1080/15548627.2021.2016233

61. Kuo W-T, Zuo L, Odenwald MA, Madha S, Singh G, Gurniak CB, et al. The tight
junction protein ZO-1 is dispensable for barrier function but critical for effective
mucosal repair.  Gastroenterology. (2021) 161:1924-39. doi:  10.1053/j.
gastro.2021.08.047

62. Gronke K, Hernandez PP, Zimmermann J, Klose CSN, Kofoed-Branzk M, Guendel
E et al. Interleukin-22 protects intestinal stem cells against genotoxic stress. Nature.
(2019) 566:249-53. doi: 10.1038/s41586-019-0899-7

63. Chang Y, Yuan L, Liu J, Muhammad I, Cao C, Shi C, et al. Dihydromyricetin
attenuates Escherichia coli lipopolysaccharide-induced ileum injury in chickens by
inhibiting NLRP3 inflammasome and TLR4/NF-kB signalling pathway. Vet Res. (2020)
51:72. doi: 10.1186/s13567-020-00796-8

64. Bruewer M, Luegering A, Kucharzik T, Parkos CA, Madara JL, Hopkins AM, et al.
Proinflammatory cytokines disrupt epithelial barrier function by apoptosis-independent
mechanisms. ] Immunol. (2003) 171:6164-72. doi: 10.4049/jimmunol.171.
11.6164

65. Mahapatro M, Erkert L, Becker C. Cytokine-mediated crosstalk between immune
cells and epithelial cells in the gut. Cells. (2021) 10:111. doi: 10.3390/cells10010111

66. Zhong G, Wan F, Lan J, Jiang X, Wu S, Pan J, et al. Arsenic exposure induces
intestinal barrier damage and consequent activation of gut-liver axis leading to
inflammation and pyroptosis of liver in ducks. Sci Total Environ. (2021) 788:147780. doi:
10.1016/j.scitotenv.2021.147780

67. Forcina L, Franceschi C, Musaro A. The hormetic and hermetic role of IL-6. Ageing
Res Rev. (2022) 80:101697. doi: 10.1016/j.arr.2022.101697

68. Saraiva M, Vieira P, O’'Garra A. Biology and therapeutic potential of interleukin-10.
J Exp Med. (2020) 217:€20190418. doi: 10.1084/jem.20190418

69. Ouyang W, Rutz S, Crellin NK, Valdez PA, Hymowitz SG. Regulation and
functions of the IL-10 family of cytokines in inflammation and disease. Annu Rev
Immunol. (2011) 29:71-109. doi: 10.1146/annurev-immunol-031210-101312

70. Mannino MH, Zhu Z, Xiao H, Bai Q, Wakefield MR, Fang Y. The paradoxical role
of IL-10 in immunity and cancer. Cancer Lett. (2015) 367:103-7. doi: 10.1016/j.
canlet.2015.07.009

71.Liu J, Zhao L, Zhao Z, Wu Y, Cao J, Cai H, et al. Rubber (Hevea brasiliensis) seed
oil supplementation attenuates immunological stress and inflammatory response in
lipopolysaccharide-challenged laying hens. Poult Sci. (2022) 101:102040. doi: 10.1016/j.
Psj.2022.102040

72.Lv Z, Fan H, Gao M, Zhang X, Li G, Fan Y, et al. The accessible chromatin
landscape of lipopolysaccharide-induced systemic inflammatory response identifying
epigenome signatures and transcription regulatory networks in chickens. Int J Biol
Macromol. (2024) 266:131136. doi: 10.1016/j.ijbiomac.2024.131136

73. Ma Y, Matsuwaki T, Yamanouchi K, Nishihara M. Glucocorticoids suppress the
protective effect of Cyclooxygenase-2-related signaling on hippocampal neurogenesis
under acute immune stress. Mol Neurobiol. (2017) 54:1953-66. doi: 10.1007/
512035-016-9766-9

74.Pan Y, Cao S, Tang ], Arroyo JP, Terker AS, Wang Y, et al. Cyclooxygenase-2 in
adipose tissue macrophages limits adipose tissue dysfunction in obese mice. J Clin Invest.
(2022) 132:e152391. doi: 10.1172/JCI152391

75. Hawcroft G, Ko CWS, Hull MA. Prostaglandin E2-EP4 receptor signalling
promotes tumorigenic behaviour of HT-29 human colorectal cancer cells. Oncogene.
(2007) 26:3006-19. doi: 10.1038/sj.onc.1210113

76.Gao J, Xu K, Liu H, Liu G, Bai M, Peng C, et al. Impact of the gut microbiota on
intestinal immunity mediated by tryptophan metabolism. Front Cell Infect Microbiol.
(2018) 8:13. doi: 10.3389/fcimb.2018.00013

77.8Sun L, Xie C, Wang G, Wu Y, Wu Q, Wang X, et al. Gut microbiota and intestinal
FXR mediate the clinical benefits of metformin. Nat Med. (2018) 24:1919-29. doi:
10.1038/s41591-018-0222-4

78. Leonardi I, Gao IH, Lin W-Y, Allen M, Li XV, Fiers WD, et al. Mucosal fungi
promote gut barrier function and social behavior via type 17 immunity. Cell. (2022)
185:831-846.e14. doi: 10.1016/j.cell.2022.01.017

79. Wang Y, Kasper LH. The role of microbiome in central nervous system disorders.
Brain Behav Immun. (2014) 38:1-12. doi: 10.1016/j.bbi.2013.12.015

Frontiers in Veterinary Science

12

10.3389/fvets.2024.1401909

80.Luo Y, Zeng B, Zeng L, Du X, Li B, Huo R, et al. Gut microbiota regulates mouse
behaviors through glucocorticoid receptor pathway genes in the hippocampus. Transl
Psychiatry. (2018) 8:187. doi: 10.1038/541398-018-0240-5

81. Boirivant M, Amendola A, Butera A. Intestinal microflora and immunoregulation.
Mucosal Immunol. (2008) 1:547-9. doi: 10.1038/mi.2008.52

82. Wang M, Yang G, Tian Y, Zhang Q, Liu Z, Xin Y. The role of the gut microbiota in
gastric cancer: the immunoregulation and immunotherapy. Front Immunol. (2023)
14:1183331. doi: 10.3389/fimmu.2023.1183331

83. Biragyn A, Ferrucci L. Gut dysbiosis: a potential link between increased cancer
risk in ageing and inflammaging. Lancet Oncol. (2018) 19:¢295-304. doi: 10.1016/
$1470-2045(18)30095-0

84. Wang X, Xiao K, Yu C, Wang L, Liang T, Zhu H, et al. Xylooligosaccharide
attenuates lipopolysaccharide-induced intestinal injury in piglets via suppressing
inflammation and modulating cecal microbial communities. Anim Nutr. (2021)
7:609-20. doi: 10.1016/j.aninu.2020.11.008

85. Jordan CKI, Brown RL, Larkinson MLY, Sequeira RP, Edwards AM, Clarke TB.
Symbiotic Firmicutes establish mutualism with the host via innate tolerance and
resistance to control systemic immunity. Cell Host Microbe. (2023) 31:1433-1449.¢9. doi:
10.1016/j.chom.2023.07.008

86. Jandhyala SM, Talukdar R, Subramanyam C, Vuyyuru H, Sasikala M, Nageshwar
RD. Role of the normal gut microbiota. World ] Gastroenterol. (2015) 21:8787-803. doi:
10.3748/wjg.v21.i29.8787

87.Tian H, Cui J, Ye C, Zhao J, Yang B, Xu Y, et al. Depletion of butyrate-producing
microbes of the Firmicutes predicts nonresponse to FMT therapy in patients with
recurrent Clostridium difficile infection. Gut Microbes. (2023) 15:2236362. doi:
10.1080/19490976.2023.2236362

88. Trompette A, Gollwitzer ES, Yadava K, Sichelstiel AK, Sprenger N, Ngom-Bru C,
et al. Gut microbiota metabolism of dietary fiber influences allergic airway disease and
hematopoiesis. Nat Med. (2014) 20:159-66. doi: 10.1038/nm.3444

89. Cuesta S, Burdisso P, Segev A, Kourrich S, Sperandio V. Gut colonization by
Proteobacteria alters host metabolism and modulates cocaine neurobehavioral
responses. Cell Host Microbe. (2022) 30:1615-1629.e5. doi: 10.1016/j.chom.2022.09.014

90. Shin N-R, Whon TW, Bae J-W. Proteobacteria: microbial signature of dysbiosis in
gut microbiota. Trends Biotechnol. (2015) 33:496-503. doi: 10.1016/j.tibtech.2015.06.011

91. Yang X, Yu D, Xue L, Li H, Du J. Probiotics modulate the microbiota-gut-brain
axis and improve memory deficits in aged SAMP8 mice. Acta Pharm Sin B. (2020)
10:475-87. doi: 10.1016/j.apsb.2019.07.001

92. Gong L, Mahmood T, Mercier Y, Xu H, Zhang X, Zhao Y, et al. Dietary methionine
sources and levels modulate the intestinal health status of broiler chickens. Anim Nutr.
(2023) 15:242-55. doi: 10.1016/j.aninu.2023.07.004

93. Mukai T, Arihara K, Ikeda A, Nomura K, Suzuki F, Ohori H. Lactobacillus
kitasatonis sp. nov., from chicken intestine. Int J Syst Evol Microbiol. (2003) 53:2055-9.
doi: 10.1099/ijs.0.02815-0

94. Yang L, Xiang Z, Zou ], Zhang Y, Ni Y, Yang J. Comprehensive analysis of the
relationships between the gut microbiota and fecal metabolome in individuals with
primary Sjogren’s syndrome by 16S rRNA sequencing and LC-MS-based metabolomics.
Front Immunol. (2022) 13:874021. doi: 10.3389/fimmu.2022.874021

95. Chang W-Y, Yu Y-H. Effect of Bacillus species-fermented products and essential
oils on growth performance, gut morphology, cecal short-chain fatty acid levels, and
microbiota community in broilers. Poult Sci. (2022) 101:101970. doi: 10.1016/j.
Ppsj-2022.101970

96. Gonzalez JE, Marketon MM. Quorum sensing in nitrogen-fixing rhizobia.
Microbiol Mol Biol Rev. (2003) 67:574-92. doi: 10.1128/ MMBR.67.4.574-592.2003

97.Yin Z, Liu Q, Liu Y, Gao S, He Y, Yao C, et al. Early life intervention using probiotic
Clostridium butyricum improves intestinal development, immune response, and gut
microbiota in large yellow croaker (Larimichthys crocea) larvae. Front Immunol. (2021)
12:640767. doi: 10.3389/fimmu.2021.640767

98.Zhou J, Wu S, Qi G, Fu Y, Wang W, Zhang H, et al. Dietary supplemental
xylooligosaccharide modulates nutrient digestibility, intestinal morphology, and gut
microbiota in laying hens. Anim Nutr. (2021) 7:152-62. doi: 10.1016/j.aninu.2020.05.010

99. Judrez-Ferndndez M, Goikoetxea-Usandizaga N, Porras D, Garcia-Mediavilla MV,
Bravo M, Serrano-Macid M, et al. Enhanced mitochondrial activity reshapes a gut
microbiota profile that delays NASH progression. Hepatology. (2023) 77:1654-69. doi:
10.1002/hep.32705

100. Zhang B, Zhang Z, Song D, Lyu X, Zhao W. Reduction of intestinal fat digestion
and absorption by B-glucan secreted by Rhizobium pusense via interference in
triglyceride hydrolysis. Food Funct. (2022) 13:10802-10. doi: 10.1039/d2fo01123a

101. Zhang W, Zou G, Li B, Du X, Sun Z, Sun Y, et al. Fecal microbiota transplantation
(FMT) alleviates experimental colitis in mice by gut microbiota regulation. ] Microbiol
Biotechnol. (2020) 30:1132-41. doi: 10.4014/jmb.2002.02044

102. Feng J, Ma H, Huang Y, Li J, Li W. Ruminococcaceae_UCG-013 promotes obesity
resistance in mice. Biomedicines. (2022) 10:3272. doi: 10.3390/biomedicines10123272

103. Lessard-Lord J, Roussel C, Lupien-Meilleur ], Généreux P, Richard V, Guay V,
et al. Short term supplementation with cranberry extract modulates gut microbiota in
human and displays a bifidogenic effect. NPJ Biofilms Microbiomes. (2024) 10:18. doi:
10.1038/s41522-024-00493-w

frontiersin.org


https://doi.org/10.3389/fvets.2024.1401909
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://doi.org/10.4161/tisb.24565
https://doi.org/10.1016/j.psj.2023.102951
https://doi.org/10.1111/cns.12503
https://doi.org/10.1039/d2fo00525e
https://doi.org/10.1080/15548627.2021.2016233
https://doi.org/10.1053/j.gastro.2021.08.047
https://doi.org/10.1053/j.gastro.2021.08.047
https://doi.org/10.1038/s41586-019-0899-7
https://doi.org/10.1186/s13567-020-00796-8
https://doi.org/10.4049/jimmunol.171.11.6164
https://doi.org/10.4049/jimmunol.171.11.6164
https://doi.org/10.3390/cells10010111
https://doi.org/10.1016/j.scitotenv.2021.147780
https://doi.org/10.1016/j.arr.2022.101697
https://doi.org/10.1084/jem.20190418
https://doi.org/10.1146/annurev-immunol-031210-101312
https://doi.org/10.1016/j.canlet.2015.07.009
https://doi.org/10.1016/j.canlet.2015.07.009
https://doi.org/10.1016/j.psj.2022.102040
https://doi.org/10.1016/j.psj.2022.102040
https://doi.org/10.1016/j.ijbiomac.2024.131136
https://doi.org/10.1007/s12035-016-9766-9
https://doi.org/10.1007/s12035-016-9766-9
https://doi.org/10.1172/JCI152391
https://doi.org/10.1038/sj.onc.1210113
https://doi.org/10.3389/fcimb.2018.00013
https://doi.org/10.1038/s41591-018-0222-4
https://doi.org/10.1016/j.cell.2022.01.017
https://doi.org/10.1016/j.bbi.2013.12.015
https://doi.org/10.1038/s41398-018-0240-5
https://doi.org/10.1038/mi.2008.52
https://doi.org/10.3389/fimmu.2023.1183331
https://doi.org/10.1016/S1470-2045(18)30095-0
https://doi.org/10.1016/S1470-2045(18)30095-0
https://doi.org/10.1016/j.aninu.2020.11.008
https://doi.org/10.1016/j.chom.2023.07.008
https://doi.org/10.3748/wjg.v21.i29.8787
https://doi.org/10.1080/19490976.2023.2236362
https://doi.org/10.1038/nm.3444
https://doi.org/10.1016/j.chom.2022.09.014
https://doi.org/10.1016/j.tibtech.2015.06.011
https://doi.org/10.1016/j.apsb.2019.07.001
https://doi.org/10.1016/j.aninu.2023.07.004
https://doi.org/10.1099/ijs.0.02815-0
https://doi.org/10.3389/fimmu.2022.874021
https://doi.org/10.1016/j.psj.2022.101970
https://doi.org/10.1016/j.psj.2022.101970
https://doi.org/10.1128/MMBR.67.4.574-592.2003
https://doi.org/10.3389/fimmu.2021.640767
https://doi.org/10.1016/j.aninu.2020.05.010
https://doi.org/10.1002/hep.32705
https://doi.org/10.1039/d2fo01123a
https://doi.org/10.4014/jmb.2002.02044
https://doi.org/10.3390/biomedicines10123272
https://doi.org/10.1038/s41522-024-00493-w

	Aspirin eugenol ester affects ileal barrier function, inflammatory response and microbiota in broilers under lipopolysaccharide-induced immune stress conditions
	1 Introduction
	2 Materials and methods
	2.1 Animals and treatments
	2.2 Sample collection
	2.3 Examination of intestinal morphology
	2.4 Gene expression analysis using quantitative real-time PCR
	2.5 Analysis of the ileum microbiota
	2.6 Statistical analysis

	3 Results
	3.1 Effects of AEE on ileal morphology in immune-stressed broilers
	3.2 Effects of AEE on relative mRNA expression of tight junction genes in the ileum of immune-stressed broilers
	3.3 Effects of AEE on relative mRNA expression of inflammatory cytokines in the ileum of immune-stressed broilers
	3.4 Effects of AEE on ileal microbiota composition and diversity in immune-stressed broilers
	3.5 Line discriminant analysis effect size analysis of ileal microbiota

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions

	References

