Quercetin alleviates intestinal inflammation and improves intestinal functions
via modulating gut microbiota composition in LPS-challenged laying hens
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ABSTRACT Quercetin, a well-known flavonoid, has
been demonstrated to exert beneficial effects on intestinal
functions and gut microbiota in birds. In this study, we
investigated the effects of quercetin supplementation on
inflammatory responses, intestinal barrier functions and
gut microbial community in LPS-challenged laying hens.
A total of two hundred eighty-eight 32-wk-old Jingfen
No.6 laying hens were randomly assigned to 3 groups, the
CON group, the LC group and the LQ group. LQ group
was fed with 0.4 mg/kg quercetin and at the end of 12
wk, LC and LQ groups were challenged intraperitoneally
with lipopolysaccharide (LPS). After LPS challenge, 8
birds of each group were randomly selected and sampled.
LPS challenge induced an obvious intestinal mucosal
injury, necrosis and shedding, while quercetin interven-
tion maintained its structure. Quercetin significantly
decreased the elevated malondialdehyde contents (P <
0.05), and increased the activity of total antioxidant
capacity and glutathione peroxidase (P < 0.05) in intesti-
nal mucosa of LPS-challenged laying hens. Quercetin res-
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INTRODUCTION

Intestinal inflammation due to intensive metabolism
and long-period production are recognized as severe prob-
lems responsible for compromised health and poor produc-
tion performance in poultry (Lilburn and Loeffler, 2015;
Feng et al., 2021; Gu et al., 2021). During the laying
period, intestinal epithelium of hens is vulnerable to infec-
tion and inflammation (Nii et al., 2020), which would fur-
ther trigger the disruption of barrier functions and
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cued the LPS-induced decreases in goblet cell density and
mucin2 expression levels (P < 0.05). There was a signifi-
cant decline (P < 0.05) in the mRNA expression of Clau-
dinl and Occludin in intestinal mucosa of LPS-challenged
layers, which could be alleviated (P < 0.05) by dietary
quercetin. LPS challenge induced the increased expression
levels (P < 0.05) of IL-18 and TLR-/ in intestinal
mucosa, while these rises could be reversed (P < 0.05) fol-
lowing dietary quercetin supplementation. LPS challenge
induced a shift in gut microenvironment, and quercetin
addition could elevate the relative abundance of some
short chain fatty acids (SCFA)-producing or health-pro-
moting bacteria such as Phascolarctobacterium, Negativi-
cutes, Selenomonadales, Megamonas, Prevotellaceae, and
Bacteroides _salanitronis. In conclusion, dietary quercetin
addition ameliorated the LPS challenge-induced intestinal
inflammation and improved intestinal functions, possibly
associated with its modulation on gut microbiota, particu-
larly the increased population of SCFA-producing
bacteria.
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immune homeostasis, and exacerbate oxidative stress and
gut flora disturbance, thereby negatively affecting host
metabolism and production performance (Okumura and
Takeda, 2018; Zhang et al., 2022). Besides, age or infec-
tion-associated microbial dysbiosis was related to the pro-
motion of mucosal injury and intestinal inflammation
(Videnska et al., 2014). Therefore, a healthy intestine and
an optimized intestinal microbiome through nutritional
intervention is crucial for layer health and extending the
laying cycle of commercial flocks.

Quercetin, one of the most well-known flavonoids, has
attracted increasing attention as the potential alterna-
tive to antibiotics. The alleviation effects of quercetin on
inflammatory response and oxidative stress have been
extensively explored in vitro and in vivo studies
(Saeed et al., 2017; Hai et al., 2020). Quercetin can
decrease the production of pro-inflammatory cytokines
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(TNF-«, IL-18, and IL-6) by suppressing the activation
of nuclear factor (NF-kB) and c-Jun N-terminal kinase
(JNK), thus exerting anti-inflammatory activity in
both high-fat diet and lipopolysaccharide-induced
mouse models (Overman et al., 2011; Forney et al.,
2018). The antioxidative property of quercetin was asso-
ciated with the ability to scavenge free radicals, enhance
the expression levels of endogenous antioxidant enzymes
(such as GSH peroxidase, catalase, and SOD) and
reduce MDA levels (Xu et al., 2019). Furthermore, the
benefits of quercetin have been widely acknowledged in
poultry. For example, quercetin supplementation could
increase liver Cu-Zn-superoxide dismutase activity,
decrease the population of total aerobes and coliforms
and elevate Bifidobacteria population in the cecum of
laying hens (Liu et al., 2014). Tt was reported that quer-
cetin intervention could enhance the antioxidant and
immunomodulation functions (Sa‘eed et al., 2017;
Zhang and Kim, 2020), possibly contributing to the
improved growth performance in broilers. A recent study
suggested that quercetin ameliorated oxidized oil-induced
oxidative stress by promoting the redox balance, and
strengthening intestinal morphological structure and bar-
rier functions (Dong et al., 2020). In addition to antibac-
terial property, quercetin has been demonstrated to
interact with gut microbial community (Saeced et al.,
2017; Ozdal et al., 2016; Shi et al., 2020). It has been
reported that quercetin treatment could inhibit bacterial
adhesion to intestinal epithelial cells via depressing focal
adhesions (Xue et al., 2019) and prevent E. coli O157:
H7-induced inflammasome activation (Xue et al., 2017).
Quercetin could modulate gut microbial diversity and
richness, and promote the proliferation of beneficial bac-
teria (Bifidobacterium, Bacteroides, and Lactobacillus)
and suppress abundance of pathogens (E. coli and proteo-
bacteria), thus favoring the maintenance of intestinal
flora balance (Shabbir et al., 2021). Therefore, quercetin
may exhibit beneficial effects on gut environment and
modulate intestinal microbiota profile. Dietary quercetin
alleviated C. rodentium-induced colitis in mice, which
may be partly responsible by the modification of gut
microbiota (Lin et al., 2019). However, the ameliorative
effects of quercetin on gut health and microbial composi-
tion in the intestinal inflammation model of laying hens
await further exploration.

Here, we hypothesize that quercetin could alleviate
inflammatory damage, maintain intestinal barrier func-
tion and modulate gut microbiota of laying hens. Lipo-
polysaccharide (LPS), a strong inflammatory stimulant,
has been widely applied to construct an intestinal inflam-
mation model in diverse species (Zhang et al., 2017,
Wang et al., 2019a). Previous studies have demonstrated
that LPS would induce intestinal inflammation and oxi-
dative stress, impair intestinal barrier function and dis-
rupt gut morphology (Orsolya et al., 2016; Zhu et al.,
2017). In this study, an intestinal inflammation model
established by LPS has been used to explain the protec-
tive effects of quercetin on inflammatory response, intesti-
nal barrier function and gut microbial community in
LPS-challenged laying hens.

MATERIALS AND METHODS
Experimental Design

The trial was conducted in accordance with the
National Research Council Guide for the Care and Use
of Laboratory Animals, and the regulations of the Ani-
mal Ethical and Welfare Committee of Northwest A&F
University (Approval No. DK2022061). A total of two
hundred eighty-eight 32-wk-old Jingfen No.6 laying
hens (Yukou Poultry Co., Ltd., Beijing, China) were
randomly assigned to 3 groups with 8 replicates of 12
birds each. Egg production prior to the experiment were
similar across all the replicates. Birds were housed in 3-
tier battery cages with 3 birds each cage (cage size: 45
cm X 45 cm X 45 cm) and had free access to the water
and mash feed. All birds were kept under controlled con-
ditions with temperature between 15 and 24°C and a 16-
h light/dark cycle (05:00—21:00). Birds in the control
(CON) and LC groups were fed with a basal diet for-
mulated according to NRC (1994) recommendations
and Chinese Feeding Standard of Chicken (Table 1),
and LQ group was fed a diet supplemented with
0.4 mg/kg quercetin for 12 wk. Quercetin product was
obtained from a commercial supply (purity > 97%;
Sigma-Aldrich company, St Louis). At the end of the
experiment period, all birds except those in CON were
challenged with LPS (1 mg/kg body weight; E. coli O55:
B5; Sigma-Aldrich, St Louis) through intraperitoneal
injection on three consecutive days.

Sample Collection

One day after the third LPS challenge, 8 birds (one
from each replicate) of each group were randomly
selected and the intestinal tissue was separated after dis-
section. The middle portion of jejunum and ileum tissues
were fixed in 10% neutral-buffered formalin for histologi-
cal analysis. Cecal digest were collected in a sterile cryo-
preservation tube and immediately frozen in liquid
nitrogen before storage at —80°C for DNA extraction.
The jejunum and ileum tissues were rinsed with cold

Table 1. Ingredient and nutrient levels of basal diets (air-dried
basis).

Ingredients, % Nutrient levels, %"

Corn 64.15 Metabolizable energy, MJ /kg 11.20
Soybean meal 22.70 Crude protein 15.80
Soybean oil 0.65 Calcium 3.78
Limestone 7.50 Available phosphorus 0.37
NaCl 0.15 Lysine 0.82
Choline 0.13 Methionine 0.40
DL-Methionine 0.12 Methionine+cystine 0.64
Premix” 4.60

Total 100.00

“Premix provided the following per kg of the diet: vitamin A, 12,500 IU;
vitamin D3, 4125 IU; vitamin E, 15 IU; vitamin K, 2 mg; thiamine, 1 mg;
riboflavin, 8.5 mg; calcium pantothenate, 11 mg; niacin, 32.5 mg; pyridox-
ine, 8 mg; biotin, 0.5 mg; folic acid, 1.25 mg; vitamin B12, 0.02 mg; Mn, 65
mg; I, 1 mg; Fe, 60 mg; Cu, 8 mg; Zn, 66 mg; phytase, 500 mg.

"The nutrient levels were calculated values.
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sterile phosphate buffer saline (PBS) and intestinal
mucosa was scraped with sterile slides, and stored in lig-
uid nitrogen before storage at —80°C for antioxidant
property and RNA analysis.

Gut Histomorphological Analysis

The fixed jejunal and ileal samples were dehydrated,
embedded in paraffin, cut into 5 um slices and finally
stained with hematoxylin and eosin (H&E). Fifteen
well-oriented villi and their corresponding crypts were
selected to assess the villus height (distance from villus
tip to the villus-crypt junction) and crypt depth (dis-
tance from villus-crypt junction to the crypt base). Gob-
let cells in the intestine were stained with periodic acid-
Schiff (PAS) stain. The number of goblet cells in each
villus were measured and the density of goblet cells was
calculated as the number of goblet cells per micrometer
of villus height. Histology score was calculated by detec-
tion of histopathological changes following previous
method (Xie et al., 2022).

Intestinal Mucosal Antioxidant Property
Measurement

Intestinal mucosa samples with precooled 0.9% saline
were homogenized and centrifuged at 3,000 r/min for
10 min at 4°C. The supernatant was collected for further
analysis. Protein concentration in the supernatant was
measured by bicinchoninic acid (BCA) assay method
with assay kit (Beyotime Biotechnology, Shanghai,
China). The activity of catalase (CAT), glutathione
peroxidase (GSH-Px), superoxide dismutase (SOD)
and total antioxidant capacity (T-AOC), and malon-
dialdehyde (MDA) concentration in the mucosal sam-
ples were determined with respective assay kits (Nanjing
Jiancheng Bioengineering Institute, China).

RNA Extraction and Quantitative PCR

Total RNA was extracted from the jejunum and ileum
mucosa with TRIzol reagent (Tiangen, Beijing, China)
following the manufacturer’s instructions. A spectropho-
tometer (NanoDrop 2000, Thermo Fisher Scientific, CA)
was used to determine the concentration and purity of
RNA. After concentration normalization, RNA was
reversely transcribed into cDNA using the first-strand
synthesis kit (Accurate, Hunan, China). The mRNA
expression of target genes was detected using SYBR-
Green PCR kits (UE EVERBRIGHT, Suzhou, China)
on Bio-rad CFX96 Optics Module (Singapore). Primer
sequence in this study is shown in Table 2. The 20-uL
PCR reaction system included 10 uL 2 x qPCR Master
Mix, 0.4 uL forward primer, 0.4 uL reverse primer, 2 uL
cDNA template and 7.2 uL. double distilled water. The
PCR process was as follows: 95°C for 3 min; 40 cycles at
95°C for 10 s, 60°C for 30 s, 72°C for 30 s. Each sample
was detected in triplicate and the relative mRNA

Table 2. Sequences of real-time PCR primers.

Genes Primer sequence (5-3") Accession no.

p-actin  F: ATTGTCCACCGCAAATGCTTC NM_ 205518
R: AAATAAAGCCATGCCAATCTCGTC

IL-18 F: GTGAGGCTCAACATTGCGCTGTA  NM_ 204524
R: TGTCCAGGCGGTAGAAGATGAAG

1L-4 F: AGACAAATAACAAAACTGAGC NM_ 001007079
R: TTGGTGGAAGAAGGTACG

1L-6 F: CAAGGTGACGGAGGAGGAC AJ309540
R: TGGCGAGGAGGGATTTCT

IL-8 F: ATGAACGGCAAGCTTGGAGCTG XM_ 015301388
R: TCCAAGCACACCTCTCTrCCATCC

IL-10 F: GAAGCGCAGCATCTCTGACA XM_025143715.1
R: GCTGAGGGTGAAGTTTGAGGAA

MyD88  F: TCTGGTGACTGTGGAGCAAGGAA  NM_001030962.5
R: CCGCTTGTAGGAAGGCACTAATGG

TLRA4 F: AGTCTGAAATTGCTGAGCTCAAAT NM_ 001030693
R: GCGACGTTAAGCCATGGAAG

NF-«B  F: GTGTGAAGAAACGGGAACTG NM_ 205129
R: GGCACGGTTGTCATAGATGG

IFN-y F: AGCTGACGGTGGACCTATTATT NM_ 001007079
R: GGCTTTGCGCTGGATTC

TNF-«  F: GAGCGTTGACTTGGCTGTC NM_ 204627
R: AAGCAACAACCAGCTATGCAC

Z0-1 F: TATAGAAGATCGTGCGCCTCC XM_413773
R: GAGGTCTGCCATCGTAGCTC

Occludin  F: ACGGCAGCACCTACCTCAA D21837.1
R: GGGCGAAGAAGCAGATGAG

Claudin-1 F: CATACTCCTGGGTCTGGTTGGT AYT750897
R: GACAGCCATCCGCATCTTCT

Claudin-2 F: CAAGGACCGAGTGGCAGTG NM_ 001277622
R: TTTGATGGAGGGCTGAGGA

Mucin2  F: TTCATGATGCCTGCTCTTGTG XM_ 421035

R: CCTGAGCCTTGGTACATTCTTGT

IFN-y, interferon-y; IL, interleukin; MyD88, myeloid differentiation
primary response 88; NF-«B, nuclear factor kappa B; TLR4, toll-like
receptor 4; TNF-«, tumor necrosis factor-a; ZO-1, zonula occludens 1.

expression levels were calculated using p-actin as an
internal control by the 272" method (Livak and
Schmittgen, 2001).

DNA Extraction and 16S rRNA Sequencing

The DNA was isolated from the cecal digesta samples
using the ZR Feacal DNA Isolation Kit (Zymo Research,
Irvine, CA) according to the manufacturer’s protocol.
The quantity and quality of the extracted DNA were
assessed with a NanoDrop ND-1000 instrument (Thermo
Scientific, Wilmington, DE), and the absence of degrada-
tion was confirmed by 1% agarose gel electrophoresis.
The V3-V4 region of the 16S rRNA gene was amplified
with 341F (CTAYGGGRBGCASCAG) and 806R
(GGACTACNNGGGTATCTAAT) primers and then
was sequenced by Novogene (Beijing, China) on Illumina
NovaSeq 6000 using NEBNext Ultra Library Prep Kit
(New England Biolabs, Ipswich, MA). Sequences with
97% similarity were assigned to the same operational tax-
onomic units (OTUs). The Venn diagram was used to
assess the OTUs content of each group, and alpha diver-
sity indices including PD_whole tree, ACE, Chao and
Shannon, and B-diversity were calculated to evaluate the
similarity between groups. Linear discriminant analysis
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(LDA) combined effect size measurements (LEfSe) anal-
ysis were performed to identify the differences in micro-
bial composition between groups. The potential
relationship between intestinal function parameters and
cecal microbial composition were assessed by Pearson cor-
relation analysis. The sequencing data have been depos-
ited at the National Center of Biotechnology Information
(NCBI) Sequence Read Archive (SRA) database (acces-
sion number: PRINAS75071).

Statistical Analysis

Data were presented as mean £ SD or mean £+ SEM.
Data were analyzed using one-way analysis of variance
(ANOVA) followed by Duncan’s Multiple Range Test
using SPSS 27 (SPSS Inc., Chicago, IL). P values < 0.05
were considered statistically significant.

Jejunum

FENG ET AL.

RESULTS
Intestinal Morphology

As shown in Figure 1, compared to the CON, LPS
challenge induced an obvious intestinal mucosal injury,
necrosis and shedding (Figure la & b), as evidenced by
damaged villi structure in the jejunum and ileum. In
contrast, quercetin supplementation attenuated the
severity of intestinal injury and shedding. The villus
length in the jejunum mucosa of LC and LQ groups was
lower (Figure lc; P < 0.05) than that in the control.
Compared to LC group, villus length in the ileum
mucosa of LQ group was significantly elevated (P <
0.05). In addition, there was a higher histology score
(Figure 1d; P < 0.05) for the severity of jejunum and
ileum damage in LC group than that in CON group,
whereas quercetin could reverse these adverse effects
only in ileum (P < 0.05).
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Figure 1. Effects of dietary quercetin supplementation on gut morphology in LPS-challenged laying hens. Representative photomicrographs of
jejunum (a) and ileum (b) with HE staining. Villus length, crypt depth, villus length/crypt depth ratio and histology score of jejunum (c) and ileum
(d). CON, laying hens fed with basal diet; LC, laying hens fed with basal diet and challenged with LPS; LQ, laying hens fed with quercetin-supple-
mented diet and challenged with LPS. Values are presented as mean £ SD (n = 8). 2 Means with different lowercase superscripts represent signifi-

cant difference (P < 0.05).
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Figure 2. Light micrographs represent goblet cells in jejunum (a) and ileum (b) of laying hens with alcian blue and periodic acid Schiff (AB-
PAS) staining. Graphs show the number of goblet cells and Mucin2 mRNA expression in jejunum (c) and ileum (d). CON, laying hens fed with basal
diet; LC, laying hens fed with basal diet and challenged with LPS; LQ, laying hens fed with quercetin-supplemented diet and challenged with LPS.
Values are presented as mean + SD (n = 8). *"Means with different lowercase superscripts represent significant difference (P < 0.05).

Goblet Cell Density and mRNA Expression of
Mucin in the Intestinal Mucosa

As shown in Figure 2, compared to the CON, LPS
induced a significant decrease in the number of goblet
cells in jejunum and ileum villus (Figure 2¢ & d; P <
0.05). Quercetin intervention reversed this decrease in
ileum villus (P < 0.05), but not in jejunum (P > 0.05).
Interestingly, significant declines (P < 0.05) in mucin2
mRNA expression levels were only observed in jejunum
in response to LPS challenge. However, no significant
differences (P > 0.05) in mucin2 expression levels in jeju-
num and a marked elevation (P < 0.05) in mucin2

expression levels in ileum were observed following quer-
cetin intervention.

Antioxidant Properties of Intestinal Mucosa

LPS challenge-increased content of MDA in jejunum
mucosa compared to the CON was attenuated by quer-
cetin intervention (Figure 3a; P < 0.05). However, LPS-
induced decreases in SOD activity of jejunum mucosa
compared to the CON were not significantly affected by
quercetin (Figure 3b; P > 0.05). The activities of GSH-
PX and T-AOC in ileum mucosa were significantly
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Figure 3. Effects of dietary quercetin supplementation on antioxidant properties in the jejunal mucosa (a-e) and ileal mucosa (f-j) of LPS-chal-
lenged laying hens. CON, laying hens fed with basal diet; LC, laying hens fed with basal diet and challenged with LPS; LQ, laying hens fed with quer-
cetin-supplemented diet and challenged with LPS. Values are presented as mean + SD (n = 8). ““Means with different lowercase superscripts

represent significant difference (P < 0.05).

depressed by LPS challenge, while attenuated to normal
for T-AOC or even higher levels for GSH-PX by dietary
quercetin (Figure 3h and j; P < 0.05).

The mRNA Expression of Tight Junction
Proteins in the Intestinal Mucosa

As shown in Figure 4c¢ and f, quercetin intervention
significantly alleviated LPS challenge-induced decreases
in mRNA expression of Claudini in jejunum and Occlu-
din in ileum (P < 0.05). In addition, LPS challenge
markedly depressed the expression of Claudinl in jeju-
num (P < 0.05), but failed to induce any obvious effects

(P> 0.05) on other measurements in both jejunum and
ileum.

The mRNA Expression of Immune
Response-related Genes in the Intestinal
Mucosa

As shown in Figure 5, the expression levels of IL-18 in
jejunum and ileum mucosa were significantly elevated
(P < 0.05) in response to LPS challenge, while these
increases could be reversed (P < 0.05) following querce-
tin supplementation. Similarly, LPS challenge-induced
increases in TLR/ mRNA expression in jejunum mucosa
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Figure 4. Effects of dietary quercetin supplementation on the relative mRNA expression of tight junction proteins in jejunum (a-d) and ileum
mucosa (e-h) of LPS-challenged laying hens. CON, laying hens fed with basal diet; LC, laying hens fed with basal diet and challenged with LPS;
LQ, laying hens fed with quercetin-supplemented diet and challenged with LPS. Values are presented as mean + SEM (n = 8). *P)Means with differ-

ent lowercase superscripts represent significant difference (P < 0.05).

compared with the CON were relieved by quercetin
intervention (P < 0.05). In addition, LPS treatment
resulted in decreased mRNA expression of IL-4 (P <
0.05) in both jejunum and ileum mucosa, but attenuated
to normal (P < 0.05) by quercetin supplementation.

Cecal Microbial Profile

Across all of the samples, 1,295,210 high-quality
sequence reads were obtained from the cecal contents,
with an average of 53,967 sequences per sample. There
were 1,048, 1,090, and 1,137 core OTUs in the CON,
LC, and LQ groups, respectively, with 779 core OTUs
common in the three groups (Figure 6a). No significant
differences (P > 0.05; Figure 6b) in community richness
(ACE and Chao) were observed in cecal microbiota,
while the community diversity (PD_whole tree)
between cecal microbimes in LQ group was larger (P <
0.05) compared to the CON. Principal co-ordinates anal-
ysis (PCoA) showed a separation in the gut microbiota
structure among the three groups (Figure 6¢). At the
phylum level, Firmicutes and Bacteroidota are the
mainly dominant phyla, accounting for more than 80%
of the whole phyla (Figure 6d). Statistical analysis
showed that the relative abundance of Firmicutes and
Bacteroidota in the LQ group (Figure 6f and g), and the
relative abundance of Fusobacteriota in the LC group
(Figure 6h) increased significantly (P < 0.05) compared
to the CON group. The abundance of Proteobacteria
and Synergistota in the LC and LQ groups were elevated
(P < 0.05; Figure 6i and j) compared to the CON group.
At the genus level, the cecal microbiota was dominated
by Bacteroides, Lactobacillus, Limosilactobacillus, and
Rikenellaceae RC gut group (Figure Ge). Statistical
analysis indicated that LPS challenge significantly
raised (P < 0.05) the relative abundance of Bacteroides

and Fusobacterium (Figure 6k and o). The abundance of
Lactobacillus, Limosilactobacillus, Romboutsia, and
Alistipes in the LQ group decreased significantly (P <
0.05; Figure 61, m, q, and r) compared to the CON
group. The relative abundance of Megamonas and Phas-
colarctobacterium in the LC and LQ groups were signifi-
cantly increased (P < 0.05; Figure 6n and p) compared
to the CON group.

Differentially abundant cecal bacterial taxa in LPS-
challenged laying hens in response to quercetin interven-
tion were identified by LEfSe analysis (P < 0.05, LDA >
3.5; Figure T7a). Bacteroidota, Phascolarctobacterium,
Megamonas and Proteobacteria showed marked enrich-
ment in the LQ group by LEfSe, while Bacteroides and
Fusobacteriota (Fusobacterium) were enriched in the gut
microbiota of the LC group. In addition, Firmicutes, Lac-
tobacillus, Limosilactobacillus, and Romboutsia were more
abundant in the CON group. Pearson correlation analysis
further confirmed that the modifications of gut microbiota
were associated with LPS treatment and dietary quercetin
intervention (Figure 7b). For example, villus height in the
jejunum mucosa was negatively correlated with Bacteroi-
dota, Fusobacteriota, Proteobacteria, and Fusobacterium,
while was positively correlated with Firmicutes. Goblet
cells in the jejunum mucosa was positively associated with
Romboutsia and Shuttleworthia. GSH-PX contents and
occludin in the jejunum mucosa was positively associated
with [Ruminococcus| torques group and Clostridium_ -
sensu_ stricto_ 1, respectively, and Megamonas showed a
negative correlation with /L-4. T-AOC was positively cor-
related with Bacteroides, whereas negatively correlated
with Faecalibacterium. Villus height in the ileum mucosa
was negatively associated with Bacteroides and Megamo-
nas, while positively associated with Lactobacillus, Limosi-
lactobacillus and Ligilactobacillus. GSH-PX contents in
the ileum mucosa exhibited a positive relationship with
Phascolarctobacterium.
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Figure 5. Effects of dietary quercetin supplementation on the relative mRNA expression of immune response-related genes in jejunum (a-j) and
ileum mucosa (k-t) of LPS-challenged laying hens. CON, laying hens fed with basal diet; LC, laying hens fed with basal diet and challenged with
LPS; LQ, laying hens fed with quercetin-supplemented diet and challenged with LPS. Values are presented as mean & SEM (n = 8). * means with

different lowercase superscripts represent significant difference (P < 0.05).
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Figure 6. Dietary quercetin intervention modulated cecal microbial composition in the LPS-challenged laying hens. (a) Venn diagram of core
operational taxonomic units in the cecal digesta. (b) The « diversity parameters (PD_whole _tree, ACE, Chao, and Shannon) of cecal microbiota.
(c) Principal coordinate analysis (PCoA) on cecal microbiota. Relative abundance of cecal microbial composition at the phylum (d) and genus (e)
level. Relative abundance of cecal microbial community members at the phylum (f-j) and genus (k-r) level. CON, laying hens fed with basal diet;
LC, laying hens fed with basal diet and challenged with LPS; LQ, laying hens fed with quercetin-supplemented diet and challenged with LPS. Values

are presented as mean + SD (n = 8). * means P < 0.05.

DISCUSSION

Recent studies have reported the beneficial effects of
dietary quercetin on intestinal functions and health, sub-
sequently favoring production performance in broilers
and laying hens under normal conditions (Liu et al.,
2014; Saeed et al., 2017). However, there are no reports

concerning the regulatory mechanism of quercetin on
intestinal microbiota and intestinal functions in laying
hens under intestinal inflammatory conditions. Thus, we
constructed an intestinal inflammation model by intra-
peritoneal LPS, with a focus on the regulatory effects of
quercetin on intestinal barrier functions, inflammatory
response and gut microbial community. This study may
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Figure 7. Dietary quercetin intervention regulated cecal microbial composition in the LPS-challenged laying hens. (a) Linear discriminant anal-
ysis (LDA) combined effect size measurements (LEfSe) analysis of cecal microbiota. (b) Pearson correlation between cecal microbiota and intesti-
nal parameters. The intensity of the colors represents the degree of association, with red representing a significantly positive correlation and blue a
significantly negative correlation (P < 0.05). The white indicates no significant correlation (P > 0.05). CON, laying hens fed with basal diet; LC, lay-
ing hens fed with basal diet and challenged with LPS; LQ, laying hens fed with quercetin-supplemented diet and challenged with LPS.

provide novel insights into the quercetin-mediated alle-
viation of intestinal inflammation and facilitate the
application of quercetin in feed additives in poultry
industry.

In this study, LPS challenge caused damages on the
intestinal morphology of laying hens, while quercetin
alleviated the injury to ameliorate intestinal morphology
and integrity. In addition, LPS successfully stimulated
the expression of IL-18, while quercetin intervention
could reverse these adverse effects, as supported by sup-
pression of IL-18 expression and the attenuated intesti-
nal damage. Quercetin was reported to reduce the
cytotoxicity and exert anti-inflammatory effects via
inhibiting NF-kB pathway and the release of pro-inflam-
matory cytokines (Saeed et al., 2017). In this study, the
declined expression of pro-inflammatory cytokines was
consistent with the decreased expression of TLR-4 fol-
lowing quercetin intervention. However, in this study,
quercetin had no remarkable effects on the downstream
signaling molecules MyD88 and NF-«B. The anti-inflam-
matory property of quercetin was associated with the
inhibition of I-«B phosphorylation and NF-«B transloca-
tion, and future studies should be carried out to deter-
mine the underlying mechanism at the protein level.
Thus, quercetin alleviated the LPS-induced intestinal
inflammation, possibly conducing to remission of intesti-
nal injury and the maintenance of mucosal integrity.

LPS can elevate the production of ROS intermediates
(like lipid peroxides and nitric oxides) to accelerate ROS
and MDA accumulation in tissues (Tian et al., 2022),
which was regarded as the key factor causing intestinal
oxidative stress (Hou et al., 2014). Consistently, we
found that LPS increased jejunum MDA contents and
decreased the activity of SOD in jejunum, and decreased
the activity of GSH-PX and T-AOC in ileum. The T-
AOC reflects the capacity of non-enzymatic antioxidant
defense system and antioxidant enzyme, and the
decreased levels of T-AOC implied an imbalance
between antioxidant and oxidative systems (Gao et al.,
2021). Thus, the increased levels of MDA and the inhibi-
tion of antioxidant enzyme activity indicated intestinal
oxidative stress following LPS treatment. In contrast,
quercetin intervention reduced MDA levels in jejunum
and increased the activity of GSH-PX and T-AOC in
ileum of LPS-challenged laying hens. Similar to our
results, quercetin was proved to inhibit the production
of ROS, enhance antioxidant capacity and relieve the
oxidative injury in endothelial or intestinal epithelial
cells (Tian et al., 2019; Jia et al., 2021). Furthermore,
quercetin can modulate intracellular redox status by
scavenging ROS, increasing intracellular GSH levels and
enhancing expression of anti-apoptotic proteins in a
Nrf2-dependent regulation manner (Xu et al., 2019).
Therefore, the current results indicated that quercetin
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intervention alleviated intestinal damage and oxidative
stress in LPS-challenged laying hens.

Intestinal inflammation and oxidative stress are rec-
ognized as the main driving force leading to mucosal bar-
rier dysfunction (Wang et al., 2020). The integrity of
tight junctions determines the intestinal selective perme-
ability, which is critical for intestinal barrier function
against bacterial invasion and toxic molecules into gas-
trointestinal tract. Consistent with the destroyed intes-
tinal integrity, LPS stimulation reduced the expression
of claudinl in ileum mucosa. The protective effects of
quercetin on the intestinal barrier have been discovered
via directly upregulating the expression of tight junction
proteins or via assembly of claudin, ZO2 and occluding
(Hai et al., 2020). However, in this study, it was surpris-
ing that quercetin intervention failed to relieve these
adverse effects. In broiler chickens fed with oxidized oil,
quercetin alleviated the oxidative stress-induced
decreased expression of ZO1 in ileal mucosa in a dose-
dependent manner (Dong et al., 2020). This ineffective-
ness may be related to the inclusion levels of quercetin
and the method of establishing intestinal inflammation
in this study, which probably led to severe damage
exceeding the prophylactic effects of quercetin. Intesti-
nal mucins secreted by goblet cells have been demon-
strated to maintain the integrity of intestinal epithelial
cells and regulate intestinal inflammation. The present
data showed that LPS reduced the density of goblet cells
accompanied with the declined mucin2 expression, while
quercetin intervention could rescue this LPS-induced
decrease. It has been found that quercetin could stimu-
late Mucin2 secretion through PLC/PKCa/ERKI1-2
pathway in intestinal goblet cell-like cells and Caco-2
cells (Damiano et al., 2018). Similar findings were
reported in broilers fed with oxidized oil, in which quer-
cetin alleviated oxidative stress-induced decreased
mRNA expression of mucin2 in the ileal mucosa
(Dong et al., 2020). Besides, oxidative stress and apopto-
sis in goblet cells could disrupt mucin2 expression and
ultimately destroy intestinal mucus barrier (Zhao et al.,
2019), as indicated by the similar tendency in the goblet
cell number and mucin2 expression levels in this study.
These findings indicated that quercetin ameliorated
LPS-induced impairment of intestinal barrier functions,
possibly associated with the alleviation of inflammation
and oxidative stress.

Intestinal microbiota plays a critical role in nutrient
digestion, maintaining the intestinal epithelial barrier
and immunity (Yadav and Jha, 2019). Quercetin has
been demonstrated to regulate intestinal microbial com-
position (Shi et al., 2020; Shabbir et al., 2021) and thus
the relief of adverse effects in LPS-challenged laying
hens were speculated to be associated with the modula-
tion of gut microbiota by quercetin. Loss of gut diversity
has been linked to several pathological states such as
inflammatory bowel disease and infection (Iszatt et al.,
2019), whereas the enhancement of microbial diversity
may promote a robust and stable ecosystem for gut func-
tions (Lozupone et al., 2012). In this study, PD Whole
tree was increased in the LQ group, indicating that

quercetin intervention enhanced the intestinal micro-
biota diversity, which might be associated with the res-
toration of gut health and immunity disturbed by
intestinal inflammation. The control birds were enrich-
ment of some commensal bacteria like Lactobacillus,
Romboutsia and Lachnospiraceae  NK4A136, poten-
tially beneficial for intestinal health, as supported by the
positive relationship between Lactobacillus and villus
height, and Romboutsia and the density of goblet cells in
this study. In contrast, LPS challenge enriched some
potentially harmful microbes such as Bacteroides (Bac-
teroidaceae) and Fusobacterium (Fusobacteriota),
whose overabundance is recognized as a general marker
of gut dysbiosis, fostering the development of IBD in
humans or severe diarrhea in animals (Gevers et al.,
2014; Shrestha et al., 2020; Zhao et al., 2022). Similarly,
this study indicated a negative correlation between villus
height and the abundance of Bacteroidota (Bacteroides)
and Fusobacterium. Bacteroidaceae (Bacteroides) and
Fusobacterium_ mortiferum (Fusobacterium) were iden-
tified to be related to many kinds of disease, such as mul-
tibacterial sepsis and chronic inflammatory bowel disease
(Kollarcikova et al., 2019; Humbel et al., 2020). Besides,
a moderate elevation in the abundance of Synergistota,
Megamonas, and Phascolarctobacterium was observed
following LPS challenge, and these bacteria were believed
to play an important role in the pathogenesis of several
diseases including inflammatory bowel disease (Bai et al.,
2022; Huang et al., 2022). Quercetin induced a further
increased abundance of these bacteria, which were sus-
pected to be associated with the relief of intestinal inflam-
mation presumably due to their ability to generate
SCFA. Thus, it was reasonable to speculate that the
abundance of these bacteria may be the critical factor
determining their effects and governing the fate of intes-
tine inflammation, which still needs further investigation.
LPS challenge induced a shift in gut microenvironment
with increased susceptibility to infection, and quercetin
could elevate the relative abundance of some SCFA-pro-
ducing or health-promoting bacteria such as Phascolarc-
tobacterium, Negativicutes, Selenomonadales,
Bacteroides _salanitronis, Prevotellaceae, and Megamo-
nas. SCFAs are the critical metabolites of gut microbiota,
which serve as the major energy source for colonocytes,
and participate in the regulation of intestinal homeostasis
and various physiological functions (Rios-Covidn et al.,
2016). Acidaminococcus, Megamonas, B. salanitronis,
and Selenomonadales have been demonstrated to utilize
amino acids or carbohydrates to produce acetic and
butyric acids, which may exert anti-inflammatory activ-
ity and gut health-promoting effects, thus negatively
associated with several intestinal diseases (Vital et al.,
2013; Vargas et al., 2017; Han et al., 2021). Besides, Phas-
colarctobacterium and Prevotellaceae are acetate and
propionate-producing bacteria, which may be associated
with reduced inflammation and protection of intestinal
mucosa barrier via decreasing the concentrations of LPS-
binding protein and C-reactive protein (Zhang et al.,
2018; Pei et al., 2021). Similar findings were also discov-
ered in quercetin and vitamin E-fed birds with an
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intestinal enrichment of Prevotellaceae (Amevor et al.,
2022). In contrast, an increase in Prevotellaceae was
regarded as the most remarkable characteristics of the
microbial dysbiosis and was associated with the genera-
tion of pro-inflammatory cytokines in inflammatory
bowel disease patients (Scher et al., 2013; Wang et al.,
2018). Further research is needed to clarify the contradic-
tory roles of Prevotellaceae in inflammatory responses in
healthy and diseased individuals.

Furthermore, quercetin could elevate cecal abundance
of the beneficial microbes like Gammaproteobacteria,
Selenomonadales and Negativicutes, which may conduce
to the balance of gut microbiota and intestinal functions
(Shin et al., 2015; Warner et al., 2016; Yu et al., 2020;
Patterson et al., 2022). B. salanitronis, B. gallinaceum,
and B. barnesiae, previously isolated from healthy chick-
ens, were enriched in quercetin-fed birds, which were
assumed to play a critical role in the digestive system
(Lan et al., 2006; Irisawa et al., 2016). The exact func-
tions of Muribaculaceae and Burkholderiales in modu-
lating inflammatory responses are still not clear. During
inflammatory and healing phases in mice DSS Colitis,
the abundance of Muribaculaceae was decreased
(Osaka et al., 2017) and its family members can interact
with innate and adaptive immune responses via Immu-
noglobulin A (IgA) coating (Bunker et al., 2015). As for
Burkholderia, its increased abundance was accompanied
by the enhanced gut structure and production perfor-
mance, and the relief of S. pullorum-induced intestinal
inflammation in poultry (Li et al., 2019; Wang et al.,
2019b). Tt implied a positive effect of Burkholderia on
intestinal health and functions in birds. Therefore, quer-
cetin intervention could modulate the bacterial commu-
nity, especially enrichment of SCFA-producing bacteria,
which may conduce to the attenuation of intestinal
inflammation in LPS-challenged laying hens.

In summary, this study demonstrated that quercetin
intervention could alleviate LPS-induced inflammatory
responses and assist to maintain intestinal functions,
which may be partly responsible by the modulation of
gut microbial composition, particular the enrichment of
SCFA-producing bacteria. These findings provide novel
insights into the quercetin-mediated attenuation of
intestinal inflammatory disorders in poultry.
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