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transcriptomic profile
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ABSTRACT Genistein is abundant in the corn-
soybean meal feed. Little information is available
about the effect of dietary genistein on the intestinal
transcriptome of chicks, especially when suffering from
intestinal injury. In this study, 180 one-day-old male
ROSS 308 broiler chickens were randomly allocated to 3
groups, with 4 replicates (cages) of 15 birds each. The
treatments were as follows: chicks received a basal diet
(CON), a basal diet and underwent lipopolysaccharide-
challenge (LPS), or a basal diet supplemented with
40 mg/kg genistein and underwent LPS-challenge
(GEN). LPS injection induced intestinal injury and
inflammatory reactions in the chicks. Transcriptomic
analysis identified 7,131 differently expressed genes

(3,281 upregulated and 3,851 downregulated) in the
GEN group compared with the LPS group (P adjusted
value < 0.05, |fold change| > 1.5), which revealed that
dietary genistein exposure altered the gene expression
profile and signaling pathways in the ileum of LPS-
treated chicks. Furthermore, dietary genistein
improved intestinal morphology, mucosal immune
function, tight junction, antioxidant activity, apoptotic
process, and growth performance, which were adversely
damaged by LPS injection. Therefore, adding genistein
into the diet of chicks can alter RNA expression profile
and ameliorate intestinal injury in LPS-challenged
chicks, thereby improving the growth performance of
chicks with intestinal injury.
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INTRODUCTION

Intestinal diseases are one of the main factors that
plague human health and animal production. However,
“prohibition of the antibiotic uses” aggravates the prob-
lem of intestinal diseases in poultry. As we all know,
external stimulation or internal environmental distur-
bance can promote the proliferation of pathogenic micro-
organisms, thus destroying the intestinal barrier
function (Mauro et al., 2013). Lipopolysaccharide
(LPS) derives from the cell wall of gram-negative
bacteria, such as FEscherichia coli and Proteus. As an
endotoxin, LPS can upregulate the expressions of
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TLR4-MyD88-IRAK, then activating NF-kB signaling
pathway and MAP family enzyme through tumor necro-
sis factor receptor—associated factor-6, which further in-
duces inflammatory reaction and oxidative stress
(Fukata and Abreu, 2006). Therefore, it has been widely
applied to establish a model of intestinal injury in
chickens (Hou et al., 2010; Wang et al., 2017). Tt is
necessary to develop new feed additives with
therapeutic  potential for  disrupted intestinal
homeostasis of LPS-challenged in broilers. In this study,
LPS intraperitoneal injection was used to establish the
intestinal injury model of chicks.

Genistein, a kind of natural phytoestrogens from soy-
beans, can be absorbed directly by intestinal epithelial
cells through passive diffusion (Soukup et al., 2016). It
is suggested that genistein inhibits the activity of tyro-
sine kinase and mitogen activated protein kinase
(MAPK) /NF-kB signalling pathway, which play impor-
tant roles in anti-inflammatory effects (Markovits et al.,
1989; Byun et al., 2014). Similarly, a previous study
indicated that genistein can inhibit NF-kB activation
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and IL-17 secretion in CD4+ T cells, which relieve the
inflammation reaction (Kehlen et al., 1999). Tight junc-
tions between intestinal epithelial cells constitute a bar-
rier with selective permeability, which not only
facilitates to transfer ions and solutes but also prevents
intestinal microorganisms, antigens, and toxins from
translocating into tissues. It is reported that genistein
(300 M) can inhibit the invasion of pathogenic microor-
ganisms (Listeria monocytogenes, Salmonella typhimu-
rium, and E. coli) into Caco-2 cells through inhibiting
tyrosine protein kinase, which is conducive to maintain-
ing the integrity of tight junction (Wells et al., 1999).
Further studies have suggested that genistein can inhibit
tyrosine phosphorylation of intestinal tight junction pro-
tein and alleviate intestinal barrier dysfunction induced
by oxidative stress and inflammatory factors (Noda
et al., 2012).

Genistein, as a potential substitute for antibiotics, has
practical application value in animal production (Igbal
et al., 2014). Rasouli and Jahanian (2015) suggested
that adding genistein to the diet can improve the growth
performance, feed intake, and body weight of ROSS
broilers and reduce the feed-meat ratio (Rasouli and
Jahanian, 2015). However, little information is known
about the effect of dietary genistein on the intestinal
transcriptome of chicks, especially when suffering from
intestinal injury. Owing to the rapid advancement of
sequencing technologies, omics are increasingly being
applied to “unusual” species to generate information
that allows better understanding of biological character-
istics in fields ranging from metabolism to immune
research. Therefore, the present research was designed
to evaluate the effects of dietary genistein on mRNA
expression landscapes in the ileum of LPS-treated
chicks.

MATERIALS AND METHODS

Animals and Experimental Design

All procedures for animal handling were conducted
under protocols approved by the Animal Welfare Com-
mittee of Nanjing Agricultural University (Nanjing,
China, permit number NJAU/20191683-C1). In addi-
tion, all experiments were performed in accordance
with approved relevant guidelines and regulations. A to-
tal of 180 one-day-old male ROSS 308 broiler chickens
were randomly allocated to 3 groups, with 4 replicates
of 15 birds each. The present experiment lasted for
21 D (from 1 to 21 D of age). The treatments were as
follows: birds received a basal diet (CON, genistein
monomer concentration = 0.72 *= 0.24 mg/kg), birds
received a basal diet and underwent LPS-challenge
(LPS), or birds received a basal diet supplemented
with 40 mg/kg genistein and underwent LPS-challenge
(GEN, genistein monomer concentration = 41.2 * 3.3
mg/kg). GEN is a synthetic product from Kai Meng.
Co. (Xi An, China) Chemical Plant with 99.9% purity.
LPSis from E. coli (1.2880; Sigma Aldrich Inc., St. Louis,
MO). The basal diet was formulated based on the
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nutrient requirements given by the National Research
Council (NRC, 1994; Table 1). The adding level of gen-
istein in the current experiment is according to our pre-
vious researches (Lv et al., 2018a,b,c). All broilers were
housed in wired cages in a temperature- and light-
controlled room on a 23 h/D-lighting programme and
routinely immunized. All broilers had ad libitum access
to diet and water. The chickens were housed in wire
cages under a standard, gradually decreasing tempera-
ture regimen that ranged from 35°C to 26°C. LPS was
dissolved in 0.9% sterile saline solution. At 7:00 am of
17, 19, and 21 D, the LPS and GEN groups received
an intraperitoneal injection of lipopolysaccharide solu-
tion at a dose of 1 mg/kg, whereas the CON group
received sterile saline injection. The dosage and injection
of LPS were referred to available findings (Tan et al.
2014; Chen et al., 2018).

Growth Performance and Sample Collection

On day 21, body weight and feed consumption were
measured for each cage to calculate the feed conversion
ratio (kg of feed consumed/kg of live BW), after 10-h
feed deprivation. Three hours after injection of LPS at
21 D of age, 2 broilers in each replicate (8 broilers per
treatment) with body weights close to the average
were selected. Then, the chickens were sacrified by intra-
venous injection of pentobarbital sodium (30 mg/kg
body weight) and jugular exsanguination. Sections of
approximately 2 cm in length were cut off from the mid-
dle of each ileum. The ileac sections were promptly fixed
in 4% paraformaldehyde for histological analyses. The
midregion of the ileum (~1 cm) was sampled, flushed
gently with saline to remove digesta and immediately

Table 1. Diet composition and nutrient levels.

Ingredient Feed formula (0-3 wk, %)
Corn 53.28
Soybean meal 38.57
Limestone 1.05
Soybean oil 3.70
Dicalcium phosphate 1.98
NaCl 0.35
'"Trace mineral premix 0.30
Choline chloride (50%) 0.30
DL-methionine 0.22
*Vitamin premix 0.02
Santoquin 0.03
Lysine-HCI (8%) 0.12
Tatal 100.00
Avian metabolic energy MC/kg 2.95
Crude protein 21.6
Calcium 1.05
Tatal phosphorus 0.70
Available phosphorus 0.45
Methionine 0.50
Lysine 1.15
Met + Cys 0.86
Threonine 0.80

'The following was supplied per kg complete diet: Cu, 8 mg; Zn, 75 mg;
Fe, 80 mg; Mn, 100 mg; Se, 0.15 mg; I, 0.35 mg.

The following was supplied per kg complete diet: vitamin A, 12,500 IU;
vitamin D3, 2500 IU; vitamin E, 30 IU; vitamin K3, 2.65 mg; thiamine,
2 mg; riboflavin, 6 mg; vitamin B12, 0.025 mg; biotin, 0.0325 mg; folic acid,
1.25 mg; pantothenic acid, 12 mg; niacin, 50 mg.
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frozen in liquid nitrogen, and stored at —80°C for RNA
extraction. Mucosa from the second half of the ileum
(from Meckel’s diverticulum to the midpoint of ileum)
was scrapped, immediately frozen in liquid nitrogen,
and stored at —20°C for subsequent determination of
secretory immunoglobulin (sIgA) and total antioxida-
tive capability (TAOC).

Intestinal Morphology Analysis

After fixation in 4% paraformaldehyde for 24 h, the
ilea were soaked through a graded series of ethanol and
xylene, embedded in paraffin, and sectioned at 5 pm
with a Lecia RM2235 microtome (Leica Biosystems
Inc., Buffalo Grove, IL). The sections were deparaffi-
nized with xylene and rehydrated through graded dilu-
tions of ethanol and stained with hematoxylin and
eosin. The images of ilea were acquired using an
Olympus simon-01 microscope (Olympus Optical Co.,
Ltd., Beijing, China). The values of villus height and
crypt depth were measured 5 times from different villus
and crypts per section from each broiler using the Image-
Pro Plus software 6.0 (Media Cybernetics, Inc., Wash-
ington, DC). The average value of the 5 villus and crypts
represent the value of each ileum sample.

TUNEL Assay and Assessments of TAOC,
sigA, and Antibody Titer of Newcastle
Disease

Intestinal apoptosis was determined using a terminal
deoxynucleotidyl transferase-mediated deoxyuridine
triphosphate nick-end labeling (TUNEL) assay with a
TUNEL BrightGreen Apoptosis Detection Kit (Vazyme
Biotech, Nanjing, China). TAOC and protein content of
the ileal mucosae was detected using commercial reagent
kits (Beyotime Biotechnology, Shanghai, China). The
contents of sIgA were detected using ELISA commercial
kit (Mlbio Co., Ltd., Shanghai, China). Te serum anti-
body titer against Newcastle disease (ND) viruses was
determined using a commercial ELISA kit (IDEXX lab-
oratories Inc., Westbrook, ME). All experimental pro-
cedures were performed according to  the
manufacturer’s instructions. The result was normalized
to protein concentration in each sample.

RNA Extraction and Qualification

TRIzol reagent (Invitrogen, Carlsbad, CA) was used
to isolate the total RNA of each sample. The purity of
RNA was checked using a NanoPhotometer R spectro-
photometer (IMPLEN; Westlake Village, CA). The con-
centration of RNA was tested using Qubit R RNA Assay
Kit in Qubit 2.0 Flurometer (Life Technologies, Carls-
bad, CA). In addition, RNA integrity was assessed
with RNA Nano 6000 Assay Kit in the Bioanalyzer
2100 system (Agilent Technologies, Santa Clara, CA).
The samples with RNA integrity number scores higher
than 8 were used in this study.
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Process of High-Throughput RNA
Sequencing

RNA Sequencing (RNA-Seq) of chick ileum was per-
formed in Novogene Bioinformatics Institute (Beijing,
China) on an Illumina HiSeq 4,000 platform, and
150 bp pairedend reads were generated after clustering
of the index-coded samples. Standardized processes,
including library preparation, sequencing, and transcrip-
tome assembly are shown in Supplementary Data 1.

Expression Analysis by RNA-Seq and
Quantitative PCR

The protein-coding gene expression levels in each sam-
ple were estimated according to fragments per kilo-base
of exon per million fragments mapped and assessed with
the analysis software Cufflinks v2.1.1 (Ghosh and Chan,
2016). P adjusted values were calculated using the
Benjamini-corrected modified Fisher’s exact test, Tran-
scripts with a P adjusted value < 0.05, |fold change| >
1.5, were considered differentially expressed. The results
of RNA sequencing were validated through qPCR.
qPCR was performed using the LightCycler 480 real-
time PCR system and SYBR Green PCR Master Mix
(TaKaRa Biotechnology, Dalian, China). Total RNA
was isolated from the ileac tissues using Trizol reagent
(Invitrogen Life Technologies, Carlsbad, CA). cDNA
was generated using the PrimeScript RT reagent kit
with cDNA eraser (Takara, Dalian, China). The specific
quantitative primers for 7 transcripts are listed in
Supplementary Data 2. Quantitative PCR assays were
carried out using the SYBR Premix Ex TaqTM kit
(Takara, Dalian, China). The conditions were 95°C for
2 min followed by 40 cycles (95°C for 20 s, 60°C for
30 s, and 68°C for 30 s). Each experiment was performed
in triplicate. Target gene expression was quantified using
the 2- A A CT method and normalized to the expression
of glyceraldehyde-3-phosphate dehydrogenase.

Gene Ontology, Kyoto Encyclopedia of
Genes and Genomes, and Protein-Protein
Interaction (PPI) Analysis

Differently expressed gene (DEG) lists were submitted
to the databases of gene ontology (GO) and Kyoto Ency-
clopedia of Genes and Genomes (KEGG) for enrichment
analysis of the significant overrepresentation of GO
terms and KEGG-pathway categories (Ashburner
et al., 2000; Minoru et al., 2008). In all tests, P
adjusted values were calculated using the Benjamini-
corrected modified Fisher’s exact test, and values being
<0.05 was taken as a threshold of significance. Search
Tool for the Retrieval of Interacting Genes/Proteins
(STRING) is a widely used biologic database and Web
resource of known and predicted protein-protein interac-
tions. A network model was generated using the Cyto-
scape Web application using information gained from 4
levels of functional analysis: fold changes of genes/
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proteins, protein-protein interactions, KEGG pathway
enrichment, and biologic process enrichment. A default
confidence cutoff of 400 was used: Interactions with con-
fidence scores above that threshold are shown as solid
lines between genes/proteins, and the remaining interac-
tions are shown as dashed lines.

Statistical Analysis

The results are expressed as means * standard devia-
tion or the means * standard error of mean (for gene
expression), and differences were considered significant
when P < 0.05, as calculated by ANOVA with SPSS
11.0 for Windows (SPSS Inc., Chicago, IL).

RESULTS

Growth Performance

The effects of GEN treatment on the growth perfor-
mance of LPS-treated broilers are shown in Table 2.
Theresults demonstrated that LPS injection significantly
decreased the body weight gain and feed intake of chicks
aged 1t021D (P <0.05). However, dietary genistein sup-
plementation significantly increased the body weight gain
and feed intake in comparision with the LPS group
(P < 0.05). There were no significant effects of genistein
and LPS treatment on the feed-gain ratio of chicks.

Intestinal Morphological Analyses and
TUNEL Assay

According to Figure 1, the intestinal barrier was
significantly damaged by LPS injection. There were
obvious bleeding points in the ileum of the LPS injected
group. The slice of pathology showed that the ileac mu-
cosa of chicks in the LPS group grew thinner, along with
intestinal villus swelling and failing off (Figure 1A).
Furthermore, LPS injection decreased the villus height
and villus height-crypt depth ratio, along with the
increased crypt depth, compared to the CON group
(Figure 1, A—C). Dietary genistein significantly relieved
the symptoms of intestinal bleeding and impaired villus
morphology, which were induced by LPS challenge. As
shown in Figure 1E, the apoptotic cells were primarily
distributed to the apical region of ileac villus. LPS-
challenged broilers exhibited a greater percentage in
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the ileac mucosae than the other groups. In contrast,
the GEN group had a lower apoptotic index in the ileac
mucosae than the LPS group.

Levels of Serum sigA, Antibody Titer of ND,
and TAOC in the lleac Mucosa

As shown in Figure 2A, LPS injection decreased the
levels of sIgA in the ileac mucosa. However, the levels
of sIgA in the ileum mucosa of GEN groups were signif-
icantly higher than those in the CON and LPS groups
(P < 0.001). Similarly, dietary genistein supplementa-
tion reversed the decreased levels of TAOC induced by
LPS injection (P < 0.05; Figure 2C). However, there is
no significant difference in the ND level among the 3
groups, which might be due to missing the best immune
response period after vaccination (Figure 2B).

Quality Control of RNA-Seq Data and
Identification of Transcripts Expressed in
the Chick lleums

In this study, we established 9 ¢cDNA libraries from
the ileums of chicks in the CON, LPS, and GEN groups,
with 3 replicates in each group. An RNA-Seq quality
control summary, including base content along reads, er-
ror rate distribution along reads, classification of raw
data, and percent of genome regions, is shown in
Supplementary Data 3A. We concluded that the quality
of RNA-Seq data was reliable and qualified. RNA-Seq
generated 55061878 to 72871048 raw reads for each li-
brary, with an average of 59821721, 67250158, and
63405653 paired-end reads for the CON, LPS, and
GEN groups, respectively. Low-quality reads were
filtered out, and the average numbers of clean reads
were 57554141, 64675796, and 62046788 for the CON,
LPS, and GEN groups, respectively. The clean reads
were used for all further analyses. After assembly, a total
of 20,733 mRNAs were obtained from the 3 groups. The
average mapping rates were 86.17, 85.17, and 90.31% for
the CON, LPS, and GEN groups, respectively (Table 3).
The mapped reads of different regions of the genome are
displayed in Supplementary Data 3B. The top 10 most
abundantly expressed genes among the 3 groups, ranked
by absolute abundance, were APOA1, COX1, COX3,
ATP6, COIl, GUCA2A, PLA2G2E, FABP2, UBB,
and FTH1 (Supplementary Data 4).

Table 2. Effects of dietary genistein on the growth performance of chicks

at 21 D of age.

Treatment Body weight gain (g) Feed intake (g) Feed-gain ratio
CON 700 = 19* 959 + 13° 1.38 = 0.11
LPS 548 * 16° 826 * 13° 1.51 £ 0.13
LPS + GEN 605 + 38" 863 + 11" 1.43 = 0.30
P value 0.002 <0.001 0.348

The data were expressed as the mean = SD (n = 4 replicate cages).
““Superscripts represent significant difference (P < 0.05).

Abbreviations: CON,

nonchallenge

control; GEN, lipopolysaccharide-

challenged group fed diet supplemented with 40 mg/kg genistein; LPS,
lipopolysaccharide-challenged group; SD, standard deviation.
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Figure 1. The effects of genistein on the villus morphology and apoptosis status of the ileum. (A) Representative photographs of the ileac appearance
and cross section in chicken. (B) Comparison of ileum villus height between the 3 groups. (C) Comparison of ileum crypt depth between the 3 groups.
(D) Comparison of ileum villus height /crypt depth between the 3 groups. Original magnification is 40 X. (n = 8). (E) TUNEL assay of the ileac sections
by immunofluorescence. Scale bar = 200 pm. *“Letters represent significant differences (P < 0.05). Abbreviations: CON, nonchallenged broilers fed a
basal diet; GEN, lipopolysaccharide-challenged group fed diet supplemented with 40 mg/kg genistein; LPS, LPS-challenged broilers fed a basal diet.

Identification of Differentially Expressed
Genes and Venn Analysis

We identified 178 differentially expressed genes (100
upregulated and 78 downregulated) in the LPS group
compared with the CON group with a |fold change| >
1.5 (FDR < 0.05; Figure 3A, 3B). Meanwhile, we identi-
fied 7,131 differentially expressed genes (3,281

upregulated and 3,851 downregulated) in the GEN
group compared with the LPS group. The expression
abundance and fold changes of DEGs are shown in
Supplementary Data 4. We performed principal compo-
nent analysis analysis of gene expression values (frag-
ments per kilo-base of exon per million fragments
mapped) in all samples. As shown in Figure 3C, the sam-
ples between groups were scattered, while samples
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Figure 2. The effects of genistein on the immune indexes and antioxidative capability of LPS-treated chicks. (A) The effects of genistein on the
serum level of sIgA. (B) The effects of genistein on the serum level of ND antibody titer. (C) The effects of genistein on the level of TAOC in the ileum.
““Letters represent significant differences (P < 0.05). Abbreviations: CON, nonchallenge control; GEN, lipopolysaccharide-challenged group fed diet
supplemented with 40 mg/kg genistein; LPS, lipopolysaccharidechallenged group; ND, antibody titer of Newcastle disease; sIgA, secretory immuno-
globin A (ng/mg prot); TAOC, total antioxidative capability (mM/mg protein).

within groups were clustered. Thirty-one genes were
commonly differently expressed in the 3 groups. Dietary
genistein treatment reversed the expressions of 51 genes,
which differently expressed between LPS and CON
groups (Figure 3D).

Real-Time PCR Validation of Differential
Gene Expression

To confirm the accuracy of the RNA-Seq data, we
randomly selected 7 genes. The expression levels of
the selected genes were quantified using qRT-PCR,
and the results were consistent with the findings ob-
tained by RNA-Seq (Figure 4). For example, LPS

injection decreased the mRNA expressions of
IGFBP1 and PPARA in the ileum compared with
those in the CON group, while genistein treatment
increased IGFBP1 and PPARA expressions. The re-
sults suggested that RNA-Seq reliably identified
differentially expressed mRNAs in the ileac transcrip-
tome of chicks.

Gene Ontology Terms and KEGG and PPI
Analysis Using DEGs Between the LPS and
CON Groups

To better understand the network that regulates cell
junctions and immune functions of LPS and genistein

Table 3. Characteristics of the reads from 12 embryo liver libraries.

Sample ID  raw_reads  clean_reads  error_rate (%)  Q20(%) GC_pct (%)  Mapping ratio (%)
CON1 62224764 59541880 0.03 97.26 50.47 86.74
CON2 55061878 53710768 0.03 97.72 51.6 86.39
CON3 62178520 59409776 0.03 97.34 50.91 85.37
LPS1 64366450 61450866 0.03 97.12 50.33 83.57
LPS2 72871048 70213034 0.03 97.6 51.07 86.38
LPS3 64512976 62363488 0.03 97.49 51.54 85.55
GEN1 60596774 59548220 0.02 98.02 51.83 90.94
GEN2 67568632 65994052 0.02 97.91 51.18 89.54
GEN3 62051554 60598094 0.02 97.98 51.62 90.46

Units: reads, n.

Abbreviations: CON, nonchallenge control; GC, guanine-cytosine; GEN, lipopolysaccharide-challenged group fed
diet supplemented with 40 mg/kg genistein; ID, identification; LPS, lipopolysaccharide-challenged group; Q20, Phred

quality score.
"Mapping ratio, mapped reads/all reads.
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Figure 3. (A) Scatter plot of DEGs (LPS vs. CON). Red points represent upregulated genes with |fold change| >1.5 and FDR <0.05. (B) Scatter
plot of DEGs (GEN vs. LPS). Red points represent upregulated genes with |fold change| >1.5 and FDR <0.05. Green points represent downregulated
genes with Pvalue <0.05, fold change <0.67. Blue points represent genes with no significant difference. (C) Principal component analysis (PCA) using
gene expressions (FPKM) of all samples. CN = CON, LS = LPS, GE = GEN. (D) Venn diagram of differentially expressed genes among the CON,
LPS, and GEN groups. Abbreviations: CON, nonchallenge control; DEG, differently expressed gene; GEN, lipopolysaccharide-challenged group fed
diet supplemented with 40 mg/kg genistein; LPS, lipopolysaccharide-challenged group.
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treatments, we conducted GO Biological Process, analysis of Biological Process showed that the DEGs

Cellular Component, and Molecular Function categories ~ were significantly enriched into the terms, including
and KEGG pathway analysis using the genes that were  oxidation-reduction process, immune response, growth
differentially expressed between the LPS and CON  prcocess, ion transmembrane transport, and proteolysis.
groups, respectively. As shown in Figure 5A, GO  Meanwhile, LPS injection influenced iron ion binding,
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Figure 4. (A) The relative gene expression abundance from RNA-seq data as determined by using Cufdiff software (n = 3). (B) The relative mRNA
expressions of random selected genes in the chick ileum as determined by using qRT-PCR. Data are presented as mean value = SEM (n = 8).
Abbreviations: CNTF, ciliary neurotrophic factor; CON, nonchallenge control; GEN, lipopolysaccharide-challenged group fed diet supplemented
with 40 mg/kg genistein; IGFBP1, insulin like growth factor binding protein 1; LPS, lipopolysaccharide-challenged group; MAPK9, mitogen-
activated protein kinase 9; NFKBIA, NF-kappa-B inhibitor alpha; OCLN, Occludin; PPARA, peroxisome proliferator activated receptor a; SEM,

standard error of mean; TJP1, tight binding protein 1.

oxidoreductase activity, and heme binding. From the
enriched genes, we found that LPS injection made
adverse effects on oxidation-reduction process
(CYP2C23bl-1.66; CYP4B7|-3.08 ; DHCR24|-1.55 ;
AGMO|-1.70 ; AOX1|-2.41 ; PTGR1|-1.04 ; CYP2C23
al-1.32 ; ALDH1A1[-0.98 ; CYP2J22|-1.56), immune
response  (CCL4|1.11 ; IL8|3.01 ; IL-18|1.63  IL15|-
0.82), growth (IGFBP1|-1.10), oxidoreductase activity,
and acted on paired donors, with incorporation or reduc-
tion of molecular oxygen (ENSGALGO00000036831|-
3.12; CYP2C23b|-1.66; CYP4B7|-3.08; CYP2C23al-
1.32; CYP2J22|-1.16). The top enriched terms are shown
in Supplementary Data 5. As shown in Figure 5B,
KEGG pathways analysis suggested that LPS injection
inhibited peroxisome proliferator activated-receptors
(PPAR) signaling pathway (PLIN1|-2.85; FABPG6|-
1.93; FABP3|-1.35; CD36|-1.49; LPL|-2.09; APOA1|-
1.50; PPARA|-0.87), retinol metabolism (AOX1|-2.42;
ALDH1A1J-1.52), and intestinal immune network for
IgA production. Furthermore, LPS injection activated
advanced glycation end products-receptor of advanced
glycation end products (AGE-RAGE) signaling

pathway in diabetic complications (NOX1|0.21;
ENSGALG00000031430|1.74; IL8|3.01; PIM1|1.35), pri-
mary  bile acid  biosynthesis (AKR1D1|1.49;
CH25H|1.45), influenza A pathway (IL8|3.01; IL-
18/1.62; IL-18R1]0.89; NF-KBIAJ0.92; SOCS3|2.93),
Toll-like receptor signaling pathway (FOS|1.64;
IL8|3.01; NF-KBIA|0.92), Salmonella infection
(FOS|1.64; IL8|3.01; IL-18|1.62), cytokine-cytokine re-

ceptor interaction  (IL13RA2(3.89; CNTF0.24];
IL8[3.01; IL-18|1.62), cell adhesion molecules
(ENSGALG00000028341|2.40; ENSGALGO00000

031430|1.74; ENSGALG00000015032|1.23), and
nucleotide binding oligomerization domain (NOD)-like
receptor signaling pathway (IL8|3.01; IL-18|1.62; NF-
KBIA|0.92). Accordingly, Cytoscape bioinformatics
analysis of potential protein interactions for all DEGs
between the LPS and GEN groups was performed
(Figure 5C). The DEGs between the LPS and CON
groups were significantly enriched into the AGE-
RAGE signaling pathway in diabetic complications,
NOD-like signaling pathway, Salmonella infection,
Toll-like signaling pathway, cytokine-cytokine receptor
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Figure 5. (A, D) The top 10 enriched items in each main category (biologic process, cell component, and molecular function) of the GO database at
all levels using DEGs of the LPS vs. CON groups and the GEN vs. LPS groups, respectively. (B, E) The top enriched KEGG items using DEGs of the
LPS vs. CON groups and the GEN vs. LPS groups, respectively. (C, F) Protein-protein interaction analysis using DEGs of the LPS vs.CON groups and
the GEN vs. LPS groups, respectively. Circular nodes represent genes/proteins; rectangles represent KEGG pathways or GO Biologic Process terms.
The pathways are colored with a gradient from yellow to blue, in which yellow indicates a smaller P value, and blue indicates a larger P value. GO
biologic processes are colored red. In the fold-change analysis, genes/proteins are colored red for upregulation or green for downregulation. Abbrevi-
ations: CON, nonchallenge control; DEG, differently expressed gene; GEN, lipopolysaccharide-challenged group fed diet supplemented with 40 mg/kg
genistein; LPS, lipopolysaccharide-challenged group; GO, gene ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes.

interaction, retinoic acid-inducible gene I-like signaling
pathway, Janus kinase-signal transducer and activator
of transcription (JAT-STAT) signaling pathway, glycer-
olipid metabolism, and PPAR signaling pathway, which
were all related to the core gene-CXCL8, CNTF, and
LPL.

Gene Ontology Terms, KEGG, and PPI
Analysis Using DEGs Between GEN and
LPS Groups

Among the Biological Process terms enriched for
DEGs between the GEN and LPS groups, we found
that GEN treatment enhanced translation, peptide
biosynthetic process, cellular amide metabolic process,
phosphorylation, and regulation of response to stimulus
(Figure 5D). Total enriched terms are shown in
Supplementary Data 6. Because of too much enriched

terms and DEGs, we focus the significantly enriched
terms at level 6. As shown in Table 4, genistein treat-
ment did positive regulations in leukocyte activation,
cellular response to growth factor stimulus, homotypic
cell-cell adhesion, morphogenesis of an epithelium, pro-
grammed cell death, T-cell differentiation, MAPK
cascade, lipid metabolic process, epithelial cell develop-
ment, cell junction assembly, and adherens junction or-
ganization. Meanwhile, dietary genistein
supplementation inhibited Wnt signaling pathway and
I-kB kinase/NF-kB signaling. In addition, genistein
treatment significantly upregulated the mRNA expres-
sions of HNF4G, NR5A2, NR1D2, PPARA, HNF4beta,
NR1H3, HNF4A, PPARG, NR3C1, RORA, ESRRG,
RXRA, THRA, ESR1, and AR, which were enriched
into cellular response to lipid (GO:0071396) and steroid
hormone—mediated signaling pathway (GO:0043401).
As shown in Figure 5E; KEGG analysis indicated that
genistein treatment activated GnRH signaling pathway,
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insulin signaling pathway, AGE-RAGE signaling DEGs (MAPK9|7.21, IL6/0.1, MyD88|0.17) were

pathway in diabetic complications, tight junction, adhe-
rens junction, focal adhesion, Samonella infection,
MAPK signaling pathway, Wnt signaling pathway,
and forkhead box O signaling pathway. Also, the

enriched into Toll-like signaling pathway and NOD-
like signaling pathway. Furthermore, the upregulated
expressed genes, including H6PD, HEPH, CYP2U1,
MICAL3, KDMS5A, GLYR1, EGLN3, CYP7BI,
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Figure 5. Continued

OGFOD3, QSOX2, MICAL2. ALDH6A1, GPD2, DAO,
VAT1, Nox4, DPYD, PXDN, ERO1B, KDMIB,
MTHFR, TXNRD1, PDPR, RRM2B, KDMIA,
GPD1L, MSRB1, ACOX2, CYP3A5, FA2H, NOSI,
LOX, RETSAT, GYS2, and IL6, were enriched into
oxidation-reduction process. In contract, genistein treat-
ment downregulated the mRNA expressions of IL-12a,
IL6, ILI0RA, and IL11RA compared to LPS groups,
which related to inflammatory reaction. Accordingly,
PPI analysis of all DEGs between the GEN and LPS
groups was performed (Figure 5F). The DEGs between
the GEN and LPS groups were significantly enriched
into oxidative phosphorylation, cardiac muscle contrac-
tion, sulfur relay system, adrenergic signaling cardio-
myocytes, FErbB signaling pathway, JAK-STAT
signaling pathway, AGE-RAGE signaling pathway in
diabetic complications, regulation of actin cytoskeleton,
MAPK signaling pathway, and forkhead box O signaling
pathway, which were all related to the core gene-BCL2,
PTK2, MAPK9, PTPNI11, NRAS, VCL, IL6, and
FGFR2.

DISCUSSION

In this experiment, LPS injection caused obvious
pathological changes in the ileum of broilers, including
hyperemia, bleeding spots, and intestinal wall growing
thin. The destructed villus morphology and inflamma-
tory reaction were induced by LPS injection, which
decreased the growth performance of chicks. These phe-
notypes indicated that intestinal injury model had been
successfully established, which is consistent with the pre-
vious researches (Wang et al., 2019b: Zhuang et al.,
2019). In line with our expectations, genistein
treatment alleviated LPS-induced intestinal damage
and improved growth performance of chicks. The specific
manifestations are improvement of intestinal
morphology, mucosal immune function, tight junction,
antioxidant activity, and apoptotic process.

Intestinal villus is the main site for nutrient absorp-
tion. Intestinal morphological integrity has great im-
pacts on the animal health and growth performance. In
the present experiment, LPS infection reduced the ileum
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Figure 5. Continued

villus height and damaged the villus structure, which
definitely decreased the absorption capacity of intes-
tines. Meanwhile, LPS infection reduced the crypt
depth, suggesting that LPS hindered the normal devel-
opment of intestinal crypt. Similarly, it is reported

that LPS stress could inhibit the proliferation of intesti-
nal epithelial cells, along with the enhanced apoptosis
process, which resulted in morphological damage of in-
testinal villus (Liu et al., 2012). Interestingly, adding
genistein into the diet could protect against LPS-
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Table 4. GO cluster analysis (GEN vs. LPS).

Levels GO_Name GO _ID P value adjusted Gene_Count Pop_ Hit
4,5,6 Regulation of leukocyte activation G0:0002694 6.62E-06 90 281
6 Cellular response to growth factor stimulus GO:0071363 6.96E-06 135 468
5,6 Homotypic cell-cell adhesion GO:0034109 3.10E-05 98 324
5,6 Morphogenesis of an epithelium G0O:0002009 9.68E-05 115 405
5,6 Leukocyte cell-cell adhesion GO:0007159 1.64E-04 87 291
5,6 Regulation of programmed cell death GO:0043067 2.07E-04 256 1052
6 Leukocyte differentiation GO0:0002521 3.55E-04 98 344
6 T-cell differentiation G0:0030217 7.83E-04 53 163
5,6 MAPK cascade G0:0000165 8.21E-04 151 587
4,5,6 Positive regulation of lipid metabolic process GO:0045834 9.04E-04 31 80
5,6 I-kB kinase/NF-kB signaling G0:0007249 3.22E-03 62 210
6 Alpha-beta T-cell activation GO:0046631 4.20E-03 31 87
5,6 Epithelial cell development G0:0002064 5.28E-03 57 193
4,5,6 Positive regulation of cell junction assembly GO:1901890 7.16E-03 13 26
5,6 Regulation of Wnt signaling pathway GO0:0030111 7.43E-03 65 230
6 Response to interleukin-1 GO:0070555 1.08E-02 22 58
5,6 Positive regulation of adherens G0:1903393 1.11E-02 12 24

junction organization

Abbreviations: GEN, lipopolysaccharide-challenged group fed diet supplemented with 40 mg/kg genistein; LPS, lipopolysaccharide-challenged group;

GO, gene ontology.

induced morphology injury in the ileum of piglets, which
was consistent with the beneficial effects of daidzein on
the intestinal barrier (Zhu et al., 2015). What we stress
here is that dietary genistein also improved the growth
performance of chicks, which was decreased by LPS in-
jection. The transcriptomic analysis of ileums revealed
that LPS injection inhibited the growth process (Wang
et al., 2019a). Furthermore, it promoted proteolysis pro-
cess, along with the upregulated expressions of
ADAMTS4 and MST1. Our previous study suggested
that adding genistein into the diet of LBB hens can acti-
vate the GHIGFs-PI3K / Akt pathway in offspring chicks
and increased the body weight gain (Lv et al., 2019).
Similarly, dietary genistein treatment in the present
study increased the expressions of growth-related genes
(CRIM1/ESM1, IGFBP1, IGF1R, and IGF2R)
compared with LPS treatment. As we all know, PPAR
signaling pathway involves in the regulation of lipid
metabolism and inflammatory gene expression
(Aoyama, 1999; Zhang and Young, 2002). In the
present study, genistein treatment alleviated the
inhibitory effect of LPS on PPAR pathway, which is
consistent with our previous research (Lv et al., 2019).
Therefore, dietary genistein supplementation for broilers
can alleviate the adverse effects of LPS on the intestinal
morphology and growth performance.

Cytokines are the primary markers of injury or infec-
tion (Ertel et al., 1991). The increased expressions of
proinflammatory cytokines and receptors suggested
that LPS injection induced inflammatory response in
the intestine of broilers. sIgA is the main immune barrier
to prevent intestinal pathogens from colonizing into the
intestinal mucosa, which further maintain the homeosta-
sis of symbiotic bacteria (Fang et al., 2010). Polosukhin
et al. (2011) observed a decrease in sIgA in the bron-
choalveolar lavage fluid of patients with chronic obstruc-
tive pulmonary disease. It is believed that abnormal
bronchial epithelial structure led to local sIgA deficiency
(Polosukhin et al., 2011). In the present study, GO anal-
ysis indicated that LPS injection influenced intestinal

immune network for IgA production in the intestine.
Furthermore, the quantitative results of ELISA sug-
gested that LPS challenge decreased the levels of sIgA
in the ileum mucosa, which might be due to the damaged
villus morphology and immune levels. However, dietary
genistein increased the slgA levels compared with the
LPS group, which could enhance the barrier function
of intestinal mucosa. Pattern recognition receptor can
recognize various invasive pathogens, resulting in
inflammation through specific signaling pathways
(Petr and Monack, 2013). Toll-like receptors and Nod-
like receptors are 2 major families of pattern recognition
receptor, which can recognize LPS in the cell wall of
gram-negative bacteria. In the present study, transcrip-
tomic analysis indicated that LPS injection induced im-
mune response in the chick ileum. It activated influenza
A pathway (IL8|3.01; IL-18]1.62; IL-18R1|0.89; NF-
KBIA|0.92; SOCS3|2.93), Toll-like receptor signaling
pathway (FOS|1.64; IL8|3.01; NF-KBIA|0.92), Salmo-
nella  infection (FOS|1.64; 1L8|3.01; IL-18|1.62),
cytokine-cytokine receptor interaction (IL13RA2|3.89;
CNTF|0.24; 11L.8|3.01; IL-18|1.62), and NOD-like recep-
tor signaling pathway (IL8|3.01; IL-18/1.62; NF-
KBIA|0.92). Furthermore, the expression of NF-KBIA
increased significantly after LPS treatment, which acti-
vated the NF-kB signaling pathway. The result was
consistent with the previous study (GomezCabrera
et al, 2003; Wang et al., 2015). Meanwhile, LPS
injection upregulated the expressions of IL8, I1-18, and
IL13RA2 in the ileum. The main biological activity of
IL-8 is to activate neutrophils. After contacting with
IL-8, neutrophils undergo morphological changes and
migrate to the reaction site, resulting in local inflamma-
tion in the body. IL-18 is the proinflammatory cytokine,
which can induce the production of IFN-gamma from T
cells. IL-18 can combine to IL12, then inhibit the produc-
tion of IgE and IgG1 (Salagianni et al., 2007). These ev-
idences further revealed that LPS challenge induced the
inflammatory reactions in the ileum of chicks. In the pre-
sent  study, dietary genistein supplementation
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significantly decreased the expression of IL6 and inflam-
matory factor receptors (ILI0RA, IL11RA, IL31RA,
and IL17RA). Transcriptomic analysis further revealed
that dietary genistein did positive regulations on leuko-
cyte activation and T-cell differentiation. It inhibits
Toll-like signaling pathway and NOD-like signaling
pathway in the ileum. As we all know, Toll-like and
NOD-like signaling pathways can activate NF-kB and
MAPK signaling pathways, which promote the expres-
sions of proinflammatory genes (Fukata et al., 2009).
Similarly, genistein is reported to decrease the degrada-
tion of IkB—a, then inhibit tyrosine kinase and IL-17
expression (Kehlen et al., 1999). Therefore, the inhibited
I-kB kinase/NF-kB signaling after genistein treatment is
the main factor that alleviates inflammatory response. In
the present study, dietary genistein significantly down-
regulated the mRNA expressions of INSR, EGFR,
ABL1, ABL2, PTK2, PTK2B, and TEK in the ileum
compared to the LPS group, which were enriched into
the inhibited biological process of protein tyrosine kinase
activity. Furthermore, genistein can induce tyrosine ki-
nase phosphorylation, acting as a critical upstream
signaling event in LPS-mediated c-Jun N-terminal ki-
nase and NF-kB activation (Kang et al., 2001). The
transcriptomic analysis indicated that dietary genistein
supplementation upregulated the mRNA expressions of
PTPRJ, PTPN3, PTPRU, PTPRK, PTPRB,
PTPRN2, PTPN1, PTPRE, PTPN11, PTPNI12,
PTPRF, PTPN4, PTPRG, PTPRS, PTPN14, and
PTPRC, which enhanced protein tyrosine phosphatase
activity. Activation of tyrosine kinases induces down-
stream activation of MAPK, and inhibiting tyrosine ki-
nase activity blocks MAPK activation (Purcell et al.,
2003). Therefore, genistein, an inhibitor of tyrosine ki-
nase, is effective in preventing LPS-induced NF-kB-
dependent cytokine and MAPK cascade signaling.
Integrity of intestinal epithelial cells is mainly regu-
lated by microtubules and actin. The junctions between
epithelial cells include tight junction, gap junction,
adherence junction, and desmosome junction. As we all
know, LPS can destroy the junctions between intestinal
cells (He et al., 2019). It is reported that genistein can
inhibit phosphorylation of intestinal tight junction pro-
tein, which ensures the integrity of intestinal barrier
(Suzuki and Hara, 2011). In addition, genistein can in-
crease the expression of E-cadherin and maintain the
stability of cytoskeleton (Rao et al., 2002; Ying and
Simmen, 2009). In the present study, LPS injection
significantly influenced cell adhesion molecules in the
ileum, while dietary genistein treatment upregualted

the mRNA expressions of TJPland OCLN.
Transcriptomic analysis indicated that genistein
treatment significantly enhanced the biological

processes, including positive regulation of homotypic
cell-cell adhesion, morphogenesis of an epithelium, cell
junction assembly, and adherens junction organization.
KEGG analysis further revealed that genistein treat-
ment enhanced tight junction genes (NRAS, PPP2Ca,
YES1), adherens junction (YES1, TGFBR2, PTPNI,
VCL), and focal adhesion (BCL2, PTK2, CRK, VCL,
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MAPKDY). This is consistent with the reports that genis-
tein can inhibit the invasion of pathogenic bacteria to
Caco-2 cells, reducing the invasion and internalization
of pathogenic bacteria (Wells et al., 1999). Therefore, di-
etary genistein supplementation protected against LPS-
induced intestinal cell junction damage in broilers.

LPS can promote the production of reactive oxygen
species through NF-«kB signaling pathway in inflamma-
tory cells, thereby impairing the antioxidant function
(Haddad and Land, 2002). Transcriptomic analysis sug-
gested that LPS injection significantly reduced oxidore-
ductase activity, doing adverse effects on the
incorporation or reduction of molecular oxygen. Adding
genistein into the diet significantly increased the total
antioxidant capability in the ileum of broilers. This is
consistent with the report that genistein (5 mg/kg) can
improve antioxidant capacity and immune function of
broilers (KKamboh et al., 2016). Accordingly, transcrip-
tomic analysis showed that dietary genistein signifi-
cantly  enhanced oxidation-reduction =~ process.
Meanwhile, LPS treatment can induce apoptosis in the
tissue through reactive oxygen species (Du et al.,
2012). Transcriptomic analysis revealed that dietary
genistein improved cell death process and significantly
increased related-gene expression in the ileum. Similarly,
TUNEL analysis in the present study suggested that di-
etary genistein supplementation significantly alleviated
LPS-induced apoptosis in the ileum. Therefore, dietary
genistein might alleviate LPS-induced intestinal injury
through regulating apoptosis process.

In conclusion, dietary genistein supplementation
altered the gene expression profile and signaling
pathway in the ileum of LPS-challenged chicks. Further-
more, dietary genistein improved intestinal morphology,
mucosal immune function, tight junction, antioxidant
activity, and apoptotic process, which were adversely
damaged by LPS injection. Therefore, adding genistein
into the diet of chicks can promote the growth perfor-
mance of chicks under intestinal injury.
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