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ABSTRACT Lipopolysaccharide (LPS) can affect
the immune system of geese by inducing liver injury.
The polysaccharide of Atractylodes macrocephala
Koidz (PAMK) have obvious immune-enhancing
effects. Accordingly, this experiment investigated the
effect of PAMK on LPS-induced liver injury in gos-
lings. Two hundred 1-day-old goslings were randomly
divided into the control group, LPS group, PAMK
group, and PAMK+ LPS group, and the PAMK and
PAMK+ LPS groups were fed the basal diet with
400 mg/kg PAMK, while the control and LPS groups
were fed the basal diet. On D 21, 23, and 25 of the
formal trial, the goslings in the LPS and PAMK
+LPS groups were injected intraperitoneally with
2 mg/kg LPS, and goslings in the control and PAMK
groups were injected intraperitoneally with the same
amount of saline. Livers were collected on D 25. HE-
stained sections showed that PAMK could effectively
alleviate the LPS-induced indistinct hepatic cord
structure, loss of cytoplasmic contents of hepatocytes,
and dilatation of hepatic sinusoids. The biochemical
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parameters of liver tissues showed that PAMK could
alleviate the LPS-induced upregulation of alanine
aminotransferase and aspartate aminotransferase. To
further investigate the mechanism of the mitigating
effect of PAMK on LPS-induced injury, livers from
the LPS and PAMK+LPS groups were selected for
transcriptome sequencing. The sequencing results
showed that there were 406 differentially expressed
genes (DEGs) in the livers of LPS and PAMK+LPS
goslings, of which 242 upregulated and 164 downregu-
lated. The Kyoto Encyclopedia of Genes and Genome
(KEGG) analysis showed that DEGs were signifi-
cantly enriched in immune signal transduction, cell
cycle, and cell metabolism. Besides, protein‒protein
interaction analysis showed that 129 DEGs were asso-
ciated with each other, including 7 DEGs enriched in
the p53 and FOXO signaling pathway. In conclusion,
PAMK may alleviate LPS-induced liver injury in gos-
ling through the p53 and FOXO signaling pathway.
These results provide a basis for further development
of PAMK as an immunomodulator.
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INTRODUCTION

Lipopolysaccharide (LPS) is an important patho-
genic factor of gram-negative bacteria and is a patho-
gen-associated molecular pattern (Bowen et al., 2009).
LPS rarely shows symptoms at the beginning of its entry
into the body, but as it spends more time in the body,
many adverse effects gradually appear (Beutler, 2004;
Bilodeau-Bourgeois et al., 2008). During waterfowl
farming, the aquatic environment tends to harbor harm-
ful bacteria, resulting in elevated concentrations of LPS
in the organism. LPS stimulates the innate immune
response, inducing cells to produce and release a series of
inflammatory mediators, causing toxicity to spread in
the body and accelerating the inflammatory process
(Xi et al., 2019). For example, LPS can induce an
inflammatory response in ducks and cause damage to
the intestinal tract (Yang et al., 2021; Liu et al., 2022;
Qin et al., 2022).
The liver is an organ in the body with a predomi-

nantly metabolic function and is also an important
intrinsic immune organ. Due to the existence of the “gut
liver axis,” the liver continuously metabolizes LPS from
the gut to maintain the body’s immune level. Research
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has found that excess LPS can cause the liver to undergo
pathological changes, which in turn induces liver inflam-
mation (Ding et al., 2018). In patients with acute liver
failure, the liver’s ability to clear LPS is reduced, leading
to increased release of inflammatory cytokines and
increased liver function damage (Chastre et al., 2014).
LPS can promote the activation of hepatic stellate cells
and their transformation into myofibroblasts, which are
involved in the formation of liver fibrosis (Quiroz et al.,
2001). It has also been suggested that inflammatory
mediators released by LPS can increase the chance of
neurological complications from liver disease
(Lindros et al., 2005).

In previous studies, polysaccharide of Atractylodes
macrocephala Koidz (PAMK) have been shown to
have significant anti-inflammatory and antioxidant
effects (Xu et al., 2015; Li et al., 2019). PAMK can slow
LPS-induced splenic ferroptosis (Li et al., 2022) and
maintain small intestinal morphology in goslings,
improve intestinal flora disorders, and alleviate LPS-
induced enteritis in goslings (Li et al., 2021). Meanwhile,
PAMK also has a protective effect on the liver by regu-
lating antioxidant enzyme activity and hepatic lipid
metabolism to improve liver injury induced by high-
energy and low protein diets (Miao et al., 2021) and
mediates signaling pathways to reduce liver inflamma-
tory damage and oxidative stress (Guo et al., 2021).
However, the effect of PAMK on LPS-induced liver
damage in goslings has not been reported. Therefore, in
this study, we tried to investigate the effect of PAMK
on LPS-induced liver injury in goslings by establishing a
model of LPS-induced liver injury in goslings and to
understand the mechanisms involved in the protective
effect of PAMK against LPS-induced liver injury in gos-
lings by transcriptome sequencing data.
MATERIAL AND METHODS

Ethics Statement

In this study, all Magang goslings (Anser cygnoides)
were treated humanely, and the experiment was
approved by Zhongkai University of Agriculture and
Engineering.
Experimental Animals and Sample
Preparation

PAMK was purchased from Tianyuan (purity 95%,
Yanglingciyuan Biotechnology Company, Xi’an,
China). The goslings were purchased from Jinye Bird
Breeding (Guangdong) Co., Ltd. A total of 200 goslings
were reared, half of which were males and half of which
were females. They participated in the experiment at 0 d
of age, were prefed for 3 d, and then entered the formal
trial, which lasted 25 d. These goslings were randomly
divided into 4 groups of 50 birds each. These four groups
of goslings had free access to food (including vegetables)
and water. The control and LPS groups were fed normal
diets, and the PAMK and PAMK + LPS groups were
fed normal diets supplemented with PAMK 400 mg¢
kg�1. In addition, at D 21, 23, and 25 of the formal trial,
intraperitoneal injection of saline 0.5 mL was performed
in the control and PAMK groups, and intraperitoneal
injection of LPS (L2880, Sigma, MO) 2 mg/(kg body
weight) was started in the LPS and PAMK + LPS
groups once a day. Livers were collected on D 25 of the
formal trial. Painless execution of all goslings after anes-
thesia. All samples were immediately placed in liquid
nitrogen and stored at �80°C.
Histomorphological Observation of the Liver

Fresh liver tissue was washed with normal saline three
times, and the water on the surface of the tissue was
wiped away. It was fixed in a 10% neutral buffered for-
malin solution for 48 h, embedded in paraffin, and cut
into 5 to 6 mm thick slices. A routine histological exami-
nation was performed, and paraffin sections were stained
with HE. HE-stained sections were analyzed under a
Nikon fluorescence microscope (Nikon, Tokyo, Japan).
Detection of Biochemical Indicators in the
Liver

In the test, 0.1 g of liver tissue was cut, and 0.9 mL of
normal saline was added. After crushing with a crusher,
the samples were centrifuged at 2000 £ g for 5 min, and
the supernatant was collected for use. The levels of ala-
nine aminotransferase (ALT) and aspartate amino-
transferase (AST) in the tissue supernatant were
measured using kits (C009-2-1, C010-2-1, Nanjing Jian-
cheng Bioengineering Institute, Nanjing, China).
RNA Extraction and Library Construction

To further investigate the mechanism of action of
PAMK on LPS-induced liver injury. Three samples of
liver tissue from each of the LPS and PAMK + LPS
groups of goslings were taken for high-throughput
sequencing. RNA from total samples was isolated and
purified using TRIzol (15596018, Invitrogen, CA)
according to the instructions provided by the manufac-
turer. The purity of the RNA samples was determined
by measuring OD260/280 values in the ranges of 1.8 to
2.0 and RIN > 7.0. RNA purity was verified by agarose
gel electrophoresis, and RNA integrity was detected
using a Bioanalyzer 2100 system (5067-1511, Agilent
CA). The captured mRNA was fragmented using a mag-
nesium ion interruption kit (cat.E6150S, NEBNext
Magnesium RNA Fragmentation Module, USA) at 94°C
for 5 to 7 min under high temperature conditions. Frag-
mented RNA was synthesized into cDNA by reverse
transcriptase (cat. 1896649, Invitrogen SuperScript II
Reverse Transcriptase, CA). The duplexes of DNA and
RNA were transformed into DNA duplexes and mixed
with dUTP Solution (item #R0133, Thermo Fisher,
CA), and the ends of the double-stranded DNA were
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aligned to flat ends. The fragment size was screened and
purified using oligo (dT) magnetic beads (Dynabeads
Oligo (dT)). The second strand was digested with UDG
enzymes (cat.m0280, NEB, MA) and subjected to PCR
to make a library with a fragment size of 300 bp §
50 bp. All cDNAs were double-end sequenced using an
Illumina Novaseq 6000 (LC Bio Technology CO., Ltd.
Hangzhou, China) in PE150 sequencing mode according
to standard practices.
Identification of Differentially Expressed
Genes (DEGs)

To obtain high-quality clean reads, Cutadapt
(https://eutadapt.readthedocs.io/en/stable/, version:
cutadapt-1.9) filters the reads further. Quality control of
the downstream raw data, including Q20, Q30, and GC
content of the clean data, was performed using FASTQ
software (https://github.com/OpenGene/fastp).
Sequencing data were aligned to the genome (Homo
sapiens, GRCh38) using HISAT2 (https://ccb.jhu.edu/
software/hisat2). The assembly of genes or transcripts
was performed using StringTie software (https://ccb.
jhu.edu/software/hisat2). Quantification by FPKM
(FPKM = total_exon_fragments/[mapped_reads
(millions) £ exon_length(kB)]) was performed using
the R package edgeR (https://bioconductor.org/pack-
ages/release/bioc/html/edgeR.html) and was analyzed
for DEGs between samples. DEGs were assessed by
determining the two criteria of more than twofold
change in expression and P value < 0.05.
Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genome (KEGG)
Enrichment Analysis

GO is an internationally standardized gene function
classification system that comprehensively characterizes
the genes and their products in an organism. KEGG is a
database for the systematic analysis of gene function
and can link gene information to biofunctional informa-
tion. In this experiment, all DEGs were enriched for the
GO function using the Goseq R package. KEGG func-
tional enrichment analysis was performed using the
KOBAS online tool (http://kobas.cbi.pku.edu.cn/genel-
ist/). The 50 GO terms enriched, and the 15 enrichment
pathway analysis results of KEGG were visualized.
Protein‒protein Interaction (PPI)) Network

The STRING 10 database (http://string-db.org/), a
search tool for retrieving interacting genes, was used to
determine the relationships at the protein level of the
DEGs involved in the PAMK mitigation of the LPS-
induced liver injury pathway in goslings. Meanwhile,
this experiment screened the enriched genes in the path-
way related to PAMK alleviation of LPS-induced liver
injury in goslings within the database. The results were
visualized using Cytoscape v3.2.1.
Validation of RNA Sequencing (RNA-Seq)
Results Using qRT‒PCR
Seven DEGs in a significantly enriched pathway asso-

ciated with PAMK alleviation of LPS-induced liver
injury in goslings were selected by qRT‒PCR to validate
the results of performing high-throughput RNA-seq
analysis as described previously. Five liver samples were
selected from each group of the same batch, and total
RNA was extracted using TRIzol reagent (GK20008,
Glpbio, CA) and reverse transcribed according to the
instructions of the TaKaRa Reverse Transcription Kit
(RR036A, Takara, Beijing, China). Quantitative reverse
transcription polymerase chain reaction analysis was
performed on a real-time fluorescence quantitative PCR
instrument (7500) (Life Technologies, Singapore) using
2£ RealStar Fast SYBR qPCRMix (A304-01, GenStar,
Beijing, China) with the following reaction system:
SYBR Green Master Mix 10 mL, RNase Free dH2O 7
mL, F Primer 1 mL, P Primer 1 mL, and cDNA 1 mL.
The reaction procedure of quantitative reverse tran-
scription polymerase chain reaction was as follows: pre-
denaturation at 95°C for 5 min; denaturation at 95°C for
30 s, annealing at 60°C for 30 s, extension at 72°C for
30 s, and extension at 72°C for 10 min. The relative
expression levels of mRNA of the target genes were cal-
culated using the 2�DDCT method with ACTB as the
internal reference gene.
Statistical Data Analysis

Data are expressed as the mean § standard error
(SEM). One-way ANOVA was performed using
SPSS 26.0 statistical software, multiple comparisons
were performed using the Tukey method, and signifi-
cance tests were performed for biochemical indicators.
Two-tailed Student’s t test was performed with SPSS
26.0 statistical software to test the significance of
Log2 RNA-Seq versus Log2 qRT‒PCR for DEGs in
the LPS and PAMK + LPS groups. GraphPad Prism
5.0 was used to visualize the data. P < 0.05 was con-
sidered significant.
RESULTS

PAMK Alleviates LPS-induced Liver Injury in
Goslings

HE-stained sections of gosling livers from all treat-
ment groups were compared with the control group
(Figure 1). Compared with the control group, the
LPS group showed poorly defined hepatic cord struc-
ture, loss of hepatocyte cytoplasmic contents, and
dilated hepatic sinusoids. In contrast, the hepatic
cords in the PAMK and PAMK+LPS groups were
neatly arranged, with normal hepatocyte structure
and morphology.



Figure 1. HE staining results of gosling livers (400 £). The black arrow points to the central vein, and the red arrow points to the hepatic sinus-
oids.
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Effect of PAMK on Biochemical Indices in the
Livers of Goslings Induced by LPS

The levels of ALT and AST in the liver tissue of gos-
lings were measured in all groups (Figure 2). The treat-
ment group, with the addition of PAMK alone, had
levels similar to those of the control group. The levels of
ALT and AST in the livers of LPS-induced goslings
were significantly higher than the control levels (P <
0.05), while the addition of PAMK downregulated their
levels to normal levels.
Transcriptome Data

To explore the pathways involved in the role of
PAMK in alleviating LPS-induced liver injury in
Figure 2. Effect of PAMK on LPS-induced ALT and AST in the livers o
data columns labeled with different lowercase letters indicate significant diff
goslings, liver tissues from goslings in the LPS and
PAMK + LPS groups were selected, and the transcrip-
tome was examined using the RNA-Seq method. As
shown in Table 1, each sample generated 45.8 to
52.0 million raw read data, and after quality control fil-
tering, each sample had 44.0 to 49.9 million valid read
data, and the valid ratio (reads) of each sample was over
95.81. The base mass values of all samples ranged from
97.30% to 97.44%, and the percentage of GC content
was 48.50%. The sample data were tested by several
indicators and showed satisfactory results.
We describe the expression of the detected mRNAs in

the liver of goslings. As shown in Figure 3(A), most of
the mRNAs were between 1,000 and 3,500 bp in length,
and the number of mRNAs greater than 6,000 bp in
length was the largest. Meanwhile, the number of exons
f goslings. Data are expressed as the mean§ standard error (SEM). The
erences (P < 0.05), as in the following figure.



Table 1. Quality analysis of transcriptome sequencing and mapping.

Sample Raw data (read) Valid data (read) Valid ratio(reads) Q30% GC content%

LPS1 45825564 43990084 95.99 97.33 48.50
LPS2 49605102 47688432 96.14 97.41 48.50
LPS3 51768960 49660302 95.93 97.39 48.50
PAMK + LPS1 50432826 48344376 95.86 97.38 48.50
PAMK + LPS2 49565822 47562930 95.96 97.30 48.50
PAMK + LPS3 52053250 49871216 95.81 97.44 48.50
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showed the same pattern, with the number of genes
gradually decreasing as the number of exons increased,
with the highest proportion of mRNAs with exon num-
ber 3 exceeding 10% (Figure 3B). We also performed a
statistical analysis of the regional distribution of
mRNAs for each sample, with similar percentages of dif-
ferent regions (Figure 3C).
Identification of Differentially Expressed
Genes

Experiments were performed to analyze the sequenc-
ing data of gosling livers from the LPS and
Figure 3. Expression of mRNA in the livers of goslings. (A) Length d
Description results of the regional distribution of mRNAs.
PAMK + LPS groups according to the P < 0.05 and |
log2(FC)>1| criteria. In the scatter plot, blue dots indi-
cate downregulated genes, red dots indicate upregulated
genes, gray dots indicate nondifferentially expressed
genes, and the size of the dots indicates the significance
of genes. The larger the dots are, the stronger the signifi-
cance. A total of 406 DEGs (242 upregulated and 164
downregulated) were identified (Figure 4).
Functional Analyses of DEGs

To further determine the mechanism of the protective
effect of PAMK on LPS-induced liver injury in goslings,
istribution of mRNAs. (B) Exon number distribution of mRNAs. (C)



Figure 4. DEGs in the livers of the LPS and PAMK + LPS groups of goslings. (A)Volcano map of LPS vs. PAMK + LPS DEGs. (B) Heatmap
of LPS vs. PAMK + LPS DEGs.
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a functional enrichment analysis of DEGs was per-
formed. As shown in Figure 5(A), the 50 GO terms were
enriched in the LPS group compared with the PAMK
+LPS group. These included 25 GO terms in the biologi-
cal process (BP) category, 15 GO terms in the cellular
component (CC) category, and 10 GO terms in the
molecular function (MF) category. Among the 25 GO
items significantly enriched by BP, the most enriched
items were those related to immune processes such as
lymphocyte chemotaxis, monocyte chemotaxis, cellular
response to interleukin-1, positive regulation of B-cell
activation, calcium-mediated signaling using intracellu-
lar calcium source, inflammatory response, and chemo-
kine-mediated signaling pathway. Among the 15 GO
Figure 5. GO and KEGG pathway enrichment analyses of DEGs in g
DEGs. (B) KEGG enrichment bubble plot of LPS vs. PAMK + LPS DEGs.
items significantly enriched by CC, DEGs were more
involved in spindle midzone, condensed nuclear chromo-
some outer kinetochore, condensed chromosome, meiotic
spindle, chromosome, centromeric region and cell cycle
component related items. Among the 10 GO items sig-
nificantly enriched in MF, DEGs were more enriched in
chemokine activity, CCR chemokine receptor binding,
and G protein-coupled peptide receptor activity related
to chemokines (P < 0.05).
The results of the KEGG enrichment pathway analy-

sis showed that DEGs were more enriched in the p53 sig-
naling pathway, FOXO signaling pathway, and PPAR
signaling pathway, which are pathways related to
immune signaling (Figure 5B). In addition, pathways
osling liver. (A) GO enrichment histogram of LPS vs. PAMK + LPS



Figure 6. Interaction map of the differentially expressed protein‒protein network. (A) PPI map of all DEGs. (B) PPI map of DEGs in 5 related
signaling pathways. (C) Cross plot of all DEG in PPIs and DEGs in 5 related signaling pathways. The size of the circle shows the strength of the
data support, with red representing upregulated genes and blue representing downregulated genes.
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related to the cell cycle and cellular senescence were also
included (P < 0.05).
PPI Network and Module Analysis

The STRING 10 database was used to construct PPI
networks for all DEGs and to further analyze their possi-
ble modes of interaction. The results showed that 129
DEGs were correlated (Figure 6A). Among the 129
related DEGs, 17 DEGs were enriched in five related
pathways: the p53 signaling pathway, FOXO signaling
pathway, PPAR signaling pathway, cell cycle, and cellu-
lar sense (Figure 6B, C). Among them, CDK1,
CDKN1A, RRM2, and CCNB2 are enriched in the p53
signaling pathway. The IL6, CCNB2, CDKN1A,
CCNB3, and PLK1 genes are enriched in the FOXO sig-
naling pathway. PPI network analysis confirmed that
CDK1, CDKN1A, RRM2, CCNB2, IL6, CCNB3, and
PLK1 have a strong biological interaction relationship.
Figure 7. The results of qRT‒PCR and RNA
Validation of RNA-Seq Results Using qRT‒
PCR

To determine the reliability of the RNA-Seq data, a fluo-
rescence quantitative method was used to detect the
expression levels of 7 DEGs enriched in the p53 signaling
pathway and FOXO signaling pathway. As shown in
Figure 7, in RNA-Seq and qRT‒PCR, the changes in the
expression of these DEGs showed the same upward or
downward trend. Therefore, the RNA-Seq data are reli-
able, which also indicates that the p53 signaling pathway
and FOXO signaling pathway may play important roles in
PAMK-mediated relief of LPS-induced liver injury.
DISCUSSION

The liver is an important intrinsic immune organ in
the body. The histomorphological structure of the liver
reflects the degree of health of the liver. Therefore, the
histomorphological integrity of the liver, the degree of
-seq for 7 DEGs from two comparison groups.
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congestion or inflammatory infiltration, and thus the
degree of liver health is assessed (Hermenean et al.,
2012). In this experiment, LPS-induced liver damage in
goslings with unclear hepatic cord structure and loss of
hepatocyte cytoplasmic contents, and the LPS-induced
liver damage was alleviated by PAMK after feeding
PAMK. ALT and AST are markers of liver dysfunction
and can also be used to evaluate hepatocyte inflamma-
tory injury (Yang et al., 2017). LPS-induced liver dam-
age and upregulated ALT and AST levels. Notably,
PAMK was effective in alleviating LPS-induced damage
to the liver tissue structure of goslings and maintaining
normal levels of ALT and AST in liver tissue. This
showed that PAMK helped to alleviate LPS-induced
liver damage in goslings.

To further explore the mechanism by which PAMK
alleviates LPS-induced liver injury in goslings, we
screened DEGs in the liver tissues of goslings in the LPS
and PAMK + LPS groups using RNA-Seq technology.
The sequencing results showed that a total of 406 DEGs
were detected in the liver tissues of goslings in the
PAMK+LPS group compared to the LPS group. There
were 242 upregulated genes and 164 downregulated
genes. Further biofunctional interpretation of DEGs
was performed using GO functional enrichment. The
results showed that most of the DEGs were related to
the immune response. The chemokine-mediated signal-
ing pathway, chemokine activity, CCR chemokine
receptor binding, and G protein-coupled peptide recep-
tor activity suggest that the mitogenic effect of PAMK
is associated with chemokine action. Chemokines are
associated with immune responses. Chemokines are gen-
erally considered to be a group of cytokines that can be
transcriptionally expressed under the influence of dam-
age-associated molecular patterns or pathogen-associ-
ated molecular patterns to act as migratory or
chemotactic agents for neutrophils or monocytes (Roll-
ins, 1997; Bandow et al., 2012; Finney et al., 2012).
When chemokines bind to their receptors, they can cause
targeted migration or chemotaxis of leukocytes and reg-
ulate inflammation (Dinarello, 2007;
Bhattacharya et al., 2020). In the present study, both
lymphocytes and monocytes were involved in chemo-
taxis, and the binding of chemokines to their receptors
and the activation of chemokine-mediated pathways
showed the important role played by chemokines in
PAMK remission. In addition, the cellular response to
interleukin-1 and positive regulation of B-cell activation
showed that immune cells are also involved in the miti-
gating effects of PAMK.

The results of KEGG enrichment pathways showed
the top 15 enrichment pathways, including the p53 sig-
naling pathway, FOXO signaling pathway, PPAR sig-
naling pathway, cell cycle, and cellular senescence. In
the p53 signaling pathway, p53 signaling is activated in
response to stress or injury and can be involved in a vari-
ety of biological processes, such as the cell cycle, cellular
senescence, and cellular metabolism, by regulating the
expression of downstream target genes (Levine et al.,
2009; Wang et al., 2013; Kim et al., 2017). It has been
demonstrated in several publications that inflammation
can be mitigated through the p53 signaling pathway
(Chen et al., 2020; You et al., 2020). The FOXO family
in the FOXO signaling pathway mediates a wide range
of physiological functions, including oxidative stress, cell
metabolism, and autophagic apoptosis (Kops et al.,
2002; Modur et al., 2002; Puigserver et al., 2003). The
FOXO family-mediated signaling pathway has been
documented to mitigate oxidative stress and apoptosis,
thereby regulating the liver (Tao et al., 2013;
Mahmoud et al., 2019).
The DEGs in these five signaling pathways inter-

sected with 129 interrelated genes in the PPI network to
obtain 17 DEGs. Among them, CDK1, CDKN1A,
RRM2, CCNB2, IL6, CCNB3, and PLK1 were enriched
in the p53 signaling pathway and FOXO signaling path-
way. To further determine the mechanism of action of
PAMK in alleviating LPS-induced liver injury in gos-
lings, qRT‒PCR validation of these DEGs were per-
formed to confirm the plausibility of the RNA-Seq data.
CDK1 proteins are cyclin-dependent kinases that are
involved in regulating the G2/M regulatory network of
the cell cycle and are important in driving mitosis
(Evan et al., 2001; Diril et al., 2012). CDK1 gene expres-
sion can be involved in the pathogenesis of rheumatoid
arthritis and the process of cardiac inflammation and
fibrosis (Garcia-Martin et al., 2021; Fattah et al., 2022).
CDKN1A, also known as p21, can be transcriptionally
activated by p53 (Engeland, 2022). In the presence of
telomere damage, CDKN1A is able to restore cellular
homeostasis by inhibiting the activity of CDK1, causing
cell cycle arrest and DNA repair (Ou et al., 2018). How-
ever, overexpression of the CDKN1A gene can block the
cell cycle, resulting in a series of cellular senescence phe-
nomena (Johnson et al., 2018). In mice, the CDKN1A
gene has been shown to be an inflammatory response
gene in the central nervous system (Ring et al., 2003).
RRM2 is a ribonucleotide reductase involved in the reg-
ulation of DNA synthesis and repair (Ma et al., 2020).
RRM2 also shows significant differences in macrophage
polarization (Li et al., 2022). CCNB is a member of the
cell cycle protein family and plays an important role in
cell division (Hong et al., 2021). A total of 3 CCNBs
were identified in the avian population, namely,
CCNB1, CCNB2, and CCNB3 (Gao et al., 2020;
Yang et al., 2020). CCNB can form a complex with
CDK1 and plays a key role in the cell cycle G2/M regu-
latory network (Malumbres et al., 2005). IL6 is an
inflammatory cytokine that binds to its receptor and
triggers the activation of the JAK/STAT signaling
pathway (Zhang et al., 2019). Significant downregula-
tion of IL6 gene expression mitigated murine liver
injury, along with decreased acetylation of FOXO
(Binmowyna et al., 2021). It has also been demonstrated
that phosphorylation of FOXO can trigger inflamma-
tory signaling pathways and that its levels correlate
with the expression of the cellular inflammatory factor
IL6 (Li et al., 2017). PLK1 is a serine/threonine protein
kinase that plays an important regulatory role in the cell
cycle (Cao et al., 2021). PLK1 can mediate a variety of



Figure 8. Diagram of the p53 and FOXO signaling pathways.

PAMK ALLEVIATES LPS-INDUCED LIVER INJURY 9
functions in vivo, such as DNA replication and various
stress response processes (Vertii et al., 2016). In the
DEGs validated in this study, CDK1, CCNB2, RRM2,
and CDKN1A were enriched in the p53 signaling path-
way, which is involved with the cell cycle and DNA dam-
age repair. In addition, in the FOXO signaling pathway,
IL6 can act as an inflammatory cytokine, activating the
pathway and regulating downstream CCNB2, CCNB3,
PLK1, and CDKN1A, which in turn exert immune
effects. According to the importance of these two path-
ways in injury, PAMK may alleviate LPS-induced liver
injury through the p53 signaling pathway and the
FOXO signaling pathway.

In conclusion, PAMK may regulate the levels of ALT
and AST in liver tissue through the p53 signaling pathway
and FOXO signaling pathway to maintain the morpholog-
ical and structural integrity of the liver, thereby attenuat-
ing LPS-induced liver injury in goslings (Figure 8).
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