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ABSRACT Ferroptosis is a newly discovered form of
cell death due to iron-dependent lipid peroxidation. In
animal breeding, many environmental factors could lead
to oxidative stress, which in turn reduce animal immu-
nity and production performance. Polysaccharide of
Atractylodes macrocephala Koidz (PAMK) has antiox-
idation, immunomodulatory, and inflammatory modu-
lating effects. For investigating the effect of PAMK on
splenic ferroptosis in gosling caused by lipopolysaccha-
ride (LPS), 40 one-day-old Magang goslings were ran-
domly divided into 4 groups (CON group, LPS group,
PAMK group, and LPS+PAMK group). The protein
expression of the ferroptosis marker Glutathione Peroxi-
dase 4 (GPX4), the relative mRNA expression of fer-
roptosis-related genes and cytokines, and the oxidative
stress and iron content of spleen tissues were examined.
The correlation between ferroptosis and inflammatory
factors was further analyzed by principal component
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analysis. The results showed that, compared with CON
group, LPS caused alterations in the expression of the
ferroptosis pathway genes and cytokines, which could
upregulate levels of ferroptosis and inflammation. How-
ever, after treated with PAMK, the inflammation and
ferroptosis was alleviated. Meanwhile, PAMK restored
the expression and distribution of GPX4. In addition,
PAMK alleviated the oxidative stress caused by LPS
and reduced the iron content in spleen. Principal compo-
nent analysis showed that cytokines were more closely
related to antioxidant indexes. The CON, PAMK and
LPS+PAMK groups had similar effects on the four com-
ponents, with the LPS and PAMK groups showing the
furthest difference in results. The result indicated that
PAMK could reduce the level of oxidative stress and
inflammatory cytokines in spleen of gosling caused by
LPS, and jointly alleviate ferroptosis by regulating genes
related to the ferroptosis pathway.
Key words: polysaccharide of atractylodes macrocephala Koidz (PAMK), lipopolysaccharide (LPS), ferroptosis,
principal component analysis, antioxidant index
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INTRODUCTION

Ferroptosis, a new mode of programmed cell death
discovered in recent years, is caused by iron-dependent
lipid peroxidation-induced oxidative damage to cells
(Dixon et al., 2012). Many studies have shown that the
occurrence of ferroptosis mainly involves iron transport,
downregulation of cystine/glutamate antiporter system
activity, glutathione depletion, and accumulation of
reactive oxygen species (ROS) (Xie et al., 2016). The
molecular mechanisms involved in ferroptosis are broad,
as it can be stimulated by a variety of different com-
pounds and regulated by multiple forms of upstream sig-
naling pathways, but ultimately all are induced through
an increase in ROS. In the presence of lipoxygenases
(LOX) or Fe2+, polyunsaturated fatty acids on cell
membranes are catalyzed, causing lipid peroxidation,
leading to a continuous accumulation of ROS and
attacking the biofilm, which eventually triggers ferrop-
tosis (Cheng and Li, 2007). Ferroptosis leads to meta-
bolic dysfunction and massive lipid peroxidation, which
imbalances intracellular lipid peroxide production and
degradation and ultimately causes oxidative stress. It
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has been shown that oxidative stress damages the spleen
lymphocytes of chickens and reduces the immunity of
the organism (Bi et al., 2019). Oxidative stress disrupts
the balance of oxidative and antioxidant systems in the
body, decreasing the productive performance and immu-
nity of animals and even inducing diseases. Ferroptosis
has also been reported to play an important role in sev-
eral inflammatory diseases and conditions (Yang et al.,
2014; Li et al., 2019c).

During the breeding of animals, many environmental
factors can lead to oxidative stress in the animal organ-
ism, including lipopolysaccharide (LPS). As a major
component of gram-negative bacterial outer membrane
toxicity, LPS activates mononuclear macrophages and
causes a large release of inflammatory cytokines, leading
to the development of inflammation and causing apopto-
sis, necrosis and pyroptosis of normal cells
(Farghali et al., 2015; Li et al., 2019a). In addition, LPS
promotes the production of ROS (Chen et al., 2017).
When too many free radicals are produced in animals
and cannot be scavenged in time, they can cause oxida-
tive stress (Reuter et al., 2010). The animal breeding
environment is prone to the growth of harmful bacteria,
leading to an increase in the concentration of LPS in ani-
mals, which brings adverse effects on the growth and
development of animals and production efficiency.

It has been reported that ferroptosis in cells could be
caused by LPS, and Cyclooxygenase 2 (COX-2) is a rec-
ognized marker of ferroptosis (Karuppagounder et al.,
2018). Ferroptosis could be caused by ROS, and the
increasing level of ROS is also important for the occur-
rence of ferroptosis (Xie et al., 2016). Li found that inhi-
bition of ferroptosis alleviated the increasing ROS in the
heart of mice induced by LPS (Li et al., 2020). In LPS-
induced rheumatoid arthritis, LPS is involved in the reg-
ulation of the cystine/glutamate antiporter system/
GPX4 axis as well as lipid ROS levels (Luo and
Zhang, 2021). In addition, ferroptosis is involved in
LPS-induced acute lung injury (Liu et al., 2020). Mean-
while, lots of evidence prove that ferroptosis is also
involved in the regulation of various diseases associated
with inflammatory responses (Kain et al., 2019;
Proneth and Conrad, 2019). However, the involvement
of ferroptosis in the regulation of the LPS-induced
splenic oxidative stress in a model of goslings has not
been reported.

Polysaccharide of Atractylodes macrocephala Koidz
(PAMK) is a major active ingredient extracted from
the traditional Chinese medicine Atractylodes macroce-
phala with growth-promoting, antioxidant, antibacte-
rial, immunity enhancement, and antitumor effects
(Wang et al., 2013; Li et al., 2014; Shu et al., 2017). Our
previous studies also found that PAMK not only could
alleviate LPS-induced tissue inflammatory damage
(Guo et al., 2021; Li et al., 2021b), but also could
improve immunosuppression induced by cyclophospha-
mide (Li et al., 2018; Xiang et al., 2020; Li et al., 2021a).
At the same time, PAMK could regulate splenic lympho-
cyte immune function in chicken through activating
TLR4/NF-kB signaling pathway (Li et al., 2019b). In
addition, PAMK could also alleviate immune dysfunc-
tion in spleen of chicken induced by heat stress via
reducing oxidative stress, enhancing mitochondrial func-
tion, and inhibiting apoptosis (Xu et al., 2017).
Based on the researches above, we speculate that

PAMK can alleviate ferroptosis in the spleen of goslings
caused by LPS. To verify this hypothesis, we con-
structed a splenic oxidative stress model with LPS, and
then detected ferroptosis-related indicators, the expres-
sion of cytokines and GPX4. Therefore, in this study, we
want to explore the mechanism that PAMK alleviate
ferroptosis in spleen of gosling caused by LPS and pro-
vide the theoretical basis for the development of PAMK
as a green feed additive that can replace antibiotics for
the healthy breeding of animals.
MATERIALS AND METHODS

Animal Experimental Design

All goslings were purchased form Guangdong Qin-
gyuanJinyufeng Goose Co., Ltd., China. Forty 1-day-
old Magang goslings (half male and half female) were
randomly divided into 4 groups of 10 goslings each and
pre-fed for 3 d. The goslings in the PAMK and LPS
+PAMK groups were fed a diet containing 400 mg/kg
PAMK (Purity 95%, Yanglingciyuan Biotechnology
Company, Xi'an, China); the CON group and LPS
group were fed a normal diet. The goslings in the LPS
and LPS+PAMK groups were injected intraperitoneally
with 2 mg/kg ¢ BW of LPS (L2880, Sigma, Saint Louis,
MO) in a volume of 1 mL at the same time at 24, 26, and
28 ds of age; the CON and PAMK groups were injected
with a phase of 1 mL saline at the same time. The gos-
lings in all four groups were allowed to free access to feed
and water, fed in free-range and were given equal
amounts of green vegetables. At 28 d of age, spleen tis-
sue was collected one hour after the injection of LPS.
Ten samples were collected in each group and part of
them was frozen at �80°C and the other part was fixed
with 4% paraformaldehyde and used for immunohis-
tochemistry. And ethical approval for this experiment
was obtained from Zhongkai University of Agriculture
and Engineering with the approved protocol NO.
20200101.
Real-Time Quantitative PCR

Total RNA was extracted from spleen of goslings
using TRIzol reagent according to the manufacturer's
reagent instructions (15596026, Ambion, Austin, TX).
The extracted total RNA was reverse transcribed using
reverse transcription reagent (RR036A, Takara, China),
and the resulting cDNA was stored at �20°C. Primer
sequences were designed according to the NCBI data-
base (Table 1). The ABI PRISM 7500 detection system
(Applied Biosystems, Foster city, CA) was used to
detect the relative mRNA expression of the genes. In
this assay, b-actin was used as an internal reference
gene, and the mRNA expression of each gene was



Table 1. Primer sequences for qPCR.

Gene Primer (5’! 3’)

b-actin-F GCACCCAGCACGATGAAAAT XM_013174886.1
b-actin-R GACAATGGAGGGTCCGGATT
GPX4-F TCGATGTGAATGGGGACGAC XM_013200057.1
GPX4-F GTCCTTCTCGATGACGTAGGG
ACSL4-F GCGGCTGAAACCCTCTTCTT XM_013185083.1
ACSL4-R GCCAACAGTGGACACAAGCTA
NOX1-F CGGAGATGCCCAGGATTGA XM_013183388.1
NOX1-R CGGCAGAGCCAGTAGAAGTAG
TFR1-F AGAATGGCTGGAGGGGTACT XM_013195023.1
TFR1-R TTCTCTCCAGCAGCGCATAC
FTH1-F ATGGTCATGGGCTTTCCCC XM_013177583.1
FTH1-R AATGAAGTCACACAGATGCGG
FPN1-F CTGGGGAGATCGTATGTGGC XM_013178636.1
FPN1-R AGGATGTCTGGGCCACTTTG
HSPB1-F CTCCGAGATCCGCCAAAG XM_013189820.1
HSPB1-R GAAGCCGTGCTCATCCTGT
COX-2-F TGTCCTTTCACTGCTTTCCAT XM_013177944.1
COX-2-R TTCCATTGCTGTGTTTGAGGT
IFN-g-F CCAGATTGTTTCCCTGTACTTG XM_013198313.1
IFN-g-R CATCAGAAAGGGTGTCTCTCA
IL-1b-F AAGTGAGGCTCAACATTGCG XM_015297469.2
IL-1b-R CGGTAGAAGATGAAGCGGGT
IL-4-F GGCATCTACCTCAACTTGCT XM_013175717.1
IL-4-R CTCTTTCGCTACTCGTTGGA
IL-6-F ACGATAAGGCAGATGGTGAT XM_013171777.1
IL-6-R TCCAGGTCTTATCCGACTTC
IL-10-F ATCATGACATGGACCCGGTA XM_013189578.1
IL-10-R ATTGCTCCATGACAGTTGCT
IL-17-F CATGTTGTCAGGCCAGCATTTCT NM_204460.2
IL-17-R CATCTTTTTGGGTTAGGCATCC
IL-18-F GCCTCTACTTTGCTGACGATG XM_013187166.1
IL-18-R ACCACAAGCACCTGGCTATTT
TNF-a-F GTTCTATGACCGCCCAGTTC XM_013189516.1
TNF-a-R CACACGACAGCCAAGTCAA
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calculated using the 2�ΔΔct relative quantification
method and normalized to the expression relative to the
CON group.
ROS level, T-AOC, GSH, MDA, and Iron
Content Assays

The ROS (XY-ELA08632) level assay was performed
using the kit (Shanghai Xinyu Biotechnology Company,
Shanghai, China) according to the manufacturer's
instructions, and the T-AOC (A015-2-1), GSH (A006-2-
1), MDA (A003-1-2), and tissue iron (A039-2-1) content
assay were performed using the kit (Nanjing Jiancheng
Institute of Biological Engineering, Nanjing, China)
according to the manufacturer's instructions.
Immunohistochemistry

Spleen sections were dewaxed in xylene and hydrated
with a gradient ethanol solution. Antigen repair was per-
formed on the sections using EDTA antigen repair
buffer (G5012, Servicebio, Wuhan, China). Endogenous
peroxidase was blocked with 3% hydrogen peroxide solu-
tion. The tissue was uniformly covered with 3% BSA
(A8020, Solarbio, Beijing, China) and closed at room
temperature for 30 min. GPX4 primary antibody
(1:1,000, ab40993, Abcam, Cambridge, UK) was added,
incubated overnight at 4°C and washed with PBS.
Added secondary antibody (1:200, G1215, Servicebio),
incubated for 50 min at room temperature, and washed
with PBS. DAB color development solution (G1215,
Servicebio) was added, and the color development time
was controlled under the microscope (Nikon, Tokyo,
Japan). The sections were rinsed with water to termi-
nate the color development. Harris hematoxylin (G1004,
Servicebio) was used to stain the cell nucleus for 3 min,
1% hydrochloric acid was used for differentiation, and
ammonia was used to return the blue. The sections were
dehydrated and dried by gradient alcohol, transparent
in xylene, sealed with neutral gum, dried, and examined
microscopically. Used Image J to calculate the IOD, the
ratio of IOD to the total area of the image is the mean
density.
Statistical Analysis

The experimental data were analyzed by one-way
ANOVA using GraphPad Prism 7.0. The differences
between 4 groups were compared by Tukey’s multiple
comparison method, and the results were expressed as
“mean § SEM”, with P < 0.05 being considered signifi-
cant. In addition, the data of the 21 indicators obtained
from the trial were standardized to make the data con-
form to normal distribution and comparable. The data
were analyzed by principal component analysis using
SPSS Statistics 26 to analyze the relationship between
the indicators.
RESULTS

PAMK Alleviated LPS-Induced Disruption of
Relative mRNA Expression of Splenic
Ferroptosis Pathway Gene

The relative mRNA expression of ferroptosis pathway
genes was examined by RT-PCR in the spleen of gos-
lings (Figure 1). Among the genes related to the inhibi-
tion of ferroptosis, the mRNA expression of GPX4,
FTH1, and FPN1 was significantly (P < 0.05) lower in
the LPS group compared with the CON group, except
for HSPB1. The stimulation of LPS significantly
increased the mRNA expression of COX-2, NOX1,
TFR1 and ACSL4 (P < 0.05), which are genes related to
the promotion of ferroptosis. In contrast, the mRNA
expression of GPX4, FTH1, COX-2, NOX1, and ACSL4
were not differentially significant in the LPS+PAMK
group compared with the CON group. Among them, the
expression of mRNAs of FPN1, and TFR1 in the LPS
+PAMK group did not return to the same level as the
CON group, but had a similar trend development as the
CON group, and the difference was significant compared
with the LPS group (P < 0.05). The above results
showed that LPS stimulation caused changes in the
expression of GPX4, FTH1, and other genes of the fer-
roptosis pathway, resulting in elevated levels of ferropto-
sis, which was alleviated by PAMK treatment.



Figure 1. Effects of PAMK on the relative mRNA expression of splenic ferroptosis pathway gene treated with LPS. Relative mRNA expression
of (A) GPX4; (B) FTH1; (C) FPN1; (D) HSPB1; (E) COX-2; (F) NOX1; (G) TFR1; (H) ACSL4. Data are expressed as the means § SEM, n = 10.
Different letters indicate P < 0.05, significantly different. Abbreviations: LPS, lipopolysaccharide; PAMK, polysaccharide of Atractylodes macroce-
phala Koidz.
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PAMK Alleviated LPS-Induced Elevated
Levels of Oxidative Stress in Spleen

The antioxidant indexes of the spleen of the goslings
were examined (Figure 2). Compared to the CON group,
both GSH content and T-AOC were significantly
decreased in the LPS group (P< 0.05), and the concentra-
tion of MDA was significantly increased (P < 0.05). Com-
pared with the LPS group, the T-AOC was significantly
increased (P < 0.05) and the concentration of MDA was
significantly decreased (P < 0.05) in the LPS+PAMK
group. As for the content of GSH and the levels of ROS,
although there was no significant difference in the LPS
+PAMK group compared with the LPS group (P > 0.05),
had the opposite trend to the LPS group. This suggestsd
that the level of oxidative stress in the spleen of goslings
was increased under the stimulation of LPS, and PAMK
could alleviate this phenomenon.
PAMK Alleviated LPS-Induced Increase in
Iron Content in Spleen

The iron content of the spleen tissues of the goslings
was examined (Figure 2E). Compared with the CON
group, the iron content of spleen tissues in the LPS



Figure 2. Effects of PAMK on levels of oxidative stress and iron content in spleen treated with LPS. (A) GSH content; (B) MDA content; (C)
ROS level; (D) T-AOC; (E) Iron content. Data are expressed as the means § SEM, n = 10. Different letters indicate P < 0.05, significantly different.
Abbreviations: LPS, lipopolysaccharide; PAMK, polysaccharide of Atractylodes macrocephala Koidz.
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group showed an increasing trend, although there was
no significant difference (P > 0.05). And the iron content
of the LPS+PAMK group was significantly lower (P <
0.05) compared with the LPS group. The results indi-
cated that PAMK could significantly down-regulate the
LPS-induced increase of iron content in the spleen of
goslings.
PAMK Alleviated LPS-Induced Ferroptosis in
Spleen

Protein expression of GPX4 in spleen tissue detected
by immunohistochemistry (Figure 3). The results
showed that the protein level of GPX4 in the spleen was
significantly downregulated after intraperitoneal injec-
tion of LPS (P < 0.05). In addition, there was no signifi-
cant difference in the protein levels of GPX4 in the
spleens of the CON, PAMK, and LPS+PAMK groups.
This indicates that stimulation by LPS leads to a signifi-
cant decrease in the protein level of GPX4 in the spleen
of goslings. This leads to a weakening of the role of
GPX4 in catalyzing lipid peroxide substrates, resulting
in a decrease in cellular antioxidant capacity, a buildup
of lipid ROS, and ultimately ferroptosis.
PAMK Alleviates the Increase in Relative
mRNA Expression of Splenic Cytokine
Induced by LPS

The spleens of goslings were examined for the relative
expression of cytokine mRNA by RT-PCR (Figure 4).
LPS group significantly increased the mRNA expression
of IFN-g, IL-1b, IL-4, IL-6, IL-10, and IL-17 in the
spleen of goslings compared with the CON group (P <
0.05), but there was no significant difference in the
mRNA expression of IL-18 and TNF-a. In addition,
here was no significant difference in the expression of
mRNA of the above cytokines in the PAMK group com-
pared to the CON group, except for IL-18. However, the
results of the LPS+PAMK group revealed a significant
decrease in mRNA expression of cytokines except IL-4,
IL-6, and TNF-a compared from the results of the LPS
group (P < 0.05) and were closer to the CON group.
Interestingly, the IL-4 level in the LPS+PAMK group
was instead significantly higher compared with the LPS
group (P < 0.05). The TNF-a level in the LPS group
was not significantly different from those in the CON
group, but there was a tendency to increase. And the
expression of TNF-a after co-treatment with LPS and
PAMK was more similar to that of the CON group. In
other words, LPS stimulated an increase in splenic tissue
inflammatory cytokines in goslings, whereas PAMK
downregulated the increase in splenic inflammatory
cytokine levels caused by LPS.
Principal Component Analysis

The parameters obtained in this study were subjected
to principal component analysis and 4 principal compo-
nents were extracted, each with eigenvalues greater
than 1, and the total percentage of variance of the 4
principal components was 81.184%. Therefore, the four



Figure 3. (A) Effects of PAMK on protein expression of GPX4 in spleen treated with LPS, bars 50 mm. (B) Mean density of GPX4-positive
cells. Data are expressed as the means § SEM. Different letters indicate P < 0.05, significantly different. Abbreviations: LPS, lipopolysaccharide;
PAMK, polysaccharide of Atractylodes macrocephala Koidz.
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principal components can represent most of the variance
of the results (Table 2).

In the rotated component matrix (Table 3), the first
principal component had greater positive correlations
with IL-4, IL-10, IL-17, and MDA, and greater negative
correlations with FPN1. Of interest, the second principal
component had a greater positive correlation with
TFR1, iron, ROS, IFN-g, and TNF-a. The major posi-
tive correlation with the third principal component was
NOX1, whereas the major negative correlations were
GPX4 and HSPB1.

The scores of each of the 4 components were used to
calculate the scores of the different groups on each prin-
cipal component (Table 4). The results showed that the
CON and LPS groups had a greater effect on the first
principal component and that these 2 groups had an
opposite effect on it. It is noteworthy that the LPS group
had the largest effect on the second principal compo-
nent. Also, the scores of the CON group, the PAMK
group, and the LPS+PAMK group were relatively close
in the 4 components, indicating that the effects of these
3 groups on the 4 components were similar. In contrast,
the scores of the LPS group were more different from the
other 3 groups, indicating that the effect of the LPS
group on the 4 components was very different from the
other 3 groups.

Based on the scores of the different indicators on the 3
components (Table 3), a three-dimensional component
map was constructed (Figure 5). The three-dimensional
component map showed that all indicators were divided
into 2 main clusters. Comparison of the 2 major clusters
reveals that the indicators promoting ferroptosis
(NOX1, TFR1, COX-2, ACSL4, ROS, iron, and MDA)
and most of the cytokines (IL-1b, IL-4, IL-6, IL-10, IL-
17, IL-18, and IFN-g) are mainly clustered in the upper
left corner, and the indicators inhibiting ferroptosis
(GPX4, FPN1, FTH1, GSH, and T-AOC) were mainly
clustered in the lower right corner.
DISCUSSION

The occurrence of cellular ferroptosis mainly involves
the accumulation of lipid peroxides, and the production
of lipid peroxides depends on the intracellular iron Fen-
ton reaction, and its clearance is mainly accomplished
by Glutathione Peroxidase 4 (GPX4). Therefore, iron,
lipid peroxides and GPX4 can be considered as 3 key fac-
tors of ferroptosis. It was found that the expression of
ferroptosis-related factors in jejunal epithelial cells of
weaned piglets was changed and the antioxidant capac-
ity was reduced under the stimulation of LPS, indicating
that LPS could promote ferroptosis in jejunal epithelial
cells of piglets (Hua et al., 2019). HSPB1, TFR1, FTH1
and FPN1 are all key proteins involved in intracellular
iron metabolism (Zhang et al., 2011; Gao et al., 2015;
Hou et al., 2016). In this study, the results showed that
PAMK could rescue LPS-induced ferroptosis by increas-
ing the expression of genes related to iron storage (ferri-
tin heavy chain, FTH1) and iron export (ferritin
transport, FPN1) and by decreasing the expression of
the membrane protein transferrin receptor 1 (TFR1),
which is associated with the transfer of iron ions into
cells. It has been reported that COX-2 expression is reg-
ulated by ACSL4 and upregulation of the ACSL4-
COX2 pathway is important for the occurrence of



Figure 4. Effects of PAMK on the relative mRNA expression of Splenic Cytokine treatedwith LPS. Relative mRNA expression of (A) IFN-g;
(B) IL-1b; (C) IL-4; (D) IL-6; (E) IL-10; (F) IL-17; (G) IL-18; (H) TNF-a. Data are expressed as the means § SEM, n = 10. Different letters indicate
P < 0.05, significantly different. Abbreviations: LPS, lipopolysaccharide; PAMK, polysaccharide of Atractylodes macrocephala Koidz.
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ferroptosis (Maloberti et al., 2010). PAMK can reduce
the increase in the expression of NOX1 (an important
catalase for ROS production), COX-2 (involved in
inflammatory response and ferroptosis process), and
ACSL4 caused by LPS. The results suggested that
Table 2. Principal components and extracted sums of variance
measures in goslings.

Component Total % of Variance Cumulative %

1 9.803 46.681 46.681
2 3.386 16.122 62.803
3 2.505 11.931 74.734
4 1.354 6.450 81.184
PAMK might affect ferroptosis in spleens by regulating
the expression of key genes.
It has been shown that T cell death induced by GPX4

deficiency is caused by a lipid peroxide-mediated path-
way involving ferroptosis (Matsushita et al., 2015).
GPX4 can reduce intracellular ROS by using GSH as an
electron donor (Yang et al., 2014). Membrane polyun-
saturated lipids are susceptible to oxidation by excess
ROS in the cytoplasm, leading to the production of end
products such as MDA, which reduces the antioxidant
capacity of the organism and causes ferroptosis
(Mishima et al., 2020). Accumulation of ROS and down-
regulation of GPX4 expression have been found to occur
in LPS-induced acute lung injury (Liu et al., 2020). To



Table 3. The rotated component matrix.

Indicators Component 1 Component 2 Component 3 Component 4

Relative mRNA expression of GPX4 �0.148 �0.504 �0.677 �0.260
Relative mRNA expression of ACSL4 �0.115 �0.019 0.111 �0.066
Relative mRNA expression of NOX1 0.399 0.426 0.782 0.046
Relative mRNA expression of TFR1 0.300 0.863 0.008 0.074
Relative mRNA expression of FTH1 �0.625 �0.040 �0.337 �0.438
Relative mRNA expression of FPN1 �0.736 �0.204 �0.396 �0.327
Relative mRNA expression of HSPB1 0.035 0.121 �0.929 �0.135
Relative mRNA expression of COX2 0.199 �0.178 0.144 0.905
Relative mRNA expression of IFN-g 0.152 0.875 0.148 �0.127
Relative mRNA expression of IL-1b 0.470 0.505 0.350 0.618
Relative mRNA expression of IL4 0.846 0.079 �0.159 0.294
Relative mRNA expression of IL6 0.683 �0.202 0.173 0.516
Relative mRNA expression of IL10 0.893 0.253 0.058 0.191
Relative mRNA expression of IL17 0.806 0.233 0.415 �0.250
Relative mRNA expression of IL18 0.219 0.039 0.621 0.145
Relative mRNA expression of TNF-a 0.026 0.775 �0.262 �0.324
Speen ROS level 0.083 0.690 0.288 0.404
Speen MDA concentration 0.831 0.417 0.161 0.002
Speen GSH content �0.643 �0.448 �0.035 �0.566
Speen T-AOC �0.626 �0.637 0.077 �0.198
Speen Iron content 0.206 0.810 0.395 �0.016

Table 4. Scores of the four groups of goslings on four principal components.

Group Component 1 Component 2 Component 3 Component 4 Total Ranking

CON �0.883 �0.214 0.580 �0.422 �0.938 3
LPS 0.860 0.942 0.704 0.692 3.197 1
PAMK �0.513 �0.334 0.047 �0.321 �1.121 4
LPS+PAMK 0.461 �0.004 �1.164 0.325 �0.382 2
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further verify the involvement of LPS in the induction of
ferroptosis in the spleen of goslings and the role of
PAMK, we examined the expression of GPX4 protein in
spleen by immunohistochemistry. The results showed
that LPS significantly reduced the protein level of
GPX4, indicating the involvement of LPS in stimulating
ferroptosis in the spleen. In contrast, co-treatment of
PAMK and LPS restored the protein expression of
GPX4 to the level of the CON group, indicating that
PAMK could effectively alleviate the LPS-involved fer-
roptosis in spleen. Our study showed that LPS treat-
ment leads to excessive accumulation of ROS and MDA,
resulting in depletion of GSH, reduction of GPX4,
enhancing lipid peroxidation and decreasing total anti-
oxidant capacity. This peroxidation was alleviated after
the addition of PAMK. It is suggested that PAMK scav-
enges lipid peroxidation ROS and MDA by increasing
the expression of GPX4, while increasing the content of
its cofactor GSH, thus improving the antioxidant capac-
ity of the body and alleviating ferroptosis.

Iron is essential for animal survival, and host cells can
also use iron to produce ROS to scavenge microbes and
promote cell survival (Grenier et al., 2001). However,
excessive free iron accumulation in the cytoplasm may
promote excessive accumulation of ROS and lead to cel-
lular ferroptosis (Zhao et al., 2020). Inflammatory medi-
ators such as IL-6 and LPS can directly trigger the
production of hepcidin, leading to the accumulation of
intracellular iron and a decrease in circulating iron levels
(Nemeth et al., 2004; Armitage et al., 2011). In the case
of microbial infection, immune cells release several
inflammatory factors, among which IL-1, IL-6, and IL-
22 have specific effects on iron metabolism (Nico-
las, 2002; Kemna et al., 2005; Muckenthaler et al.,
2017). Our results showed that PAMK could alleviate
the LPS-induced elevation of iron levels in spleen of gos-
lings. This suggests that PAMK can alleviate ferroptosis
by regulating iron levels in tissues, which may not only
regulate key genes involved in intracellular iron metabo-
lism, but also affect cytokine transcription.
As the largest peripheral immune organ of the body,

the spleen contains a large number of lymphocytes and
macrophages and is the center of cellular and humoral
immunity of the body. Cytokine production is important
for the body to maintain autoimmunity, but too much
cytokine can be harmful to the body. LPS can cause the
release of inflammatory mediators in the body, leading
to cytokine storm and even tissue inflammation and cell
death. Xiao et al. (2015) found that intraperitoneal
injection of LPS in rats was able to cause acute damage
or severe infection of spleen. ROS is the main cause of
the expression of proinflammatory factors IL-1b, TNF-
a, and the proinflammatory enzyme COX-2
(Qiang et al., 2014). In addition, iron status has been
shown to alter cytokine levels and iron homeostasis is a
potential target for the regulation of inflammation
(Xiong et al., 2003; Wang et al., 2009; Kroner et al.,
2014). Previous studies by our group demonstrated that
PAMK could regulate LPS-mediated hepatitis in mice
through the TLR4-MyD88-NFkB signaling pathway,
decreasing IL-1b, IL-6, and TNF-a levels and elevating
IL-4 levels (Guo et al., 2021). Therefore, for a more



Figure 5. The component plot of the principal component analysis
in goslings.
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comprehensive understanding of the mechanism of
action of PAMK in alleviating ferroptosis in spleen of
goslings, we examined the expression of cytokines. Our
results also showed that the expression of pro-inflamma-
tory cytokines IFN-g, IL-1b, IL-6, IL-10, and IL-17
upregulated under the stimulation of LPS. In contrast,
the mRNA expression of other cytokines, except IL-4,
IL-6, and TNF-a, significantly reduced after the addi-
tion of PAMK. Ludwiczek found that inflammatory
cytokines such as TNF, IFN-g, and IL-10 stimulate the
transcription of TFR1 (Ludwiczek et al., 2003). It has
also been reported that TNF-a-stimulated neutrophils
increase GPX4 expression during activation in ROS-
dependent oxidative damage (Kanuri et al., 2011).
NADPH oxidase (NOX), cyclooxygenase (COX) and
LOX constantly generate free radicals such as ROS and
NO, which, in addition to being used to kill pathogenic
microorganisms, can activate NF-kB to induce the
expression of proinflammatory cytokine genes in neigh-
boring cells (Lu et al., 2017). In turn, NF-kB regulates
the expression of COX-2 and 5-LOX (Hao et al., 2014),
the proinflammatory cytokines TNF-a and IL-1b are
stimulators of NOX, and ROS production triggers a pos-
itive feedback loop that contributes to the onset and per-
sistence of inflammation (Liang et al., 2019).

It can be seen that the elevated iron content and the
accumulation of ROS in spleen are likely due to changes
in the expression of cytokines as well as ferroptosis-
related genes, which in turn affect the expression of
inflammatory cytokines and ferroptosis-related genes.
Also, cytokines and ferroptosis-related genes interact
with each other. These may all contribute to the devel-
opment of ferroptosis under the action of LPS. There-
fore, we used principal component analysis for further
analysis. The results showed that component 2 had a
large positive correlation with TFR1, iron, ROS, IFN-g,
and TNF-a, and a larger negative correlation with T-
AOC. This suggested that component 2 may mainly
represent iron overload leading to cellular lipid peroxida-
tion and thus ferroptosis. The LPS group had the largest
effect on component 2 and was positively correlated,
which implied that LPS was an important influencing
factor leading to ferroptosis in spleen of goslings. From
the cluster of the 3D component plot, there was a posi-
tive correlation between cytokines and ferroptosis. In
addition, we found a strong correlation between cyto-
kines and antioxidant indicators. Moreover, the 4 princi-
pal component scores showed that the CON, PAMK,
and LPS+PAMK groups had similar effects on the 4
components, with the LPS and PAMK groups showing
the furthest difference in results. It indicates that
PAMK treatment alleviated ferroptosis in spleen of gos-
lings by LPS.
In conclusion, LPS not only causes inflammation and

oxidative stress in the body, but also leads to ferroptosis
through affecting the transcriptional regulation of fer-
roptosis-related genes. After treated with PAMK, the
oxidative stress and increasing inflammatory cytokines
caused by LPS could be alleviated, and together miti-
gate ferroptosis in spleen of goslings by regulating genes
related to ferroptosis pathway.
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