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ABSTRACT Selenium (Se) has been proven to be
an essential trace element for organism. Se deficiency
in poultry can cause widespread damage, such as exu-
dative diathesis. The liver is not only the main organ
of metabolism, but also one of the organs with high Se
content in organism. Recent studies have shown that
solute carrier family 7 member 11 (SLC7A11) plays
a key role in the negative regulation of ferroptosis. In
order to explore the mechanism of Se deficiency indu-
ces liver ferroptosis in broilers, and the role of micro-
RNAs (miRNAs) in this process, we divided broilers
into 2 groups: control group (0.2 mg/kg Se) and Se
deficiency group (0.03 mg/kg Se). Hematoxylin-Eosin
staining detected liver tissue damage in broilers. Pre-
dicted and verified the targeting relationship between
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miR-129-3p and SLC7A11 through miRDB and dual
luciferase report experiments. The genes related to fer-
roptosis were detected by qRT-PCR and Western
Blot. The results showed that the expression level of
miR-129-3p mRNA in Se-deficient liver was signifi-
cantly increased. To understand whether the miR-129-
3p/SLC7A11 axis could involve in the process of fer-
roptosis, our further research showed that overexpres-
sion of miR-129-3p could reduce the expression of
SLC7A11 and its downstream GCL, GSS, and GPX4,
thereby inducing ferroptosis. These data indicates that
miR-129-3p affected ferroptosis under Se deficiency
conditions through the SLC7A11 pathway. Our
research provides a new perspective for the mechanism
of Se deficiency on the liver damage.
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INTRODUCTION

Selenium (Se) is an essential trace element in the life
of vertebrates (Xia et al., 2022). Se plays a vital role in
the function of pathophysiology of various diseases,
including diabetes (Kong and Song, 2021), cancer
(Chu et al., 2004), cardiovascular disease (Kuria et al.,
2020), and muscle metabolism (Chariot and
Bignani, 2003). Se deficiency causes various damages to
animal tissues, such as muscles (Rederstorff et al., 2006),
nerves (Caito et al., 2011), immune organs (Zheng et al.,
2018) and liver (Cai et al., 2022). Studies have shown
that liver is not only the main organ of metabolism, but
also one of the organs with high Se content in the organ-
ism (Liu et al., 2020). Dietary Se deficiency can cause
liver damage, such as apoptosis (Liu et al., 2018).
Feeding mice with a low-Se diet, the Se content and glu-
tathione activity in the liver were significantly reduced
(Chiu-Ugalde et al., 2010). The lack of Se in the diet
leads to the reduction of glutathione peroxidase 4
(GPX4). Previous research has shown GPX4 is critical
for hepatocyte survival and proper liver function
(Carlson et al., 2016). Dixon et al. found that ferroptosis
is a unique form of cell death triggered by the oncogenic
RAS-selective lethal small molecule Erastin. Ferroptosis
is dependent on intracellular iron, but not on other met-
als, and is morphologically distinct from other cell death
modes such as apoptosis (Dixon et al., 2012). Ferroptosis
is regulated by a network revolving around GPX4 that
could reduce lipid peroxides at the expense of GSH, and
thus inhibit GPX4 are another major factor of small
molecules that can induce ferroptosis. The activity of
GPX4 is down-regulated, and a diet with insufficient Se
can increase the sensitivity of ferroptosis and other
death pathways (Cardoso et al., 2017). GPX4 converted
lipid hydroperoxides to lipid alcohols, and this process
prevents the iron dependent formation of toxic lipid
reactive oxygen species (ROS). Inhibition of GPX4
function led to lipid peroxidation and could result in the
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induction of ferroptosis (Forcina and Dixon, 2019).
Depletion or inhibition of GPX4 using specific siRNA or
the chemical inhibitor RSL3, respectively, resulted in
the accumulation of lipid peroxide, leading to cell death
by ferroptosis in H9C2 cardiomyoblasts (Park et al.,
2019). GPX4 could regulate ferroptosis by inhibiting
phospholipid peroxidation in Erastin and RSL3-induced
ferroptosis (Imai et al., 2017). Therefore, it can be con-
cluded that GPX4 is closely related to ferroptosis.
Exploring ferroptosis in liver of broilers caused by Se
deficiency can further enrich the research content of fer-
roptosis.

MicroRNAs (miRNAs), small (approximately 18−24
nucleotides) and endogenous noncoding RNA molecules,
regulate gene expression by destabilizing messenger
RNA (mRNA) and/or repressing translation
(Miao et al., 2022). MiRNA plays a regulatory role in
key biological processes, such as embryonic develop-
ment, cell proliferation, apoptosis, autophagy, mito-
chondrial function and immune response (Xu et al.,
2021; Chen et al., 2022). Se deficiency affects the biologi-
cal function of miRNA (Zhang et al., 2019). Se deficiency
induced apoptosis of chicken liver by increasing the
expression of miR-193b-3p (Liu et al., 2018). Study
reported the regulation of miR-129 family on liver dis-
ease. For example, miR-129-5 inhibited liver fibrosis in
mice (Ye et al., 2020). miR-129-2 reduced the prolifera-
tion and migration of liver cancer cells and stimulated
their apoptosis (Wang et al., 2017). MiR-129-3p reduced
Hepatocellular carcinoma (HCC) invasion in vitro and
in vivo transfer (Cui et al., 2016). In addition, miR-129-
3p can regulate cell death by targeting target genes to
participate in the process of a variety of diseases. MiR-
129-3p negatively targeted CPEB1 to facilitate chondro-
cyte viability and hamper apoptosis (Chen et al., 2020).
Recent research found miR-129-3p favors intracellular
mycobacterium tuberculosis survival in RAW264.7 cells
by inhibiting autophagy via Atg4b (Qu et al., 2019).
However, the mechanism of miR-129-3p involved in the
regulation of ferroptosis need to be further explored.

As a specific light chain presenter of cysteine (Cys2)/
glutamic acid (Glu) reversed transport protein, solute
carrier family 7 member 11 (SLC7A11) plays a key role
in the negative regulation of ferroptosis (Mou et al.,
2019). SLC7A11 is a functional subunit of system Xc-,
which was an important oncogenic protein that
defended against oxidative stress and ferroptosis
(Koppula et al., 2021). The expression of SLC7A11
induced ROS generation and oxidative stress by con-
suming nicotinamide adenine dinucleotide phosphate
(NADPH) in the cell during the process of reducing the
input L-cystine to L-cysteine (Joly et al., 2020).The
inhibitory effect of SLC7A11 indirectly inactivated
GPX4 and increased toxic lipid ROS by reducing the
introduction of cystine and limiting the synthesis of
GCL and GSS (Hassannia et al., 2019). Some studies
have found that when transferrin receptor 1 (TFR1)
charges cellular iron uptake, divalent metal transport
protein 1 (DMT1) increased, causing iron overload and
triggering cardiac ferroptosis (Lan et al., 2020). In
addition, the transcription factor nuclear factor erythro-
cyte-like 2 related factor 2 (NRF2) was a key regulator
of cellular antioxidant response (Zhao et al., 2021a).
The accumulation of NRF2 causes Fe2+ to oxidize lipids
in a Fenton-like manner, which led to the production of
large amounts of ROS and promoted ferroptosis
(Fei et al., 2020). Previous study found NRF2 overex-
pression or Keap1 knockdown in glioma cells accelerate
proliferation and oncogenic transformation. Activation
of the NRF2-KEAP1 signaling upregulates xCT and
amplifies glutamate secretion. And KEAP1 inhibition
promotes resistance to ferroptosis (Fan et al., 2017).
The purpose of this experiment was to study whether

miRNA could regulate ferroptosis in the liver due to Se
deficiency.
MATERIALS AND METHODS

Preparation of Animals and Sample
Collection

All procedures used in this study were approved by the
Institutional Animal Care and Use Committee (SRM-11)
of Northeast Agricultural University. Forty healthy 1-
day-old broilers were randomly divided into 2 groups:
control group and Se deficiency group. The broilers were
maintained on either adequate Se content diet (control
group, 0.2 mg/kg Se) or Se deficiency diet (Se deficiency
group, 0.03 mg/kg Se). After feeding the broilers for 42 d,
we euthanized 40 broilers and quickly separated the liver
tissues, part of which was put into fixative for fixation,
and the remaining part was placed at �80°C for use.
Histological Observation of Broiler Liver
Tissue

To investigate the pathologic changes in liver tissue
caused by Se deficiency, we fixed the tissue in 10% for-
malin phosphate solution, after trimming the tissue
block, rinse with water for more than 12 h. Dehydration,
transparent treatment, tissue block embedding treat-
ment, the prepared tissue wax block is cut into 2 to
5 mm slices, spread out in warm water and fixed on a
glass slide, and baked at 37°C for 12 h. Then, hematoxy-
lin & eosin (H&E) staining for dewaxing and hydration
dyeing, dehydrated with ethanol, transparent with
xylene, and fixed with neutral gum for inspection.
Cell Culture and Treatment

The LMH (chicken hepatoma cells) line was gifted by
Harbin Veterinary Research Institute, Chinese Academy
of Agricultural Sciences. The cells were cultured and
maintained in Dulbecco s modified Eagle’s medium
(DMEM; Gibco, Invitrogen, Carlsbad, CA) containing
10% fetal bovine serum (FBS; Gibco) in a humidified
incubator containing 5% CO2 at 39°C. To monitor the
effects of Se on the LMH cells, the cells were treated for
24 h with 2 mg/mL sodium selenite (Li et al., 2008;



Table 1. The mimic and inhibitor sequences of gga-miR-129-3p.

Name Sequences

Negative control sense: 5’-UUCUCCGAACGU
GUCACGUTT-3’

antisense: 5’-ACGUGACACGUUC
GGAGAATT-3’

MicroRNA inhibitor N.C CAGUACUUUUGUGUAGUACAA
gga-miR-129-3p mimic AAGCCCUUACCCCAAAAAGGAU

CCUUUUUGGGGUAAGGGCUUUU
gga-miR-129-3p inhibitor AUCCUUUUUGGGGUAAGGGCUU
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Hu et al., 2020). The LMH cell in the 6-well plate grow
to about 80%, discard the old medium and change to
Opti medium. We used lip 2000 (Invitrogen, Carlsbad,
CA) to compare mimics and inhibitors (GenePharma,
Shanghai, China) (Table 1) to transfect LMH, cultured
for 24 h, then cultured in normal medium for 12 h. For
some experiments, the cells were treated with Erastin
(an ferroptosis-inducing activator), Ferrostatin-1 (an
Erastin-inducing ferroptosis inhibitor), for 24 h.
Dual Luciferase Reporter Assay

We constructed the pMIR-REPORT wild type (WT)
and mutant type (MT) plasmids of the SLC7A11
30UTR. SLC7A11 wild-type and mutant sequences are
shown in Table 2. The WT and MT were as follows and
cloned into the vector pMIR-REPORT. LMH were
seeded into 24-well plates one day to transfection and
transfected with WT or MT reporter vector, and
expressed Renilla Photonase vectors pRL-TK and miR-
129-3p mimic or negative controls. Luciferase activity
was measured 24 h after transfection using the dual
luciferase assay system (Promega, Madison, WI).
Cell Viability Assay

LMH was fed every day and subcultured once in cul-
ture flask to reach 90% to 100% confluence. Then the
cells (3 £ 103/well) were plated in 96-well plates and
treated with treated with different concentrations of
Erastin (0, 2.5, 5, 10, 20, and 40 mM) and Ferrostatin (0,
0.5, 1, 1.5, 2, and 2.5 mM) for 24 h. On the day of culture
harvest, 10 mL CCK-8 was added to 90 mL of culture
medium, and the cells were then incubated for 2 h at 39°
C. After the absorbance was measured at 450 nm using
an automatic microplate reader (BioTek Epoch,
Winooski, VT). Cell viability was measured by using a
CCK-8 kit (Dalian Meilun Biotechnology Co., Ltd.,
Table 2. The gene sequences of SLC7A11 wild type and mutant type.

Name Forward

SLC7A11
WT

AGCTTCTAAGCATTGTGTAAGTAATAGT
CAGGTGTACTGTGAAGAACGTATCCTAC
CGTGAAGATCCTATTCGAGCT

SLC7A11
MT

AGCTTCTAAGCATTGTGTAAGTAATAGT
CAGGTGTTGACACTAGAACGTATCCTAC
CGTGAAGATCCTATTCGAGCT
China). We chose 10 mM Erastin and 1 mM Ferrostatin-
1 for the next experiments.
Malondialdehyde, Fe2+, and Glutathione
Assay

According to the method of Kit instructions, the
malondialdehyde9 (MDA), Fe2+ and glutathione
(GSH) levels were measured by using corresponding
commercial kits (NJJCBIO or Leagene, Beijing, China).
Detection of ROS

ROS production was measured by using a ROS Spe-
cies Assay Kit (Beyotime, Shanghai, China). Cells were
incubated with MDCFH-DA (10 mmol/L) in the dark
for 30 min at 37°C. Cells were harvested and resus-
pended in Serum-free medium. Relative fluorescence
intensity was evaluated by using fluorescence micro-
scope.
Real-Time Quantitative PCR Analysis

The total RNA extraction kit is used to extract total
RNA from tissues and cells. The OD260 / 280 of the
extracted RNA was between 1.9 and 2.1, indicating
purity of RNA can be conducted by following experi-
ments. The cDNA First Strand Synthesis kit (Bioer
Technology, Hangzhou, China) and miRcute miRNA
First-strand cDNA Synthesis Kit (Tiangen Biotechnol-
ogy, Beijing, China) are used to obtain complementary
DNA (cDNA). The miRNA and mRNA first strand
cDNA reverse transcription system were 20 mL for 42°C
60 min, 95°C 30 min; 10 mL for 37°C 20 min, 98°C 5 min,
respectively. Then, qRT�PCR was carried out using
SYBR Green (Roche, Basel, Switzerland) according to
instructions. Data were analyzed using the 2�DDCt

method by comparing with house-keeping gene, U6, and
GAPDH, respectively. The primers used in this study
were listed in Tables 3 and 4.
Western Blot Analysis

Proteins were extracted from cells and tissues via west-
ern IP (Beyotime, China) lysate. Protein samples, which
were qualified with a BCA kit (Beyotime, Biotechnology),
were separated via SDS-PAGE and then transferred onto
PVDF membranes. After blocking in 5% milk for 2 h, the
Reverse

CGAATAGGATCTTCACGGTAGGATACGT
TCTTCACAGTACACCTGACTATTACTTA
CACAATGCTTAGA

CGAATAGGATCTTCACGGT AGGATACGT
TCTAGTGTCAACACCTGACTATTACTTA
CACAATGCTTAGA



Table 4. miRNA primer sequences.

Name Primer sequence (50 to 30)

MiR-129-3p CGAAGCCCTTACCCCAAAAAGGAT
U6 CACGCAAATTCGTGAAGCGTTCCA

Table 3. mRNA primer sequences.

Name
Primer sequence

(50 ! 30)
Primer sequence

(30 ! 50)

SLC7A11 GCTGTCGTGAC
GGTGCCTAATG

CTTCTCTTGTG
GCTGCCTGCTG

GSS GACTTCACGGCA
CGGCTCTTC

CTGGCAGCGATG
GTGTTGATCTC

GCL GTGCCGAGGTGAT
GGTGGATAAC

TGACTCCGACC
ACACCGTACTG

GPX4 TCGGCCACCTCC
ATCTACGAC

GTGCAGATCGACG
AGCTGAGTG

TFR1 GTCAGAGGCAG
CACCAAGAACC

GCAACGATAGCAT
CAGGAGTCTCC

DMT1 ACATTGGAAGCA
GCGGCAGTG

GGCAGCGACAA
CAGCGTCTC

KEAP1 CAGCAGCGTGAGA
GGTGAGTATG

CGGCGTACAGCA
GTCGGTTC

NRF2 CAGGCCGTCTTGAA
GCTCATCTC

CTTGCCTCTCCTGC
GTATATCTCG

HO-1 ACGTCGTTGGCAA
GAAGCATCC

TTGAACTTGGTGG
CGTTGGAGAC

b-actin CCGCTCTATGA
AGGCTACGC

CTCTCGGCTGT
GGTGGTGAA
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PVDF membranes were incubated with primary antibody
overnight. Subsequently, secondary antibody was used to
incubate the membrane at 37°C for 1.5 h. The protein
bands were visualized using chemiluminescence and bands
intensities were calculated. The primary antibodies and
source are presented in Table 5.
Statistical Analysis

All data in our study were presented as the mean §
SD. GraphPad Prism software (version 8.0, San Diego,
CA) was used to analyze the data. The Tukey test in
one-way ANOVA analysis was used to compare the dif-
ferences between the control group and the selenium
deficiency group. Differences were considered to be sig-
nificant at P < 0.05 and highly significant at P < 0.01.
Table 5. The information of primary antibodies.

Name Source Identifier Dilution ratio

SLC7A11 ABclonal A13685 1:800
GCL Bioss bs-8402R 1:1,000
GSS Affinity DF6214 1:500
GPX4 Bioss bs-3884R 1:500
TFR1 Wanleibio WL03500 1:1,000
DMT1 Wanleibio WL05401 1:1,000
KEAP1 Wanleibio WL03285 1:2,000
NRF2 Wanleibio WL02135 1:500
HO-1 Wanleibio WL02400 1:1,500
GAPDH Wanleibio WL01114 1:800
RESULTS

Histological Observation of Broiler Liver
Tissue

In order to study the effect of Se deficiency on the
liver, we established a Se deficiency broiler model, we
found that broilers in the Se deficiency group had obvi-
ous clinical symptoms of exudative diathesis, and tested
Se contents and activities of GSH-PX in the serum and
liver of broilers, we found that the Se concentration and
the activity of GPx in the Se deficiency group were sig-
nificantly lower than Control group (Table S1). We per-
formed pathological observations on liver tissue as
shown in Figure 1. Observation under the microscope
showed that the liver lobules of the control group were
clearly structured, the liver cords were neatly arranged,
and the liver cells were arranged in a single layer in clus-
ters or cords. The cell membrane had clear boundaries,
abundant cytoplasm, fine granular shape, and clear
nuclear structure. In the Se deficiency group, hepatic
cords were arranged disorderly, hemorrhages, intercellu-
lar spaces became enlarged, liver cells were abnormal,
inflammatory cell infiltration, and adipose cell degenera-
tion occurred.
MiR-129-3p Directly Targets and Regulates
SLC7A11

In order to understand how miR-129-3p triggered fer-
roptosis in the liver, we used real-time quantitative PCR
to detect the expression of miR-129-3p in broiler liver
tissue. The results of qRT-PCR showed that compared
with the control group, the expression of miR-129-3p
was significantly increased, and the increase was
2.6 times of the original (P < 0.01; Figure 2A). Then we
got 327 target genes about miR-129-3p by the miRDB
website prediction, and selected which target score was
higher and was related to ferroptosis genes. The miRDB
website predicted SLC7A11 as one of the target genes of
miR-129-3p (Figure 2B). To verify the targeting rela-
tionship between miR-129-3p and SLC7A11, we con-
structed the WT or MT 3’UTR of SLC7A11 to the
pMIR-REPORT plasmids (Figure 2C) and co-trans-
fected them into LMH cells with miR-129-3p mimics or
negative control or inhibitor negative control for optimal
transfection concentration (Figure 2D). The miR-129-3p
mimics observably decreased the luciferase activity of
the WT 3’UTR of SLC7A11 (P < 0.01). However, when
miR-129-3p co-transfected with MT 3’UTR of
SLC7A11, the luciferase activity did not differ signifi-
cantly comparing with negative control group
(Figure 2E), which suggested that miR-129-3p directly
targets to the 3’UTR of SLC7A11.
In addition, it is necessary to further study whether Se

deficiency affects the expression of SLC7A11 in broiler
liver tissue. The results showed that the mRNA level of
SLC7A11 in the Se-deficiency group was lower than that
control group by qRT-PCR (P < 0.05), and the protein
expression level was significantly lower comparing with



Figure 1. Histopathological changes in the liver tissue of broilers. Hematoxylin-eosin staining (HE) of broiler liver, hepatocytes of broiler liver
tissue are disorderly arranged, hemorrhage (green arrow), intercellular space enlargement (red arrow), inflammatory cell infiltration (yellow arrow)
and adipose cell degeneration (black arrow).
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control group by Western blot (P < 0.01; Figures 2F and
2G). It confirmed that the expression of SLC7A11 was
significantly reduced in the liver tissue of Se-deficient
broilers.

LMH were transfected with miR-129-3p mimic and
miR-129-3p inhibitor respectively, and the mRNA and
protein expressions of SLC7A11 in LMH were affected.
The results showed in Figures 2H and 2I, the mRNA
expression of SLC7A11 in the mimic group was signifi-
cantly lower than that in the control group, and the pro-
tein expression was also significantly lower (P < 0.01).
On the contrary, the mRNA and protein expression of
SLC7A11 in the inhibitor group were significantly
higher than those in the control group (P < 0.01). In
summary, these results indicated that SLC7A11 was a
specific downstream target gene of miR-129-3p.
The Effect of miR-129-3p Overexpression on
Erastin-Induced LMH Lipid Metabolism

First, LMH was treated with different concentrations of
Erastin, and its activity was measured with CCK-8,
according to the results, the dose of Erastin was used
10 mM and Ferrostatin-1 was used 1 mM finally. And we
found that Erastin significantly reduced the vitality of
LMH in a dose-dependent manner (Figure 3A). Ferrosta-
tin-1 could reverse Erastin-induced cell death
(Figure 3A). The changes in indicators related to ferrop-
tosis in LMH were determined by commercial kits.
Results showed that the level of MDA and Fe2+ in the
LMH of miR-129-3p with Erastin was increased and they
significantly increased comparing with miR-129-3p group
alone (Figures 3B and 3C). In addition, the levels of those
were reversed in Ferrostatin-1 group. Except for that, the
level of antioxidant GSH reduced more comparing with
miR-129-3p group alone (Figure 3D), the expression of
GSH slightly returned in Ferrostatin-1 group. ROS is one
of the essential factors that lead to ferroptosis, therefore,
the level of ROS in LMH was detected by fluorescence
microscopy. As shown in Figure 3E, in the presence of
miR-129-3p increased the production of ROS. The
increase of ROS was more obvious in the Erastin + miR-
129-3p group, and ROS levels almost returned to normal
levels after adding Ferrostatin-1. The results indicated
that the overexpression of miR-129-3p enhanced the lipid
oxidation induced by Erastin in LMH.
Se Deficiency Activates the SLC7A11/GPX4
Pathway

In vivo, the mRNA expressions of SLC7A11, GCL,
GSS, and GPX4 related to ferroptosis in broiler liver tis-
sue were detected. qRT-PCR results showed that com-
pared with the control group, GCL, GSS, and GPX4
were decreased by 25, 45, 55% respectively. GPX4
decreased most significantly (P < 0.05; Figure 4A). The
protein expression trend of those genes was consistent
with the mRNA expression. The expression of GPX4
was down-regulated most significantly, by 25% after
quantification (P < 0.05; Figures 4B and 4C).



Figure 2. SLC7A11 is the target gene of miR-129-3p. (A) The miRDB website predicts that SLC7A11 may be the direct target gene of miR-129-
3p. (B) qRT-PCR to detect the mRNA expression of miR-129-3p in the control group and the Se-deficient group. (C) Clone the WT and MT of the
SLC7A11 30UTR sequence into the pMIR-REPORT plasmid. (D) In LMH cells, different concentrations of mimics and inhibitors are used for trans-
fection to determine the optimal transfection concentration. (E) Determination of dual luciferase reporter gene. Transfect broiler kidney primary
cells with WT or MT SLC7A11 30UTR and negative control (NC) miR-129-3p mimic. The relative luciferase expression of firefly is normalized to
Renilla luciferase. (F) qRT-PCR to detect the mRNA expression of SLC7A11 in the control group and the Se deficiency group. (G) Western Blot
detects the protein expression of SLC7A11 in the control group and the Se deficiency group. (H) qRT-PCR detection of the mRNA expression of
SLC7A11 in miR-129-3p mimic and miR-29-3p inhibitor in the control group. (I) Western Blot detection control group qRT-PCR detection control
group, miR-129-3p mimic and miR-29-3p inhibitor group SLC7A11 protein expression.. Data are expressed as mean § SD (n = 6). P < 0.05, P <
0.01. Abbreviations: I, miR-129-3p inhibitor; M, miR-129-3p mimic
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In LMH cells, the mRNA and protein content of
SLC7A11, GCL, GSS, and GPX4 genes were detected
respectively. The results showed that the expression of
SLC7A11, GCL, GSS, and GPX4 genes in the miR-129-
3p group were decreased (P < 0.05), and those in the
Erastin + miR-129-3p group decreased more signifi-
cantly than miR-129-3p group (P < 0.05), no matter
what protein and mRNA level. However, the mRNA
expressions of SLC7A11, GCL, GSS, and GPX4 slightly
increased after the addition of Ferrostatin-1
(Figure 4D). At the same time, protein expression was
detected by Western blotting (Figures 4E and 4F). The
results were consistent with qRT-PCR. The above
results indicated that miR-129-3p lead to negative regu-
lation on SLC7A11/GPX4 pathway-related genes, and
the addition of Ferrostatin-1 could partially reverse this
effect. It also indicated that miR-129-3p could induce
ferroptosis by targeting SLC7A11 to regulate the
SLC7A11/GPX4 pathway.
Se Deficiency Activates the TFR1/DMT1
Pathway

TFR1/DMT1 is also another signal pathway to mod-
ulate Ferroptosis. The mRNA expressions of TFR1 and
DMT1 in broiler liver tissue were detected. qRT-PCR
results showed that TFR1 and DMT1 were increased
1.5 times and 1.4 times respectively in Se deficiency
group (P < 0.05), comparing with control group
(Figure 5A). The protein expression level of TFR1 and
DMT1 were consistent with the mRNA expression (P <
0.05; Figures 5B and 5C).
In LMH cells, the mRNA and protein content of

TFR1 and DMT1 genes were detected respectively. The
results showed that the mRNA and protein expression
levels of TFR1 and DMT1 genes in miR-129-3p group
were increased (P < 0.05), and those in Erastin + miR-
129-3p group increased more significantly than miR-
129-3p group (P < 0.05). However, the mRNA



Figure 3. The effect of miR-129-3p overexpression on Erastin-induced LMH lipid metabolism. (A) CCK-8 measures the viability of LMH cells in
Erastin and Erastin + Ferrostatin-1 groups. (B) qRT-PCR was used to determine the mRNA expression level of MDA in the control group, miR-
129-3p group, Erastin + miR-129-3p group, and Erastin + miR-129-3p + Ferrostatin-1 group. (C) The expression of Fe2+ in the control group,
miR-129-3p group, Erastin + miR-129-3p group, Erastin + miR-129-3p + Ferrostatin-1 group was determined by qRT-PCR. (D) The mRNA
expression level of GSH in the control group, miR-129-3p group, Erastin + miR-129-3p group, Erastin + miR-129-3p + Ferrostatin-1 group was
determined by qRT-PCR. (E) The expression level of ROS in the control group, miR-129-3p group, Erastin + miR-129-3p group, Erastin + miR-
129-3p + Ferrostatin-1 group.

Figure 4. The mRNA and protein levels of SLC7A11/GPX4 pathway related genes in broiler liver. (A) The mRNA levels of GCL, GSS and
GPX4 in the liver tissue of broilers in the control group and the Se deficiency group. (B−C) The protein levels of GCL, GSS and GPX4 in the liver
tissue of broilers in the control group and the Se deficiency group. (D) The mRNA levels of miR-129-3p group, Erastin + miR-129-3p group,
Erastin + miR-129-3p + Ferrostatin-1 group and control group GCL, GSS and GPX4 in liver tissues of broilers. (E−F) The protein levels of miR-
129-3p group, Erastin + miR-129-3p group, Erastin + miR-129-3p + Ferrostatin-1 group and control group GCL, GSS and GPX4 in liver tissues of
broiler broilers. Each value represents the mean § SD (n = 6). *There is a significant difference between the Se deficiency group and the control
group, miR-129-3p group, Erastin + miR-129-3p group, Erastin + miR-129-3p + Ferrostatin-1 group and the control group have significant differen-
ces (P < 0.01).
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Figure 5. The mRNA and protein levels of genes related to the TFR1/DMT1 pathway in broiler liver. (A) The mRNA levels of TFR1 and
DMT1 in the liver tissue of broiler broilers in the control group and the Se deficiency group. (B−C) The protein levels of TFR1 and DMT1 in the
liver tissue of broiler in the control group and the Se deficiency group. (D) The mRNA levels of miR-129-3p group, Erastin + miR-129-3p group,
Erastin + miR-129-3p + Ferrostatin-1 group and control group TFR1 and DMT1 in liver tissues of broilers. (E−F) Protein levels of miR-129-3p
group, Erastin + miR-129-3p group, Erastin + miR-129-3p + Ferrostatin-1 group and control group TFR1 and DMT1 in liver tissues of broilers.
Each value represents the mean § SD (n = 6). *There is a significant difference between the Se deficiency group and the control group, miR-129-3p
group, Erastin + miR-129-3p group, Erastin + miR-129-3p + Ferrostatin-1 group and the control group have significant differences (P < 0.01).
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expressions of TFR1 and DMT1 decreased after the
exposed to Ferrostatin-1, and restored to normal level
(Figure 5D). At the same time, protein expression was
detected by Western blotting (Figures 5E and 5F). The
result was consistent with qRT-PCR. The above results
indicated that the expression of miR-129-3p increases
can lead to ferroptosis in liver, and then activates
TFR1/DMT1 signal pathway to promote the expression
of ferroptosis related genes.
Se Deficiency Activates the KEAP1/HO-1
Pathway

The mRNA expressions of KEAP1/HO-1 related to
ferroptosis in broiler liver tissue were detected. qRT-
PCR results showed that compared with the control
group, KEAP1 increased 1.49 times, while NRF2 and
HO-1 were decreased by 80% and 50% respectively (P <
0.05; Figure 6A). The results of protein expression level
were consistent with the mRNA expression (P < 0.05;
Figure 6B and 6C).

In LMH cells, the mRNA and protein content of
KEAP1, NRF2 and HO-1 genes were detected respec-
tively. The results showed that KEAP1 in the miR-129-
3p group were increased (P < 0.05), and it in the
Erastin + miR-129-3p group increased more signifi-
cantly than miR-129-3p group (P < 0.05). While the
mRNA expressions of KEAP1 decreased after the addi-
tion of Ferrostatin-1, and tended to normal levels. How-
ever, NRF2 and HO-1 in the miR-129-3p group were
decreased (P < 0.05), and those in the Erastin + miR-
129-3p group decreased more significantly than miR-
129-3p group (P < 0.05). While the mRNA expressions
of NRF2 and HO-1 increased after the addition of Fer-
rostatin-1 (Figure 6D). At the same time, protein
expression was detected by Western blotting
(Figures 6E and 6F). The results are consistent with
qRT-PCR. The above results indicated that miR-129-3p
could promote the reduction effect of Erastin on
KEAP1/HO-1 pathway-related genes, and the addition
of Ferrostatin-1 could partially reverse this effect.
DISCUSSION

Se exerted many biological protective functions to
maintain the body’s normal homeostasis (Payne and
Southern, 2005). Se deficiency in the diet can cause liver
damage, and the liver is the main target organ for Se
deficiency. Therefore, this has important reference sig-
nificance for liver diseases related to Se deficiency. Under
the condition of Se deficiency, we found that miR-129-3p
plays a role in the metabolic pathway of ferroptosis, and
it is for the first time to confirm in vivo and in vitro that
miR-129-3p regulates intracellular lipid metabolism,
SLC7A11 and its downstream molecules to enhance the
ferroptosis in liver.
Se deficiency leads to a variety of liver injury. Studies

have shown that Se deficiency can cause liver damage in
rats, including pathological changes and fibrosis of
hepatic portal vein (Han et al., 2017). In this study, the



Figure 6. The mRNA and protein levels of KEAP1/HO-1 pathway related genes in broiler liver. (A) The mRNA levels of KEAP1, NRF2 and
HO-1 in the control group and the Se deficiency group in broiler liver tissues. (B−C) The protein levels of KEAP1, NRF2 and HO-1 in the liver tissue
of broiler in the control group and the Se deficiency group. (D) The mRNA levels of miR-129-3p group, Erastin + miR-129-3p group, Erastin + miR-
129-3p + Ferrostatin-1 group and control group KEAP1, NRF2 and HO-1 in liver tissues of broilers. (E−F) Protein levels of miR-129-3p group,
Erastin + miR-129-3p group, Erastin + miR-129-3p + Ferrostatin-1 group and control group KEAP1, NRF2 and HO-1 in liver tissues of broiler
broilers. Each value represents the mean § SD (n = 6). *There is a significant difference between the Se deficiency group and the control group,
miR-129-3p group, Erastin + miR-129-3p group, Erastin + miR-129-3p + Ferrostatin-1 group and the control group have significant differences (P
< 0.01).
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results of microstructure of liver in Se-deficient broilers,
comparing with control group, it showed many typical
characteristics with disordered arrangement of hepato-
cytes, hemorrhage, enlarged intercellular space, inflam-
matory cell infiltration and adipocyte degeneration.
Ferroptosis is the form of regulated cell death (RCD)
characterized by iron-dependent lipid peroxidation
(Dixon et al., 2012). The import of oxidized cysteine
(cystine) via system Xc- is a critical dependency of pan-
creatic ductal adenocarcinoma (PDAC). As a system
Xc- subunit, the deletion of SLC7A11 induced tumor-
selective ferroptosis and inhibited PDAC
(Badgley et al., 2020). GPX4, the downstream factor of
SLC7A11, is the only enzyme that could use GSH as an
electron donor to reduce the toxic lipid hydroperoxide in
the biofilm to the corresponding alcohol (Kim et al.,
2020). Inactivation of GPX4 or depletion of GSH in cells
can cause ferroptosis (Guan et al., 2021). Previous stud-
ies showed that Se deficiency induced ferroptosis by
reducing the expression of GPX4. Zhao et al. found that
Se deficiency decreased the expression of GPX4 in
chicken heart, and then down-regulated the expression
of SLC7A11, resulting in ferroptosis in chicken cardio-
myocytes (Zhao et al., 2021b). In this study, we found
the expression level of SLC7A11/GPX4 axis in Se defi-
ciency model was down-regulated as in previous studies.

In previous studies, it indicated that Se deficiency can
affect the expression level of multiple miRNAs in the
liver of broilers. Among the expression of 8 kinds of
miRNA in the liver of broilers, miR-193b-3p increased
most significantly, which is discovered by researchers. In
addition, miR-193b-3p could regulate hepatocyte apo-
ptosis by targeting MAML1 in Se-deficient broilers
(Liu et al., 2018). In this study, we found that Se defi-
ciency led to a significant increase in mRNA expression
of miR-129-3p. Although there are no studies to describe
involvement of miR-129-3p in ferroptosis, it has been
widely studied on the regulation of cell death by miR-
129-3p. Previous study found that overexpression of
Smad3 reversed the inflammation and apoptosis by
inhibiting the expression of miR-129-3p in PA-stimu-
lated cardiomyocytes (Zou and Kong, 2019). Circ-
SETDB1 silencing repressed serous ovarian cancer
malignant progression through miR-129-3p/MAP3K3
pathway (Li and Zhang, 2021). In this study, due to
obviously increase the expression of miR-129-3p in the
liver of broilers, which it affects expression of related
downstream genes to cause liver injury, it needs to be
further study to verify the pathological role related to
ferroptosis.
After determining the most differentially expressed

miR-129-3p in broiler liver, the target gene SLC7A11 of
miR-129-3p was further screened and identified through
the target gene prediction website and double luciferase
report. The level of SLC7A11 could be inhibited by dif-
ferent stimuli. For example, the p53 3KR mutant binds
to the promoter of the SLC7A11 gene and inhibits the
expression of SLC7A11, thereby inhibiting the uptake of
cystine and promoting hypertrophy (Liu et al., 2019).
BECN1 directly blocks the activity of system Xc- by
combining with core component SLC7A11 to promote
hypertrophy (Koppula et al., 2018). In this study, miR-
129-3p was observed significantly decrease the luciferase
activity of 30UTR in WT of SLC7A11 by dual luciferase
reporter experiments. However, regulatory relationship
of that was lost by constructing the mutagenesis of
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30UTR in SLC7A11. In addition, it was found that the
expression of SLC7A11 was significantly decreased in
miR-129-3p mimic group, while the expression of
SLC7A11 was significantly increased in miR-129-3p
inhibitor group. It confirmed that there was a targeted
relationship between miR-129-3p and SLC7A11, and
miR-129-3p could negatively regulate SLC7A11. As a
functional subunit of system Xc-, SLC7A11 was an
important protein that can resist oxidative stress and
ferroptosis. With the decrease in SLC7A11 expression, it
led to the decrease in GCL, GSS, and GPX4 expression,
finally, led to the increase of ROS to promote the occur-
rence of ferroptosis. In summary, our findings described
the role of miR-129-3p in promoting ferroptosis in
broilers liver.

Overexpression of miR-129-3p, co-transfecting with
Erastin, which caused LMH more sensitive to ferrop-
tosis by affecting expression level of SLC7A11. Era-
stin is an activator of ferroptosis. It consumed
glutathione (a major cellular antioxidant), leading to
the accumulation of ROS (Lee et al., 2020; He et al.,
2022; Tang et al., 2022). We observed that by mea-
suring the changes in these lipid oxidation-related
molecules, miR-129-3p promoted the lipid oxidation
of liver cancer cells. Interestingly, we further found
that miR-129-3p strongly promotes cell death induced
by Erastin. Our results showed that transfected miR-
129-3p mimic into Erastin-treated LMH cells, the
expression levels of GCL, GSS, and GPX4 were sig-
nificantly decreased in the Erastin+miR-129-3p
group, comparing with control and miR-129-3p
group. This indicated that miR-129-3p could aggra-
vate the ferroptosis induced by Erastin through
SLC7A11/GPX4 signal pathway depended on accu-
mulating ROS. Our research showed that miR-129-3p
further enhanced the reduction of GSH and the accu-
mulation of ROS and MDA in LMH induced by pro-
tein kinase. Our findings described the essential role
of miR-129-3p in promoting ferroptosis in LMH.

Legal Fe(II) is essential for hypertrophy due to
promote the production of lipid peroxides
(Zhang et al., 2020). As a transmembrane receptor
protein, TFR1 binds to the iron transporter transfer-
rin and assists iron uptake through endocytosis. Diva-
lent metal transporter 1 (DMT1) has been identified
as a non-transferrin-bound serum iron (NTBI) path-
way and was responsible for the absorption of ferrous
iron. DMT1 was also located on the cell membrane
surface and could transport extracellular ferrous ions
(Chen et al., 2019). Our results indicated that Se
deficiency led to the increase of expression of TFR1
and DMT1. In vitro, miR-129-3p further enhanced
the expressions of TFR1 and DMT1 induced by Era-
stin. More and more studies have shown that HO-1
played a key role in ferroptosis (Kwon et al., 2015).
HO-1 promoted iron promotion by releasing its enzy-
matic product iron, which was related to cellular
stress caused by lipid ROS and glutathione depletion
(Adedoyin et al., 2018). Specifically, the nuclear
localization of HO-1 has been shown to be different
experimental conditions, and could be used to up-reg-
ulate cytoprotective genes against oxidative stress
(He et al., 2022). The activation of HO-1 also
depends on other transcription factors, including the
KEAP1/NRF2 pathway (Wu et al., 2019). Our
results showed that Se deficiency causes the expres-
sion levels of TFR1, DMT1, NRF2 and HO-1 were
significantly increased and KEAP1 were significantly
decreased in liver of broilers. And in LMH, the
expression levels of TFR1, DMT1, NRF2 and HO-1
were significantly increased in miR-129-3p group and
Erastin+miR-129-3p group. KEAP1 were signifi-
cantly decreased in miR-129-3p group and Erastin
+miR-129-3p group. These results indicated that Se
deficiency can regulate the expression of ferroptosis
pathway-related genes and cause ferroptosis by regu-
lating the expression of miR-129-3p.
CONCLUSIONS

In summary, our results indicated that Se deficiency
could significantly increase the expression of miR-129-
3p, miR-129-3p regulated the GCL/GSS/GPX4 axis by
targeting SLC7A11, resulting in an increase in ROS to
induce ferroptosis. In addition, Se deficiency led to ele-
vated expression levels of ferroptosis-related genes
including TFR1, DMT1 and other genes. This study
demonstrated that Se deficiency could cause ferroptosis
by regulating the miR-129-3p/SLC7A11 axis, and pro-
vided a basis for the prevention and treatment of dis-
eases related to Se deficiency.
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