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Selenium (Se) deficiency and poor plasma Se levels can cause cardiovascular diseases by decreasing seleno-
protein levels. Neutrophil extracellular traps (NETs) may be the vicious cycle center of inflammation in vascu-
litis. Here, we show that Se deficiency induced arteritis mainly by reducing selenoprotein S (SelS), and promoted
the progression of arteritis by regulating the recruitment of neutrophils and NET formation. Silencing SelS
induced chicken arterial endothelial cells (PAECs) to secrete cytokines, and activated neutrophils to promote
NET formation. Conversely, scavenging DNA-NETs promoted cytokine secretion in PAECs. The NET formation

regulated by siSelS was dependent on a reactive oxygen species (ROS) burst. We also found that the PPAR
pathway was a major mediator of NET formation induced by Se-deficient arteritis. Overall, our results reveal how
Se deficiency regulates NET formation in the progression of arteritis and support silencing-SelS worsens arteritis.

1. Introduction

Selenium (Se) is an essential micronutrient that plays a crucial role in
development and in a wide variety of physiological processes, including
antagonist inflammation and oxidative stress [1,2]. Inadequate Se
intake leads to the development of several pathologies [3]. Vascular
tissue is one of the main target organs of Se deficiency, and studies on
the relationship between Se deficiency and vascular injury mainly
involve necrosis [4], apoptosis [5], and inflammation [6]. Low Se status
increases endothelial cell-derived adhesion molecule expression and
microvascular permeability [7], leading to vessel wall thickening and
inflammatory cell infiltration, which aggravates aortic vascular oxida-
tive damage [8]. The anti-inflammatory properties of Se can also pro-
vide cardiovascular protection. The mRNA expression of cytokines in
venous tissue of chickens with Se deficiency is in a high expression state,
and the venous tissue has inflammatory damage [5]. In vascular endo-
thelial cells, increased selenoprotein activities may play a protective role
by reducing the abnormal adhesion between cells induced by proin-
flammatory cytokines [9]. Se deficiency downregulates multiple sele-
noproteins in venous tissues and reduces vascular antistress ability,
which in turn triggers vascular injury [10,11], while Se supplementation
can protect vascular endothelial cells [12]. More than one third of the 25
selenoproteins expressed in blood vessels are related to redox reaction,

such as glutathione peroxidase (GPX), SelK, SelW, thioredoxin reductase
(Txnrd), etc. Selenoproteins can destroy the cholesterol accumulated in
the blood vessel wall, increase the level of coenzyme A in the myocar-
dium, and increase the production of energy, thus protect the heart [13].
GPX can affect the activities of cyclooxygenases and lipoxygenases and
effectively prevent the development of cardiovascular diseases such as
atherosclerosis and hypertension [14]. Txnrd can regulate the cardio-
vascular system through both intra- and extracellular molecular signals,
affecting vascular remodeling [15]. Studies on selenoprotein S (SelS) in
recent years also explained its inhibitory effects on vascular inflamma-
tion and oxidative stress [16,17]. Thus, Se deficiency is able to cause
oxidative stress, apoptosis, inflammation, and structural abnormalities
in vascular tissues, which are unable to maintain the angioarchitecture
and resist multiple cardiovascular injuries, but the specific mechanisms
need to be further elucidated.

Neutrophil extracellular traps (NETs) are network structures
composed of neutrophils with DNA in the nucleus or mitochondria as the
skeleton. The formation of NET is closely related to reactive oxygen
species (ROS) and intracellular calcium ion flow. The level of intracel-
lular ROS determines whether autophagy can induce NET formation,
and when the intracellular ROS level reaches a certain concentration, it
will activate cell autophagy through related signaling pathways, and
then promote NET formation [18]. ROS leads to citrullination of
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histones by elevating intracellular Ca®* levels, which activates histone
peptidyl arginine deiminase 4 (PAD4), neutrophil elastase (NE) and
myeloperoxidase (MPO) [19]. Pali¢, D., et al. found that ROS and Ca®t
were involved in the formation of renal NET induced by exogenous
stimulation [20]. Nowadays, evidence suggests that NETs can partici-
pate in gouty arthritis [21], promote acute pancreatitis, and lead to local
and distal organ damage in severe acute pancreatitis [22], and aggravate
the necrotizing inflammation in tissue [23]. NETs can be used as the
precursor information for cardiovascular diseases [24], to suggest the
occurrence and development of vascular diseases. Patients with vascu-
litis have high concentrations of antineutrophil cytoplasmic antibodies
(ANCAs) that can induce a proinflammatory feedback loop, and
continuously released NETs combine with the vascular wall to further
aggravate vasculitis [25]. The interaction between activated platelets
and neutrophils leads to the activation of local vascular NETs and tissue
factors, which is related to arterial thrombosis [26,27]. Among the
noninfectious trigger factors, cholesterol crystals can induce
atherosclerosis-related NETs, NE and proteinase 3 (PR3) knockout
apolipoprotein E (ApoE)™~ mice showed less atherosclerosis damage,
indicating that NETs and/or these proteases have potential roles in this
process [28]. NET formation is triggered by innate immune receptors
through downstream intracellular mediators, including ROS generated
by NADPH oxidase or mitochondria, which activate MPO, NE, and PAD4
to promote chromatin decondensation [29]. As demonstrated in another
study, exosomes from oxidized low-density lipoprotein-treated macro-
phages promote the formation of NETs by inducing oxidative stress,
which in turn promotes atherosclerosis progression [30]. Excessive NET
formation aggravates acute myocardial infarction injury in ApoE*/ )
mice via the ROS-dependent pathway [31]. However, Eghbalzadeh, K.,
et al. found that PAD4~/~ neutrophils are unable to release NETs, but
acute inflammation is exacerbated after myocardial infarction, and
produces significantly higher amounts of ROS [32].

To date, Se deficiency has been shown to cause vascular injury [33]
and decrease neutrophil function [34], accompanied by oxidative stress
and decreased selenoprotein expression [35], and low levels of Se (0.01
mg/L) can significantly induce NETs formation in cows [36], but little is
known about the mechanisms by which selenoproteins regulate the
formation of NETs involved in the pathogenesis of Se-deficient arteritis.
Here, we replicated a chicken Se-deficient arteritis model and found the
increased formation of NETs. The most significantly differentially
expressed SelS and PPAR pathway were further screened by qRT-PCR
and proteomics, respectively, and their interrelationships with arteritis
and NET formation were explored in vitro. In addition, the present
experiment also determined the role of ROS in the formation of NETSs
induced by Se-deficient arteritis. This experiment delineates the mech-
anism of Se-deficient arteritis in chickens that is dependent on the for-
mation of NETs and suggests that targeting SelS and the PPAR pathway
may be a therapeutic strategy to prevent Se-deficient arteritis.

2. Material and methods
2.1. Preparation of animals and sample collection

The animal procedures in this study were guided and approved by
the Institutional Animal Care and Use Committee of Northeast Agri-
cultural University (SRM-11). Three hundred and sixty one-day-old Ross
308 male broilers (Weiwei Co. Ltd., Harbin, China) were randomly
divided into two groups (180 chickens per group), and the broilers were
fed a full price diet (the basic diet composition is shown in Table S1).
The dietary Se level was 0.2 mg/kg in the control group and less than
0.03 mg/kg in the Se deficiency group. After 42 days of feeding, 200 mg/
kg LPS (Sigma-Aldrich, China) was injected intraperitoneally. After 2 h,
the peripheral blood and aortas were collected, processed and preserved
as needed for subsequent experiments.
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2.2. Detection of Se content in plasma

To determine the Se status of the experimental broilers, we extracted
broiler plasma and performed an assay for Se content. The collected
peripheral blood was centrifuged at 3500 rpm for 10 min to separate the
plasma. The content of Se in plasma was determined by an AFS-9750
atomic fluorescence spectrometer. Before the determination of Se con-
tent, 100 pL of blood sample was placed into a glass test tube, and mixed
acid (nitric acid + hydrogen peroxide) was added, followed by incuba-
tion at 37 °C for 15-20 min; then, a 1:1 hydrochloric acid solution was
added, which was incubated at 37 °C for 5 min, followed by addition of
perchloric acid after the temperature dropped, and then the mixture was
incubated for 1 h prior to determination.

2.3. Isobaric tags for relative and absolute quantification (iTRAQ)-based
proteomics

In order to screen out the selenoproteins/interacting proteins and
signal transduction pathways that are closely involved in the formation
of NET, and to elucidate the mechanisms by which selenoproteins
regulate the formation of NET and affect the development of Se-deficient
arteritis, we applied proteomics to analyze protein expression in aortic
tissue of broilers based on the successful establishment of a chicken Se-
deficient arteritis model. Protein extraction, digestion, and labeling with
iTRAQ of broiler aortas were performed as Zhang et al. described [1].
LC-MS/MS analysis, peptide identification and quantification were
analyzed using the Proteome Discoverer Software (Thermo Fisher Sci-
entific, Waltham, MA, USA) as described by Jiang et al. [37]. Compared
with the control group, a log2|fold change (FC)| > 1.5 and a false dis-
covery rate (FDR) < 0.05 in the Se-deficient tissues were used as criteria
for selection of the differentially expressed proteins.

2.4. Bioinformatics analysis

To take a more contextual view of the functions of these differentially
expressed proteins, we summarized the differential proteins by enrich-
ment analysis into molecular mechanisms that may be involved. The
Gene Ontology (GO) database and the Kyoto Encyclopedia of Genes and
Genomes (KEGG) database were used to analyze the GO and pathway
enrichment annotations, respectively. The results were defined as sig-
nificant if the GO terms or pathways had a P value < 0.05 and a FDR
<0.05.

2.5. Isolation of neutrophils from chicken peripheral blood

Chicken peripheral blood neutrophils were isolated by a chicken
peripheral blood neutrophil isolation kit (Beijing Solarbio Science &
Technology Co., Ltd.) according to the instructions. Briefly, 10 mL of
liquid A and 5 mL of liquid C were added to a new sterile 50 mL
centrifuge tube (NEST Biotechnology. Co., Ltd.), and then 10 mL of
chicken peripheral blood was added. After 15 min of centrifugation at
2000 rpm, the neutrophil layer was pipetted into a new 50 mL centrifuge
tube, 5 mL of red blood cell lysate was added, and the contents of the
tube were lysed for 5 min at room temperature. After 10 min of
centrifugation at 300g, 20 mL PBS was added to wash the cells, and the
cells were centrifuged at 250 g for 10 min, which was repeated twice.
The isolated cells were resuspended in RPMI-1640 (Procell Life Science
& Technology Co., Ltd.) supplemented with 10% FBS (Procell Life Sci-
ence & Technology Co., Ltd.) and 2% CBS (Gibco, USA) for further
experiments.

2.6. PAECs culture
PAECs were purchased from Otwo Biotechnology (Shenzhen) Co.,

Ltd. PAECs were cultured in RPMI-1640 supplemented with 10% FBS
and 2% CBS and maintained at 37 °C in a humidified atmosphere
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containing 5% CO-. The cells were fed every day and subcultured once
in a 25 cm? cell culture flask (NEST Biotechnology Co., Ltd.) until
reaching 90-100% confluence.

2.7. NET formation and cell treatment assays

Neutrophils were seeded at a density of 10° cells on poly-i-lysine
(PLL)-coated coverslips in 24-well plates and cultured at 37 °C and 5%
CO», for 2.5 h. For NET formation in vitro, cells were treated with 0 nM,
50 nM, 100 mM, 150 mM, 200 mM, and 250 mM phorbol 12-myristate
13-acetate (PMA, Dalian Meilun Biotechnology. Co., Ltd.) for 3 h, and
NETs were subsequently digested with or without DNase I (50 pg/mL,
100 pg/mL, and 200 pg/mL) for 30 min. Following treatment, cells were
stained with 0.25 pM SYTOX Green (Thermo Scientific, USA) and
Hoechst 33258 (Leagene Biotechnology) for 30 min. After staining, cells
were fixed, permeabilized, and washed with PBS, and images were ac-
quired on a fluorescence microscope (Olympus, Japan).

2.8. Scanning electron microscopy

To observe the area size of NET formation in neutrophils, we per-
formed scanning electron microscopy on neutrophils. Neutrophils were
seeded on PLL-coated coverslips in 24-well plates and cultured at 37 °C
and 5% COq for 2.5 h. Then the samples were fixed with 2.5% glutar-
aldehyde overnight. After fixation, the samples were washed with PBS,
dehydrated with a graded ethanol series and displaced with a graded
TERT butanol series. Then, critical-point drying was performed and
coated with a metal film of 10 nm. Next, the samples were analyzed
using a Hitachi SU8010 scanning electron microscope.

2.9. Cell transfection

To determine the effect of silencing SelS on PAECs, we silenced SelS
expression in PAECs by cell transfection. PAECs were first seeded in a
12-well plate. Cells were transfected with Lipofectamine RNAIMAX
(Invitrogen, USA) as previously described [38]. In brief, 40 nM RNAi
duplexes (Table S5) were diluted with serum-free medium, to which 1 pL
Lipofectamine RNAiMax was added, which was mixed gently and
incubated at room temperature for 20 min. The medium was removed,
and the PAECs were washed once with PBS. The mixture was added to
the cells, which were incubated at 37 °C and 5% CO, for 24 h. After that,
complete medium was added and cultured for 24 h.

2.10. Coculture of PAECs and neutrophils

To determine the association of DNA-NETSs with arteritis, we cocul-
tured neutrophils with PAECs by the following treatments. For NET-
induced PAEC inflammation, after the generation of NETs induced by
3 h-PMA stimulation in neutrophils treated with or without DNase I, the
medium was removed, and neutrophils were washed once with PBS.
PAECs (5 x 10%) in serum-free RPMI-1640 were added to the PLL-coated
coverslips in 6-well plates and cultured at 37 °C and 5% COs for 20 h. For
PAECs inflammatory-induced NET formation, after growth to subcon-
fluency, 5 x 10* PAECs were seeded on PLL-coated coverslips in 6-well
plates, and 24 h after transfection, were treated with or without NAC
(Abmole Bioscience Inc.) for 12 h. PAECs were washed once with PBS,
and then 2.5 x 10° neutrophils were seeded on the PLL-coated coverslips
in 6-well plates with serum-free RPMI-1640. After 20 h, the cells were
washed by PBS, and were stained with 0.25 pM SYTOX Green or 10 pM
2,7-dichlorodihydrofluorescein diacetate (DCFH-DA, NJJCBIO, China).
Images were acquired on a fluorescence microscope.

2.11. Histological staining

To determine the pathological changes in the aortic tissues of Se-
deficient broilers and determine the etiology of the disease, we
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performed the following histological examinations. The aortas were
washed in precooled 0.9% saline to remove the blood and then dried
with filter paper. Then, the tissues were fixed in 4% paraformaldehyde
(PFA) for 2 h at 4 °C. H&E staining was performed as previously
described [38]. For immunofluorescence (IF), the tissues were fixed in
4% PFA for 24 h at 4 °C, washed with PBS, embedded in paraffin and
sectioned at 4-pm thickness. Antigen retrieval was performed using
target retrieval solution, pH 9.0 (Dako), in a pressure cooker for 15-20
min. Nonspecific binding was then blocked with 5% BSA for 25 min at
room temperature. For IF, cells were fixed with 4% PFA for 25 min at
room temperature, washed with PBS and permeabilized with or without
0.2% Triton X-100 in PBS for 20 min. Cells were then blocked in PBS
with 2% BSA for 30 min at room temperature. Subsequently, the samples
were incubated with primary antibodies overnight at 4 °C. The anti-
bodies, dilution factors, sources and other information are presented in
Table S2. The samples were incubated with Alexa Fluor-conjugated
secondary antibodies (Invitrogen) in 1% BSA for 1 h at room tempera-
ture. DAPI was then used to counterstain the nuclei, and images were
obtained by a Leica TCS SP2 laser confocal microscope.

2.12. Lactate dehydrogenase (LDH) release

To examine the degree of integrity of the cell membrane, we exam-
ined the LDH release level in cells. An LDH Assay Kit (Beyotime
Biotechnology) was used according to the manufacturer’s instructions as
previously described [38]. Briefly, broiler peripheral blood neutrophils
and PAECs were seeded in 96 well plates at a density of 10°/mL, add 20
uL LDH release reagent per well until cells were 80% confluence and
incubated for 30 min, centrifuged at 400 g for 5 min, 120 pL supernatant
was collected from each well and was added to a new 96 well plate.
Absorbance was then determined at 490 nm by a microplate reader
(BioTek, USA).

2.13. Total RNA isolation and qRT-PCR

Samples for total RNA extraction included broiler aortas, PAECs, and
cocultured cells of neutrophils and PAECs. An RNA Extraction Kit (Ac-
curate Biotechnology (Hunan) Co., Ltd.) was used to extract the total
RNA according to the manufacturer’s instructions as previously
described [38]. NanoDrop ND-2000 (Thermo Fisher Scientific) was used
to detect the extracted RNA, when A260/A280 was between 1.9 and 2.1,
the concentration was >350 ng/pL, the extracted RNA can be used for
subsequent first strand cDNA synthesis. First-strand cDNA was synthe-
sized using a cDNA First Strand Synthesis Kit (Bioer Technology, China).
qRT-PCR (Bioer Technology, China) was performed on a Light
Cycler@480 System (Roche, Switzerland). The sequences of mRNAs (25
selenoproteins, cytokines, NET formation-related genes, chemokines,
antioxidant genes, and PPARs) are detailed in Tables S3 and S4. Relative
expression of the target genes was calculated according to the 2744Ct
method by comparing them to the expression of the housekeeping gene
B-actin.

2.14. Protein extraction and Western blot analysis

Samples for protein extraction included broiler aortas, PAECs, and
cocultured cells of neutrophils and PAECs. Total protein extraction and
Western blot analysis were performed as previously described [39].
Briefly, protein samples were separated on 12% SDS-PAGE gels and
transferred onto PVDF membranes. The PVDF membranes were blocked
with 5% nonfat milk for 2 h at 37 °C, incubated with primary antibodies
(SelS, cytokines, NET formation-related proteins, and PPARs) for 16 h at
4 °C, and further incubated with secondary antibodies for 1 h at 37 °C.
The antibodies, dilution factors, sources and other information are
presented in Table S2. The signal was detected by a FluorChem R
FR1045 (ProteinSimple, USA). The relative expression levels were
calculated by comparing them to the expression of the p-actin.
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2.15. Statistical analysis

Statistical analysis of all data was conducted using GraphPad Prism
version 8.0 software. All results were expressed as the mean + SEM.
Statistical significance was obtained by one-way ANOVA or unpaired
Student’s t-test using Tukey’s post hoc test. P < 0.05 was considered to
be statistically significant. The software showed a normal distribution.
For the in vivo data, the bars represent the mean + SEM of 10 in-
dividuals (N = 10). For the in vitro data, the bars represent the mean +
SEM of triplicate cells (N = 3).

3. Results
3.1. Se deficiency induces arteritis in broilers

To determine the correlation between Se deficiency and arteritis in
broilers, we first examined the Se content in broiler plasma and found
that the Se content in broiler plasma in the Se deficiency group was
significantly decreased compared with that in the control group
(Fig. 1A) (P < 0.001), which illustrated the successful establishment of
the chicken Se deficiency model. H&E staining was further used to
observe the pathological changes in the broiler aortas (Fig. 1B).
Compared with the normal aorta morphology of the control group, the
broiler aortas in the -Se group showed infiltration of lymphocytes,
plasma cells and monocytes, hyperplasia of collagen fibers in the intima
and adventitia (yellow box), partial rupture of elastic fibers in the media
(green box), and slight uplift of the intima (red box). This suggested that
the model of Se-deficient arteritis was established successfully. For the
broiler aortas stimulated by LPS, their histopathological structures also
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showed obvious inflammatory characteristics, such as the destruction
and interruption of the aortic elastic plate, the replacement of scar tissue
(yellow box), the uneven surface of the intima, a large amount of plaque
uplift (green box), a large amount of collagen fiber hyperplasia in the
adventitia, thickening of the vascular wall, and obvious inflammatory
cell infiltration. Pathological changes in the aortas in the -Se + LPS
group were observed, and the most significant characteristics of arteritis
were found, including degeneration and necrosis of arterial smooth
muscle cells, destruction of elastic fibers and infiltration of inflamma-
tory cells (green box), and rupture and destruction of internal and
external elastic membranes, which caused granulomatous inflammatory
reactions, including multinucleated giant cells, epithelial-like cells and
inflammatory cell lymphocyte and monocyte infiltration (red box and
yellow box).

Furthermore, the expression of cytokines was detected
(Figs. S1A-S1C). It was found that -Se and LPS could significantly
increased the mRNA and protein expression levels of cytokines (P <
0.05). Under the combined treatment of -Se and LPS, except for inter-
feron-y (IFN-y), the expression levels of other cytokines in the aortas
reached the highest level, even significantly higher than those in the -Se
and LPS groups (P < 0.05). The expression of tumor necrosis factor-o
(TNF-a) and interleukin-1p (IL-1p) in broilers aortas detected by IF
showed the same trend in changes (Fig. 1C and D) (P < 0.05). The above
results show that -Se can promote the development of arteritis and
reflect the successful replication of the broiler arteritis model.

-Se+LPS

A
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Se Content (mg/kg)
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Fig. 1. Se deficiency induces arteritis in broilers. (A) Se content in plasma of broilers (N = 10; ***P < 0.001). (B) Histopathological changes of aortas of broilers
(scale bar, 200 pm). Fields from one representative experiment of three are shown. (C) IF analyses of TNF-a (red) and IL-1p (green) in broiler aortas (scale bar, 20
pm). Fields from one representative experiment of three are shown. (D) Quantification of relative TNF-a and IL-1p intensity in broiler aortas (N = 3; Bars that do not
share the same letters are significantly different (P < 0.05) from each other). Results are presented as mean + SEM. Statistical significance was obtained by one-way
ANOVA or unpaired Student’s t-test. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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3.2. Se deficiency increases NET formation in the aortas and neutrophils
of broilers

We next explored whether NET was formed in Se-deficient arteritis.
First, we examined the mRNA expression levels of neutrophil chemo-
kines (CCL1, CCl4, CCL17, CXCL12, CXCL13, and CXCL14) in the aortas
and found that they were all significantly expressed under the patho-
logical conditions of Se-deficient arteritis compared with the C group (P
< 0.05); In the aortas of the C + LPS group, the mRNA expression levels
of chemokines also exhibited an elevation similar to that of the -Se group
(P < 0.05); whereas in the -Se + LPS group, the mRNA expression levels
of chemokines were all significantly higher than those of the other
groups (Fig. 2A) (P < 0.05), suggesting that neutrophils are recruited to
Se-deficient aortas. Next, examination of the expression profiles of genes
and proteins involved in the formation of NET (MPO, NE, H3, NOX2,
PKCa, PKCB, PKCC, and PLCy) revealed that compared with the control
group, the mRNA and protein expression levels of NET formation-
related genes in the aortas of the other groups were significantly
increased, and that their expression peaked in the -Se + LPS group
(Figs. S2A-S2C) (P < 0.05), indicating that Se deficiency may induce the
formation of NET in the aortas to the same extent as LPS. We further
detected the colocalization of MPO and NE (marker proteins for NET
formation) in the aortas by IF (Fig. 2B and C) (P < 0.001), which was
strong evidence that Se deficiency could induce increased NET forma-
tion in the aortas of broilers. LDH assays on neutrophils extracted from
the peripheral blood of broilers in each group revealed that LDH release
from neutrophils in the other groups was significantly increased
compared with that of the control group (Fig. 2D) (P < 0.05), indicating
that Se deficiency can induce neutrophil rupture, suggesting the possi-
bility of NET release. Next, we observed directly that -Se induced the
extrusion of NET from neutrophils by SEM and SYTOX Green staining
(Fig. 2E-H) (P < 0.01). All the above results illustrate that Se deficiency
can induce the extrusion of NET and that Se-deficient arteritis can lead
to increased formation of NET in the aorta.

3.3. DNA-NETs promote arteritis progression

To determine whether NETs could induce arteritis, we extracted
chicken peripheral blood neutrophils and stimulated them with different
concentrations of PMA to generate NETs. Finally, we determined that
the stimulating concentration of PMA required was 200 nM (Figs. S3A
and S3B) (P < 0.05). Similarly, DNase I is known to be the most effective
method to clear DNA-NETSs. In this experiment, neutrophils stimulated
with 200 nM PMA were further treated with different concentrations of
DNase I, and 100 pg/mL DNase I was determined to have a significant
effect on clearing NETs (Figs. S3C and S3D) (P < 0.01). Next, neutrophils
were stimulated by PMA to generate NETs, and then PAECs were placed
in 6-well plates containing NETs. After coculture for 20 h, the release of
NETs in the NET + PAEC group was observed by SYTOX Green staining
(Fig. 3A and B) (P < 0.05). IF was used to detect the expression of TNF-a
and IL-1p in the cocultured cells. PAECs treated with NETs expressed
higher levels of TNF-a and IL-1f, while the expression of these cytokines
was decreased significantly in PAECs cocultured with neutrophils after
DNase I-scavenged DNA-NETs (Fig. 3C and D) (P < 0.05), indicating that
the DNA-NETs can induce an inflammatory response in PAECs.

3.4. SelS is a major regulator of NET formation mediated by Se-deficient
arteritis

Se, as an essential trace element, mainly exists in proteins in the form
of selenocysteine. To explore the specific role of selenoproteins in NET
formation mediated by Se-deficient arteritis, we first assessed the mRNA
expression of 25 selenoproteins in chicken aortas. The mRNA expression
level of SelS was decreased most significantly in the -Se group, and the
mRNA expression level of SelS decreased to its lowest level in the -Se +
LPS group (Fig. 4A and B). Further assessment of SelS protein expression
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level in the chicken aortas of each group also showed that compared
with the control group, the protein expression levels of SelS in other
groups were significantly decreased, and the SelS protein level of the -Se
+ LPS group was significantly lower than that of the -Se group and the C
+ LPS group (Fig. 4C) (P < 0.05). Moreover, in the presence of NETs
induced in vitro, the level of SelS in PAECs was decreased significantly,
and the level of SelS was increased after DNase I cleared the DNA-NETSs
(Fig. 4D) (P < 0.001). These results suggest that SelS may play an
important role in regulating NET formation mediated by Se-deficient
arteritis.

To further investigate the regulatory effect of SelS on NETs in
arteritis, we next silenced the expression of SelS in PAECs (Fig. 4E) (P <
0.001) and found that LDH was released significantly in siSelS-PAECs
(Fig. 4F) (P < 0.001). The expression levels of TNF-a and IL-1f were
significantly higher than those in NC-PAECs (Fig. 4G and H) (P < 0.001),
indicating that silencing SelS can significantly induce an inflammatory
response in PAECs. Next, PAECs were cocultured with neutrophils for
12 h in the inflammatory state of PAECs induced by silencing SelS, and
SYTOX Green staining showed that the generation of NET was increased
significantly (Fig. 4I and J) (P < 0.001). These results suggest that SelS
may be involved in NET formation mediated by Se-deficient arteritis.

3.5. NET formation in Se-deficient arteritis is ROS-dependent

Se deficiency can lead to an inflammatory response in multiple tis-
sues accompanied by the involvement of oxidative stress. Additionally,
one of the initiating factors of NET extrusion is ROS. In this experiment,
the mRNA expression levels of antioxidant genes (CAT, HO-1, SOD1, and
SOD2) in the aortas of broilers were first examined, and we found that
the mRNA expression levels of antioxidant genes in the aortas of the
other groups were all significantly decreased compared with the control
group and that their expression levels reached the lowest levels in the
-Se + LPS group (Fig. 5A) (P < 0.05). Likewise, fluorescence microscopy
was used to observe the ROS levels in the peripheral blood neutrophils of
broilers in each group, and similar changes were also found with the
mRNA expression of the antioxidant genes in the aortas (Fig. 5B and C)
(P < 0.05). We next stimulated chicken peripheral blood neutrophils
with PMA in vitro to induce NET generation, and after coculturing NETs
with PAECs, we found that PMA-stimulated neutrophils underwent a
significant ROS burst, which was significantly reduced after digestion of
the DNA-NETs with DNase I (Fig. 5D and E) (P < 0.05), suggesting that
DNA-NETs can induce an ROS burst in PAECs.

To determine whether NET formation in Se-deficient arteritis was
dependent on ROS, we found that siSelS-PAECs underwent an ROS
burst, and no reduction was observed in ROS levels after coculture with
neutrophils (Fig. 5F and G) (P < 0.05). However, inhibiting the ROS
burst in siSelS-PAECs with NAC and then coculturing them with neu-
trophils revealed no change in NET formation compared with the NC-
Control (Fig. 5H and I) (P > 0.05). These results illustrate that the
DNA-NETs-induced inflammatory response of arterial endothelial cells
by NETs is dependent on ROS.

3.6. The PPAR pathway participates in NET formation induced by Se-
deficient arteritis

To explore the molecular mechanisms involved in NET formation
induced by Se deficiency, we subjected aortas from control and Se-
deficient broilers to proteomic analysis. Based on the cutoff assess-
ment, 352 proteins were mapped, and 128 proteins were unmapped. GO
enrichment analysis showed that the differentially expressed proteins in
the -Se group were significantly enriched in processes such as “energy
metabolism”, “cell growth and death”, “immune system”, and “antiox-
idant activity” (Fig. 6A). KEGG analysis indicated that the differentially
expressed proteins in the -Se group were significantly enriched in the
“cell cycle”, “complement and coagulation cascades”, and “PPAR
pathway” (Fig. 6B). The PPAR pathway is known to be important in
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Fig. 2. Se deficiency increases NET formation in the aortas and neutrophils of broilers. (A) The mRNA expression levels of neutrophil chemokines (CCL1, CCL4,
CCL17, CXCL12, CXCL13, and CXCL14) in broiler aortas (N = 10; Bars that do not share the same letters are significantly different (P < 0.05) from each other). (B) IF
analyses of NE (green) and MPO (red) in broiler aortas (scale bar, 40 pm). Fields from one representative experiment of three are shown. (C) Quantification of relative
NE and MPO intensity in broiler aortas (N = 3, ***P < 0.001, compared with the C group; **#P < 0.001, compared with the -Se group and the C + LPS group). (D)
LDH release of chicken peripheral blood neutrophils (N = 3; Bars that do not share the same letters are significantly different (P < 0.05) from each other). (E)
Scanning electron microscopy images of neutrophils (NETs) isolated from chicken peripheral blood (scale bar, 5 pm and 10 pm). Fields from two representative
experiment of three are shown. (F) Quantification of NET formation by scanning electron microscopy (N = 3, ***P < 0.001, compared with the C group; *##P <
0.001, compared with the -Se group and the C + LPS group). (G) Fluorescence microscope for NETs (green) of neutrophils isolated from chicken peripheral blood
(scale bar, 100 pm). Fields from one representative experiment of three are shown. (H) Quantification of NET formation by fluorescence microscope (N = 3, ***P <
0.001, compared with the C group; *##P < 0.001, compared with the -Se group and the C + LPS group). Results are presented as mean + SEM. Statistical significance
was obtained by one-way ANOVA or unpaired Student’s t-test. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
\:ersion of this article.)
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Fig. 3. DNA-NETSs promote arteritis progression. (A) Fluorescence microscope for NETs (green) of PAECs cocultured with or without PMA-stimulated and with or
without DNase I-treated neutrophils (scale bar, 50 pm). Fields from one representative experiment of three are shown. (B) Quantification of NET formation by
fluorescence microscope in PAECs cocultured with or without PMA-stimulated and with or without DNase I-treated neutrophils (N = 3; Groups that do not share the
same letters are significantly different (P < 0.05) from each other). (C) IF analyses of TNF-a (red) and IL-1f (green) in PAECs cocultured with or without PMA-
stimulated and with or without DNase I-treated neutrophils (scale bar, 20 pm). Fields from one representative experiment of three are shown. (D) Quantification
of relative TNF-u and IL-1f intensity in PAECs cocultured with or without PMA-stimulated and with or without DNase I-treated neutrophils (N = 3; Bars that do not
share the same letters are significantly different (P < 0.05) from each other). Results are presented as mean + SEM. Statistical significance was obtained by one-way
ANOVA or unpaired Student’s t-test. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

cardiovascular diseases, and to clarify whether the PPAR pathway could expression levels of PPARs were significantly decreased in PAECs
be involved in regulating NET formation induced by Se deficiency, we treated with NETs, whereas their expression levels rebounded after
first examined the mRNA and protein expression levels of PPARs in the elimination of DNA-NETs (Fig. 6D) (P < 0.01). Conversely, we next
aortas of broilers. As expected, PPARs were significantly downregulated cocultured siSelS-PAECs with neutrophils, and the expression levels of

in both the -Se group and the C + LPS group and were decreased to a PPARs were similarly significantly downregulated (Fig. 6E) (P < 0.001).
minimum in the -Se + LPS group (Figs. S4 and 6C) (P < 0.05). The The above results illustrate that the PPAR pathway is involved in the
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representative experiment of three are shown. (H) Quantification of relative TNF-a and IL-1p intensity in PAECs after transfection with siSelS for 24 h (N = 3, ***P <
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cocultured with PAECs transfected with or without siSelS (scale bar, 50 pm). Fields from one representative experiment of three are shown. (J) Quantification of NET
formation by fluorescence microscope in neutrophils co-cultured with PAECs transfected with or without siSelS (N = 3; ***P < 0.001). Results are presented as mean
=+ SEM. Statistical significance was obtained by one-way ANOVA or unpaired Student’s t-test. (For interpretation of the references to colour in this figure legend, the
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Fig. 5. NET formation in Se-deficient arteritis is ROS-dependent. (A) The mRNA expression levels of antioxidant genes (CAT, HO-1, SOD1, and SOD2) in broiler
aortas (N = 10; Bars that do not share the same letters are significantly different (P < 0.05) from each other). (B)-(C) Representative images of fluorescence mi-
croscope (B) and quantification (C) of ROS (green) in chicken peripheral blood neutrophils (scale bar, 50 pm, N = 3; Groups that do not share the same letters are
significantly different (P < 0.05) from each other). (D)—(E) Representative images of fluorescence microscope (D) and quantification (E) of ROS (green) in neu-
trophils, and PAECs cocultured with or without PMA-stimulated and with or without DNase I-treated neutrophils (scale bar, 50 pm, N = 3; Groups that do not share
the same letters are significantly different (P < 0.05) from each other). (F)-(G) Representative images of fluorescence microscope (F) and quantification (G) of ROS
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letters are significantly different (P < 0.05) from each other). (H)-(I) Representative images of fluorescence microscope (H) and quantification (I) of NETs (green) in
neutrophils cocultured with siSelS-PAECs pre-treated with NAC (scale bar, 50 pm, N = 3). Results are presented as mean + SEM. Statistical significance was obtained
by one-way ANOVA or unpaired Student’s t-test. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)

process of NET formation induced by Se-deficient arteritis.
4. Discussion

In this study, we report a role for silencing SelS in promoting Se-
deficient arteritis by both recruiting and activating neutrophils in Se-
deficient aortas. Se deficiency induces chemokine expression, recruit-
ment of neutrophils, and extrusion of NET in the aortic tissue of broilers,
inducing the release of inflammatory factors from PAECs and promoting
arteritis progression. On the other hand, Se deficiency induces the

secretion of proinflammatory cytokines from PAECs by decreasing the
expression of SelS and inhibiting the PPAR pathway, inducing NET
formation in a ROS-dependent manner, and ultimately promoting
arteritis (Fig. 7).

Se deficiency can induce inflammation and oxidative stress in mul-
tiple tissues, cause vascular injury and promote the release of cytokines
[40,41]. A 10-year prospective study reported the association between
Se and atherosclerosis, arterial stiffness and hypertension, they sug-
gested that Se has long-term vasoprotective effects on arterial stiffness
and blood pressure in Africans [42]. Serum Se levels were significantly
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***P < (0.001). Results are presented as mean + SEM. Statistical significance was obtained by one-way ANOVA or unpaired

lower in chronic heart failure patients and Se levels were negatively
correlated with left ventricular volume and pulmonary artery pressure
[43]. The involvement of NETs in inflammatory diseases has recently
received intensive attention. NETs are usually induced by proin-
flammatory chemokines, immune complexes, ionomycin and nicotine
[29]. Deficiencies in the trace elements zinc and copper can also lead to
NET formation [44,45]. Recently, the detrimental aspect of DNA-NET, in
that NETs generated by the inflammatory microenvironment may be the
center of a vicious cycle of inflammation, has gradually been revealed.
In a mouse model of ventilator-induced lung injury, intravascular NETs
impaired ventilatory function and pulmonary microcirculation [46].
Under acute sterile inflammation, the administration of DNase I signif-
icantly reduced hepatic damage [47]. However, to date, in cardiovas-
cular diseases, most studies on NETs have focused on their promoting
effects on atherosclerosis, thrombosis and acute myocardial infarction
[48]. Moreover, NETs have been suggested to directly induce endothe-
lial dysfunction by activating and damaging endothelial cells [49,50]. In
this experiment, we found that NET formation was increased in
Se-deficient arteritis and that DNA-NET structures induced by PMA in
vitro could also sensitize arterial endothelial cells to an inflammatory
response. Therefore, exploring the regulation of NET formation by
selenoproteins may suggest a new mechanism for the development of
Se-deficient arteritis.

Se plays an important role in antioxidant defense, redox signaling,
and redox homeostasis, and excessive ROS can induce oxidative stress
when overwhelming antioxidant defense systems. Thus, most of the
body with Se deficiency will develop oxidative stress [51]. Se deficiency
is a major regulator of selenoprotein expression, and several of the 25
selenoprotein genes identified to date have important cellular functions
in antioxidant defense, cellular signaling, and redox homeostasis [2].
SelS is implicated in oxidative stress and the inflammatory response.
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SelS is involved in defense against oxidative stress-induced vascular
endothelial injury by regulating the PKCa/PI3K/Akt/eNOS pathway
[17] and inhibits inflammation-induced vascular smooth muscle cell
calcification by inhibiting the activation of the nuclear factor kappa-B
(NF-kB) signaling pathway and endoplasmic reticulum stress [16].
Conversely, the knockdown of SelS results in an enhancement of
TNF-a-induced injury in human umbilical vein endothelial cells [52].
The activation of neutrophils and their release of cellular contents are
strongly regulated by ROS, and the respiratory burst is considered a key
early step in NET formation [29]. Although NET formation may also be
ROS-independent [53], the premise is to consider Ca®* influx as an
inducer of NETs. Our results showed that siSelS-PAECs induced an in-
crease in ROS burst and NET formation, but when cocultured with
neutrophils after NAC treatment of siSelS-PAECs, ROS levels and NET
formation were significantly reduced, indicating that siSelS regulated
NET generation in a ROS-dependent manner.

In recent years, researchers have widely applied omics analysis to
explore the pathogenesis of cardiovascular diseases in humans and an-
imals, which suggests that it is also more important to apply omics
analysis to the study of herd diseases. In this study, we used proteomic
analysis to determine that the PPAR pathway may be involved in the
formation of NET induced by Se-deficient arteritis. More is known about
the role of the PPAR pathway in cardiovascular diseases, which is
manifested in fat metabolism, as activation of both PPARa and PPARy
prevent foam cell formation and atherosclerosis development in mice
[54]. However, PPARs can also regulate inflammatory processes
through some inflammatory target genes. Activation of PPARs can
inhibit LPS- and cytokine-induced proinflammatory gene expression
through inhibition of the NF-xB signaling pathway [55]. PPAR« in-
creases the expression of an inhibitor of NF-kB to antagonize the NF-kB
signaling pathway [56]. PPARp induces transforming growth factor p
and inhibits the activation of NF-xB, thereby regulating inflammatory
processes [57]. Activation of PPARy also decreases TNF-a expression in
the aortic root [58]. In this experiment, whether in the inflammatory
response of PAECs induced by DNA-NETs in vitro or in the NET gener-
ation induced by siSelS-PAECs, the expression levels of PPARs appeared
to be decreased, raising the idea that the activation of the PPAR pathway
may also be involved in the inhibition of NET formation.

Overall, our data establish the potential of SelS as a prognostic
marker and therapeutic target in ROS-dependent NET-mediated arter-
itis. Given the potential regulatory role of the PPAR pathway in NET
formation, future clinical trials with agonists and ligands of the PPAR
pathway could be performed to determine their effectiveness against
NET-mediated arteritis. Although the detailed mechanism of NET for-
mation has yet to be defined, these findings will help our understanding
of the regulation and functionality of NETs in arteritis.
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