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Vascular diseases, a leading cause of death in human, are strongly associated with pathological damage to blood
vessels. The selenoprotein (Sel) have been reported to play important roles in vascular disease. However, the role
of SelO in vascular disease has not been conclusively investigated. The present experiment was to investigate the
regulatory mechanism of the effect of SelO on the permeability of vascular endothelial. The H.E staining, FITC-
Dextran staining, Dil-AC-LDL staining and FITC-WGA staining showed that vascular structure was damaged, and
intercellular junctions were disrupted with selenium (Se)-deficient. Inmunohistochemistry, QPCR and Western
blot revealed decreased expression of the adhesion plaque proteins vinculin, talin and paxillin, decreased
expression of the vascular connectivity effector molecules connexin, claudin-1 and E-cadherin and increased
expression of JAM-A and N-cadherin, as well as decreased expression of the ZO-1 signaling pathways ZO-1, Rock,
rhoGEF, cingulin and MLC-2. In a screening of 24 Sel present in mice, SelO showed the most pronounced changes
in vascular tissues, and a possible association between SelO and vascular intercellular junction effectors was
determined using IBM SPSS Statistics 25. Silencing of SelO, vascular endothelial intercellular junction adverse
effects present. The regulatory relationship between SelO and vascular endothelial intercellular junctions was
determined. The results showed that Se deficiency lead to increased vascular endothelial permeability and
vascular tissue damage by decreasing SelO expression, suggesting a possible role for SelO in regulating vascular
endothelial permeability.

1. Introduction with inflammatory diseases, especially in the cardiovascular system

[10]. Se palyed an anti-inflammatory role to impede systemic inflam-

Selenium (Se), an essential trace element for the body, plays a crucial
role in many physiological functions, including thyroid hormone
metabolism, the antioxidant defence system, the adaptive and acquired
immune systems, and the prevention of certain cancers [1-4]. A large
number of studies have revealed that Se deficiency is closely related to
the occurrence of many diseases. Se deficiency is associated with
inflammation and Cardio-metabolic dysregulation in women with Hy-
pertensive disorders of Pregnancy [5]. Se deficiency induced myocardial
injury and exudative diathesis were more widely recognized in humans
and animals [6,7]. In addition, selenium deficiency exacerbates the in-
flammatory response in lipopolysaccharide (LPS)-induced mastitis [8].
Se deficiency in the small intestine, an important site for selenium ab-
sorption, exacerbates bisphenol A-induced intestinal damage in
chickens via reactive oxygen species/cellular tumor antigen p53 [9]. At
the same time, numerous studies have shown Se was closely associated
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matory cytokine axes to circumvent aggravating atherosclerosis in the
post-surgical period [11]. The high serum selenium levels may reduce
serum C-reactive protein levels in individuals with HIV to inhibit the
inflammation [12].Se supplementation provides potent neuroprotection
and reduced inflammation in cerebral ischemia [13].In contrast, Se
deficiency  induces inflammation in porcine aorta via
miR-223/nucleotide-binding oligomerization domain-like receptor
family 3 (NLRP3) [14]. There is increasing evidence that Se was also
important for vascular function. Se deficiency or low serum Se levels are
considered a risk factor for vascular disease. Reduced serum Se levels
may lead to an inability to prevent oxidation of low-density lipoproteins,
thereby accelerating the development of atherosclerotic plaques [15].
Selenium-stimulated exosomes showed significant effects in inhibiting
inflammation and improving pro-angiogenesis in human umbilical vein
endothelial cells [16]. In conclusion, selenium inhibits vascular
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endothelial inflammation.

Se acts mainly through the incorporation of various selenoproteins
(Sel), 24 of which, including selenocysteine (Sec), are known to exist in
mice and rats. The substitution of selenium atoms for sulphur atoms and
the tighter valence electrons of the selenium atoms have made the Sel a
family of enzymes involved in various redox reactions [17]. The func-
tions of some Sel were explored with inflammation. Sel shown a role on
the oxidative stress-induced inflammatory tumorigenesis [18]. SelS
shown an effect on the inflammation and coronary artery disease [19,
20]. SelW was an anti-inflammatory role in the skeletal muscle and in-
testinal tract [21,22]. However, the function of most Sel still needs to be
further explored. Some studies have found that certain Sel (e.g. Gluta-
thione peroxidase 1 (GPX1), GPX4, SelS and SelP) also bind to perform a
variety of reactions during the wound healing phase, such as antioxidant
activity, inhibition of inflammatory cytokines, and elimination of per-
oxynitrates during the inflammatory phase [23,24]. SelO, as one of the
largest mammalian Sel, contains the rare amino acid selenocysteine
(Sec), which is thought to have redox properties, but its exact biological
function is not known and its effects on the vasculature have never been
reported [25]. Nevertheless, there is considerable evidence that Se and
Sel play an important role in the vascular system. It has been found that
GPX1 overexpression in a transgenic mouse model better protects the
myocardium from ischemia/reperfusion injury [26]. The
redox-regulatory proteins thioredoxin, in particular thioredoxin 1/thi-
oredoxin reductase 1, are thought to reversibly reduce signaling mole-
cules that regulate cardiac function and are implicated in vascular
disease [27]. GPX, thioredoxin reductase and methionine sulphoxide
reductase B1 have also been implicated in vascular stress [28]. SelO may
play a crucial role in maintaining the health of vascular system.

The vascular endothelium plays a critical role in maintaining normal
vascular permeability. Impaired endothelial function is a key compo-
nent of many cardiovascular diseases. However, endothelial integrity is
closely to intercellular junctions. The gap junction (GJ), as a trans-
membrane transport channel between two adjacent cells, can regulate
the cellular gap junction communication function for various physio-
logical processes. Connexin (Cx) has gap junction and communication
functions and plays an important physiological role in vascular disor-
ders. Abnormal Cx expression has been found in early plaques of
atherosclerosis, and abnormal proliferation of the neoplastic intima
after carotid injury has been associated with abnormal Cx protein
expression [29].

The tight junction (TJ), generally represented as a tight fit of the
plasma membrane between adjacent cells, has an important function in
forming a permeability barrier that limits the free diffusion of molecules
between cells [30,31]. It has been shown that the expression of the TJ
proteins claudin-1, occludin-1 and ZO-1 is significantly upregulated in
atherosclerosis and that the tight junction pathway is activated in the
pathogenesis of atherosclerosis [32]. The adherens junction (AJ) is
closer to the base than the TJ and is essential for initiating and main-
taining cell-cell adhesion [33].Li et al. demonstrated that LPS reduced
the progression of endothelial cell adhesion junction-mediated coronary
artery disease by decreasing the expression of adhesion junction pro-
teins [34]. Abnormal endothelial cell permeability and reduced
expression of adhesion proteins can lead to haemangiomas, scleroderma
and other forms of vascular inflammation. The structure of vascular
intercellular adhesion junctions can be visualised using wheat germ
agglutinin (WGA) [35]. Cell adhesion is a process in which activated
clusters of integrins recognise external adhesion sites and recruit into the
intracellular region of their f-subunit to form adhesion plaques. Tyro-
sine phosphorylation of the paxillin has been shown to increase 5-fold in
response to angiotensin II stimulation, thereby mediating vascular
hyperproliferative disorders such as restenosis after angioplasty [36].
Permeability and integrity of intercellular junctions can be assessed
using dextran staining (FITC-Dextran) and human-derived acetylated
low-density lipoprotein (Dil-Ac-LDL). ZO-1 is often used as one of the
indicators to measure permeability and integrity of tight junctions and
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to assess barrier function [37]. Deficiency of the tight junction protein
Z0-1 and the cytoskeletal regulator Rho-associated protein kinase (rock)
results in increased tissue permeability [38]. However, downregulation
of cingulin at endothelial cell junctions leads to increased rhoGEF acti-
vation and permeability [39]. Disruption of vascular endothelial cell
junctions leads to an increase in endothelial permeability, which was a
key trigger of vascular disease.

With the progressive advancement of research, the understanding of
the detrimental effects of Se deficiency on other organs has gradually
expanded, and numerous studies have reported on the pathology of
various Se deficiency diseases. However, limited research exists
regarding vascular damage caused by Se deficiency. Notably, SelO, a
conserved and one of the largest Sel in living organisms, remains poorly
understood in terms of its biological significance and its impact on
vascular [25]. Based on this, the present study established a mouse
model with different concentrations of selenium treatment and observed
the changes in vascular structure as well as the expression of vascular
adhesion plaque proteins, the structure of vascular intercellular junc-
tions and vascular permeability by immunohistochemical staining and
pathological histology. To select key Sel with association between
vascular and Sel when selenium concentration change, screening of 24
Sel in model mice. In addition, the molecular expression of the adhesion
plaque proteins vinculin, talin and paxillin, the junctional effector
molecules connexin, JAM-A, claudin and cadherin, and the tight junc-
tion ZO-1 pathway molecules ZO-1, rock, rhoGEF, cingulin and MLC-2
were monitored to determine the relationship between selenium and
adhesion junction proteins and intercellular junction associated factors.
Further validation was performed at the molecular level for the screened
key target protein SelO. The siRNA-SelO interference model was estab-
lished using transfection siRNA technology to explore the mechanism of
SelO in maintaining vascular endothelial permeability by affecting the
expression of adhesion plaque proteins, intercellular junction effectors
and tight junction ZO-1 related signaling pathway molecules. The pre-
sent study aims to elucidate the potential mechanisms of selenium
deficiency-induced vascular injury and to elucidate the beneficial role
and mechanism of action of SelO in the vascular endothelial cell
permeability barrier, thus enriching the theoretical basis of SelO related
studies.

2. Materials and methods
2.1. Animal model construction and sample collection

The total 120C57BL/6 mice (60 females and 60 males) aged between
5 and 7 weeks, which were randomly divided into three groups (40 mice
per group): The low selenium group (L) was fed selenium-deficient diet
(0.01 mg/kg selenium in the diet), the control group (C) was fed normal
selenium diet (0.18 mg/kg selenium in the diet), and the high selenium
group (H) was fed selenium-supplemented diet (0.6 mg/kg selenium in
the diet). The feed for each group was purified standard feed provided
by Trophic Feed Technology Co. (Nantong, Jiangsu Province, China),
which contained the same nutrients except selenocysteine. Once plasma
exudate and hemorrhagic spots were observed in the thorax and
abdomen of the mice, indicating successful establishment of the animal
model, euthanasia was performed to collect vascular tissue from the
hepatic aorta. Some tissues were stored at -80 °C for subsequent ex-
periments while others were processed to appropriate sizes before being
placed in 4 % paraformaldehyde fixative away from light for future use
as previously described [40]. All animal procedures conducted in this
study received approval from the Animal Ethics Committee of North-
eastern Agricultural University.

2.2. Histopathological analysis

After adequate fixation, dehydration and transparency of mouse
vascular tissues using different concentrations of ethanol and
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embedding in paraffin, 5 pm tissue sections were cut and stained with
hematoxylin-eosin (H&E) as previously described [41]. The staining
results were examined under a light microscope (Olympus, Japan) and
corresponding changes were recorded through photography for
analysis.

2.3. Red fluorescence labeled Dil-Ac-LDL staining

Red fluorescence labeled Dil-Ac-LDL (Maokang Biotechnology,
Shanghai, China) staining was performed to observe intercellular junc-
tions as Dil-Ac-LDL binds to endothelial cells. The samples were incu-
bated with Dil-Ac-LDL at 37 °C for 1 h, washed, and fixed with 2 %
paraformaldehyde before being sectioned and observed using a fluo-
rescence microscope (Olympus, Japan) at wavelengths of Ex: 514/549
nm; Em: 565 nm.

2.4. FITC-WGA staining

WGA (Sigma-Aldrich, Germany), one of the lectins widely used in
cell biology, recognises N-acetylglucosamine and binds to its dimer and
trimer. It specifically recognises adhesion proteins. In this experimental
study, WGA was utilized to interact with vascular endothelial glyco-
proteins for plasma membrane presentation. Tissue sections were
deparaffinized, followed by rinsing with distilled water and two subse-
quent washes (each lasting 5 min) using PBS containing 1 % bovine
serum albumin. Subsequently, the sections were incubated with diluted
FITC-WGA within an incubator box at room temperature for a duration
of 1 h. Afterward, the sections underwent three rounds of washing with
PBS (each lasting 5 min), sealing of slices with a water-soluble sealer,
and observation under a fluorescence microscope at Ex/Em: 495/515
nm to capture green fluorescence images.

2.5. FITC-dextran staining

FITC-Dextran is a fluorescently labeled polysaccharide composed of
branched glucose molecules with varying lengths. FITC-Dextran is
commonly used to measure the permeability of the blood-brain barrier
as it can be observed due to its ability to embed itself in cell membrane
fibronectin hydrogels and release 250 kDa of FITC. In this study, we
utilized this principle to evaluate vascular endothelial permeability.
Anesthetized mice were intravenously injected with FITC-Dextran (50
mg/kg) via the tail vein, and after 1 min, the vascular tissue was excised
and fixed in 4 % paraformaldehyde fixative at 4 °C for 24 h. Subse-
quently, sections of the fixed tissue were prepared and observed.

2.6. Immunohistochemical staining

The sections were dried in an oven at a constant temperature of 70 °C
for 120 min. Dewaxing samples. Antigen retrieval was performed using
an autoclave,.pour the EDTA repair solution into the autoclave, heat the
autoclave until the liquid boils and immerse the sections in the repair
solution. After removal, the samples were rinsed with PBS and treated
dropwise with 3 % inactivated endogenous peroxidase at 37 °C for 15
min. The sections were washed with PBS and incubated overnight at 4 °C
with the primary antibody. On the following day, after returning to
room temperature, the sections were rinsed again in PBS and incubated
with secondary antibody at 37 °C for half an hour. Subsequently, the
sections were rinsed repeatedly in PBS before adding color development
solution drop by drop and observing under a microscope; color devel-
opment was stopped timely and washed afterward.The sections under-
went dehydration using sequential ethanol solutions (75 %, 95 %, and
anhydrous), followed by clearing in xylene, and finally sealed.

2.7. Cell culture of HUVECs

HUVEC cells (Binsui Biotechnology, Shanghai, China) were cultured
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Table 1
Selenium treatment medium configuration.
RPMI- 1% Transferrin ( 5 Insulin ( 10 Selenocysteine
1640 FBS pg/mL ) pg/mL )
L  465mL 25 250 pL 250 pL 0 ng/mL
mL
M 46.25 2.5 250 pL 250 pL 5 ng/mL
mL mL
H 47 mL 2.5 250 pL 250 pL 10 ng/mL
mL
Table 2
Interference test medium configuration.
RPMI- 1% Transferrin ( 5 Insulin ( 10 Selenocysteine
1640 FBS pg/mL ) pg/mL )
SiRNA-  46.5mL 2.5 250 L 250 pL 0 ng/mL
L mL
SiRNA-  46.25 2.5 250 pL 250 pL 5 ng/mL
M mL mL
SiRNA- 47 mL 2.5 250 pL 250 pL 10 ng/mL
H mL
Table 3
The sequences of siRNA.
Name Sequences

siRNA-SelO F (5 —-3" ) :GGUCAAGCAUCCGUGAGUUTT

R (5 —3" ) :AACUCACGGAUGCUUGACCTT

in T25 culture flasks with 95 % ECM medium supplemented with 5 %
fetal bovine serum, 1 % endothelial cell growth supplement, and 1 %
penicillin-streptomycin. The cultures were maintained at a constant
temperature of 37 °C in a incubator containing 5 % CO.. Cells were
passaged when the confluence reached 90-100 %.

2.8. Culture of HUVECs treated with Se

HUVECs were seeded into 6-well plates at a density of 1 x 10° cells/
well and cultured in regular medium until reaching approximately 80 %
confluence (usually after 48 h). Then, the regular medium was replaced
with Se-containing medium to establish different treatment groups: the
Se-deficient group (Low Se group, L) was cultured with selenocysteine-
free medium (0 ng/mL), the middle Se group (Middle Se group, M) was
cultured with selenocysteine at a concentration of 5 ng/mL, and the Se-
supplemented group (High Se group, H) was cultured with selenocys-
teine at a concentration of 10 ng/mL ( the composition of cell culture
medium is shown in Table 1, and selenocysteine was used as it was
prepared ) . After treatment for 24 h, subsequent experiments could be
performed based on specific requirements.

2.9. siRNA transfection

siRNAs targeting SelO and its negative control siRNA-NC were
designed and synthesized by Wuhan Jintosi Biotechnology Co. HUVEC
cells were grown in six-well plates until reaching 60-70 % confluence
before introducing siRNA (Table 3) using liposomal RNAi Max trans-
fection agent (invitrogen, USA) as previously described [20]. The
siRNA-NC group was then maintained in regular medium while the
siRNA-L, siRNA-M, and siRNA-H groups were treated with selenocys-
teine at 0 ng/mL, 5 ng/mL, and 10 ng/mL (the composition of the cell
culture medium for the interference experiment is shown in Table 2),
respectively, for 24 h.
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Table 4
mRNAs primer sequences.

Name F(5-3) R(5-3")
GAPDH GGCAAATTCAACGGCACAGTCAAG TCGCTCCTGGAAGATGGTGATGG
vinculin GCATTGCAAAGAAGATTGATGC TAATTCTGCAATCTTCCGAGCT
talin AAGAGACGTGGATAATGCCCTA CTCTGTGCTTCTTGAAATGTCC
paxillin CAAAGCGTACTGTCGTAAAGAT TTGAGGGCTGAAATGTAGTTCT
connexin GTGACAGAAACAATTCCTCCTG ATTTTGCTCTGCGCTGTAATTC
JAM-A CATCAAATTGACCTGCACCTAC AGCTGTGATCTGGCTGTTATAA
claudin-1 AGATACAGTGCAAAGTCTTCGA CAGGATGCCAATTACCATCAAG
cadherin CTCAGAAGACAGAAACGAGACT AACCAGGTTCTTTGGAAATTCG
Z0-1 CTGGTGAAGTCTCGGAAAAATG CATCTCTTGCTGCCAAACTATC
rock AGAAGCTAGAACATTTGACCGA CTGCTTCAAATGCTTGAGTCTT
rhoGEF GCCATCAGTGATTTCCCTCCAGAAG CATCCAGTTATTCCGCTCCTCCTTG
cingulin GAGACACAAGAGGAAAATGACG CTTCCAGCTGCTGTTTCTCTA
MLC-2 GACGAGTGAACGTGAAAAATGA TGAGGAACACGGTGAAGTTAAT
GPx1 GCAATCAGTTCGGACACCAGGAG TCTCACCATTCACTTCGCACTTCTC
GPx2 AGGGCTGTGCTGATTGAGAATGTG CTCCTGATGTCCGAACTGGTTGC
GPx3 GGCTTGGTCATTCTGGGCTTCC CCACCTGGTCGAACATACTTGAGAC
GPx6 ACGTACCCTGAGCTGAACACATTG CGCCTGGACGCACATACTTGAG
TrxR1 CATCTACGCCATCGGTGACATCC CATACAGCCTCTGAGCCAGCAATC
TrxR2 GGTGTGGACAAAGGCGGGAAG TTCAGCCAGAAGATGTCGTCACTTG
TrxR3 CATCATCATCGGTGGTGGTTCTGG CCTGAGGTGACGGGACAACAAAG
DIO1 ACTTTGCCTCCACAGCCGATTTC CGTTGTTCTTAAAAGCCCAGCCATC
DIO2 TTCTCCTCGGTGGCTGACTTCC GCACATCGGTCCTCTTGGTTCC
DIO3 TGGTGGTCGGAGAAGGTGAAGG CAGCGAGTGAAGCAGCAGAGAG
Sel M AGCCACCTCCACCACCAACTAC GGCGATTCAACTGTCATCCTCCAC
Sep 15 TGGACGACAACGGGAACATTGC CCAACTTCTCGCTCAGGAACTCTTC
Sel S GCTATGGCTGGTACATCCTCTTCAG CCTCTTGCCGCTTAACAACAACATC
Sel K CCAGGAAACCCTCCACGAAGAATG CCTTCCTCATCCACCAGCCATTG
Sel W ATCTGCGGCGAGGGAACTCC CTTTCTGTGTCCACGTAGCCATCG
Sel H CGCCATGCTGCTGCCTTGAG CGCGGTTTGGACGGGTTCAC
Sel T CAGTGTATGTCAACGGGTGCATTTG TACAAGCTGCTGCATGGAAGGAAG
Sel V GTGTGATGTACTGTGGCCTCTGAAG AACCTGGGTAGCTCTTTCCTCCTC
Sel P CTGTGATGAAGGCTCGCTCTTGG GGCTGAACGCAGGTCATGGATC
Sel R TCCTGTGGCAAGTGTGGCAATG GCCTTTAGGGACGAACTTCAGTGAG
Sel N TCCATCGCCTGTTAAGCATGTTCC CACGGTGTAGTAGGAATCGCTGATG
Sel I ATGTGCCTGACTGGGTTTGGATTG TTGGTTCTCCGTGCTTGCTTTCC
Sel O TGTCCTGAAGCTGCTAGAGTCTCC GAAGATTGCTCCTCAGTGCTCCTTG

2.10. gPCR

The total RNA was isolated from mouse vascular tissues and HUVEC

Table 5

The information of antibodies used in Western Blot.

cells using the conventional Trizol (invitrogen,USA) method, and the
concentration of RNA was determined using Nano-Drop (Thermo Fisher
Scientific) as previously described [42]. For each sample, reverse tran-
scription was performed separately following the cDNA First Strand
Synthesis Kit instructions (Bioer Technology, China). Subsequently,
qPCR analysis was carried out on a Light Cycler@480 System (Roche,
Switzerland) following the BioEasy Master Mix kit instructions. The
relative expression of target genes was calculated by comparing them to
the expression of housekeeping gene GAPDH, and final results were
obtained using the 222" method. The sequences of mRNAs used for
qPCR are provided in Table 4.

2.11. Western blot

Proteins were extracted from mouse vascular tissues and HUVEC
cells by lysing them with RIPA protein lysate (RIPA: PMSF = 100:1). The
protein concentrations were determined using a BCA kit (Beyotime,
Shanghai, China) as previously described [43]. Samples from each group
were adjusted to the same concentration, and then the protein samples
were boiled for 10-15 min after adding 5 x SDS loading buffer.
Depending on the size of the proteins, an equal amount of protein from
each group was loaded onto a 6-15 % SDS-PAGE gel based on their
respective sizes, followed by electrophoresis and subsequent transfer to
an NC membrane (Sigma, Germany). The membranes were incubated in
an incubation box containing 5 % skimmed milk at 37 °C for 2 h. After
the incubation period, they were washed with TBST, excess liquid was
removed, and primary antibody dilution was applied to the NC mem-
brane which was refrigerated overnight at 4 °C. On the following day,

Name Source Dilution Ratio
GAPDH Cell Signaling Technology 1:1000
vinculin Cell Signaling Technology 1:1000
talin Cell Signaling Technology 1:1000
paxillin Cell Signaling Technology 1:1000
connexin Cell Signaling Technology 1:1000
JAM-A Cell Signaling Technology 1:1000
claudin-1 Cell Signaling Technology 1:1000
cadherin Cell Signaling Technology 1:1000
Z0-1 Cell Signaling Technology 1:1000
rock Cell Signaling Technology 1:1000
rhoGEF Cell Signaling Technology 1:1000
cingulin Cell Signaling Technology 1:1000
MLC-2 Cell Signaling Technology 1:1000
Sel O Cell Signaling Technology 1:1000
Goat anti-mouse IgG-HRP Cell Signaling Technology 1:2000
Goat anti-rabbit IgG-HRP Cell Signaling Technology 1:2000

another round of TBST washes was performed before incubating with
HRP-conjugated secondary antibody at room temperature for 2 h while
protected from light exposure. Chemiluminescence detection was car-
ried out using ECL chemiluminescence solution (Gibco, USA) followed
by imaging on a gel imager. Finally, greyscale values of the protein
bands were analyzed using Image J software. The relative expression
levels were calculated by comparing them to the expression of the
GAPDH. The protein antibody information used in this study are shown
in Table 5.
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Fig. 1. Se effects on vascular structure. (A) Histopathological changes of the vascular. L, C, H, were mice fed with selenium at 0 mg/kg, 0.18 mg/kg, and 0.6 mg/kg
(N = 10, scale bar, 50 pm). (B)FITC-Dextran staining of the vascular (N = 10, scale bar, 20 um). (C) Quantification of relative fluorescence intensity of FITC-Dextran
staining (N = 10). Results are presented as mean + SEM. Statistical significance was obtained by one-way ANOVA. *P < 0.05, significant difference; **P < 0.01, more
significant difference; ***P < 0.001, very significant difference; ****P < 0.0001, very significant difference.

2.12. Statistical analysis

Statistical analysis was performed using IBM SPSS Statistics 25
( Armonk, NY , USA ) , GraphPad prism 9.5(New York, NY, USA).
Differences between groups were analyzed using the one-way ANOVA
method, and all data were presented as “mean + SEM". p < 0.05 in-
dicates a statistical difference compared.

3. Results
3.1. Se effects on vascular structure

To determine the relationship between vascular injury and dietary Se
content, pathological examination was conducted to observe the

vascular structure of the hepatic aorta in groups of mice fed different
diets. H.E. staining revealed that compared to the normal control group,

Se-deficient mice exhibited thickened walls of vascular tissue, irregular
arrangement of endothelial cells, disorganized orientation of smooth
muscle fibers, and defects in the outer membrane (Fig. 1A). These
findings indicate that Se deficiency leads to damage in the vascular
tissue of mice. Additionally, FITC-dextran is a labeled polysaccharide
that remains stable and does not release fluorescein moieties under
normal conditions. Only when embedded within cells and releasing
fibrin hydrogels does thiocarbamoyl bond hydrolysis produce 4- or 5-
aminofluorescein, which can be quantified immediately using high
performance liquid chromatography (HPLC). After FITC-Dextran stain-
ing, it was observed that the fluorescence intensity in group L was
significantly higher than that in group C, while groups C and H showed
similar fluorescence levels (Fig. 1B and C). This indicates that endo-
thelial permeability of blood vessels is significantly increased in group L
compared to groups C and H due to Se deficiency. Taken together, these
results demonstrate that Se deficiency damages the vascular structure
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Fig. 2. Se impacts the expression of vascular adhesive plaque proteins. (A) FITC-WGA staining of the vascular (N = 10, scale bar, 20 pm). (B) Quantification of
relative fluorescence intensity of FITC-WGA staining (N = 10). (C) Immunohistochemical detection of vinculin protein staining in the vascular (N = 6, scale bar, 20
pm). (D) Quantification of relative fluorescence intensity of vinculin protein (N = 6). (E) The mRNA levels of adhesive plaque protein (vinculin, talin, and paxillin) in
the vascular (N = 3). (F) The protein levels of adhesive plaque protein (vinculin, talin, and paxillin) in the vascular(N = 3). Results are presented as mean + SEM.
Statistical significance was obtained by one-way ANOVA. *P < 0.05, significant difference; **P < 0.01, more significant difference; ***P < 0.001, very significant

difference; * P < 0.0001, very significant difference.

and increases vascular endothelial permeability.

3.2. Se impacts the expression of vascular adhesive plaque proteins

To further investigate the detrimental effects of dietary Se deficiency
on vascular endothelial permeability, we assessed the expression of
vascular adhesion plaque proteins. Initially, FITC-WGA staining was
employed to evaluate the expression of adhesion plaque proteins,
revealing significantly reduced fluorescence values in group L and
elevated fluorescence intensity in group H compared to group C (Fig. 2A
and B). This indicates a decrease in adhesion plaque protein expression

in group L and an increase in adhesion plaque protein expression in
group H, suggesting a potential association between Se and adhesive
protein expression correlated molecules. As shown in Fig. 2C and D, the
expression of vinculin in blood vessels was detected by immunohisto-
chemistry, and the protein expression level of vinculin increased with
the increase of Se content, in which the expression of group L was lower
than that of group C, and the expression of group H was higher than that
of group C, which strongly proved that selenium deficiency reduced the
expression of vinculin in blood vessels. qQPCR and Western blot analysis
demonstrated that both mRNA and protein expressions of adhesion
plaque proteins vinculin, talin, and paxillin increased with higher Se
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+ SEM. Statistical significance was obtained by one-way ANOVA. *P < 0.05, significant difference;

significant difference; ****P < 0.0001, very significant difference.

content within vascular (Fig. 2E and F). This suggests that selenium has a
positive effect on the production of adhesion plaque proteins and that a
certain dose of selenium can maintain the content of adhesion plaque
proteins among vascular endothelial cells.

3.3. Effect of Se on vascular endothelial intercellular junctions

The effect of dietary Se deficiency on intercellular junctions in
vascular endothelial was further investigated. Dil-Ac-LDL staining
revealed clearly labeled orange-red fluorescence in the endothelial cell
layer of group C. Group H exhibited stronger fluorescence values
compared to group C, while group L showed significantly reduced
fluorescence values than both groups C and H, indicating impaired
vascular endothelial intercellular junctions in group L (Fig. 3A and B).
These results suggest that Se deficiency disrupts intercellular junctions
in vascular tissues of mice. Subsequently, we examined the expression of
vascular endothelial junctional effector molecules (connexin, JAM-A,
claudin-1, cadherin) in vascular tissue. The mRNA expression of con-
nexin, claudin-1, and cadherin gradually increased from group L to

**P < 0.01, more significant difference; ***P < 0.001, very

group C to group H. Conversely, the mRNA expression of JAM-A
decreased with increasing Se content (Fig. 3C). Western blot analysis
also demonstrated an increase in protein expression for connexin,
claudin-1, and E-cadherin with increasing Se content but a decrease for
N-cadherin and JAM-A protein expression (Fig. 3D). These findings
indicate that Se can regulate the expression of junctional effector mol-
ecules within vascular.

3.4. Effect of Se on the ZO-1 signaling pathway in the vasculature

We utilized qPCR to detect changes in gene transcription of mole-
cules associated with the tight junction ZO-1 signaling pathway (ZO-1,
rock, rhoGEF, cingulin, and MLC-2) in different dietary Se-treated
groups. Our findings revealed that gene transcription of each molecule
increased with increasing Se concentration in the vascular tissue. Spe-
cifically, the L group exhibited reduced expression compared to the C
group, while the H group showed higher expression than the C group
(Fig. 4A). Western blot analysis confirmed consistent results between
protein and mRNA expression of ZO-1 signaling pathway (Fig. 4B). It
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indicated a correlation between Se and the ZO-1 tight junction signaling
pathway.

3.5. SelO promotes the expression of vascular adhesive plaque proteins

Se, an essential trace element in the human body, exerts its functions
primarily through Sel incorporation. In this study, we investigated 24
Sel in mice and identified those with the most significant alterations in
expression within vascular tissues under varying Se concentrations
(Fig. 4C). Screening for Sel, which met expectations, revealed a strong

association between SelO and vascular tissue, with SelO expression
increasing with increasing selenium levels and the trend being most
pronounced (Fig. 4D). Furthermore, utilizing IBM SPSS Statistics 25
analysis, we discovered a significant association between SelO and
vascular endothelial adhesive plaques protein (vinculin, talin and pax-
illin), intercellular junctional effector molecules (connexin, JAM-A,
claudin-1, and cadherin), as well as tight junction ZO-1 pathway (ZO-
1, rock, rhoGEF, cingulin and MLC -2) were significantly correlated with
each other (Table 6). Subsequently, we evaluated both mRNA and
protein expressions of SelO in HUVECs treated with different Se content
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SPSS analysis of the correlation between Sel O and factors associated with vascular endothelial permeability.

Multiple Comparisons

Dependent Variable: Mean Difference (I-J) Std. Error Sig. 95 % Confidence Interval

(I) VAR0O0001 Lower Bound Upper Bound

LSD Sel O vinculin -1.18000* 0.10457 0.000 -1.3949 -0.9651
talin 1.67333* 0.10457 0.000 1.4584 1.8883
paxillin .76333* 0.10457 0.000 0.5484 0.9783
connexin .89667* 0.10457 0.000 0.6817 1.1116
JAM-A .88333* 0.10457 0.000 0.6684 1.0983
claudin-1 -5.92333* 0.10457 0.000 -6.1383 -5.7084
cadherin .37333* 0.10457 0.001 0.1584 0.5883
Z0-1 -1.32333* 0.10457 0.000 -1.5383 -1.1084
rock 1.68000% 0.10457 0.000 1.4651 1.8949
rhoGEF 2.06333* 0.10457 0.000 1.8484 2.2783
cingulin -7.12667* 0.10457 0.000 -7.3416 -6.9117
MLC-2 1.09333* 0.10457 0.000 0.8784 1.3083

and observed significantly reduced SelO mRNA and protein expression
in group L compared to group C; conversely, it was significantly higher
in group H (Fig. 5A and B). Collectively, these findings suggest that SelO
plays a crucial role in mediating vascular endothelial permeability
injury induced by Se deficiency.

To further investigate the role of SelO in vascular endothelial cell
injury, we silenced SelO expression in HUVECs by cell transfection and
subsequently examined its expression in vascular endothelial cells. Our
findings revealed that HUVEC cells with SelO interference exhibited
normal expression of the SelO gene in the siRNA-NC group, while mRNA
expression of SelO was significantly reduced in the siRNA-L, siRNA-M,
and siRNA-H groups (Fig. 5C). Western blot analyses were consistent
with mRNA results (Fig. 5D), confirming successful establishment of the
SelO interference model. We also assessed mRNA expressions of vascular
adhesive plaque proteins (vinculin, talin, and paxillin) in HUVECs
treated with different concentrations of Se. The data demonstrated an
increase in vinculin, talin, and paxillin expression with increasing Se
content (Fig. 5E). Western blot analyses mirrored these findings
(Fig. 5F). Furthermore, we evaluated the impact of interfering with SelO
on vascular adhesive plaque protein expression using HUVECs and
observed significantly reduced mRNA expressions for vinculin, talin,
and paxillin genes in the siRNA-L, siRNA-M, and siRNA-H groups
compared to the siRNA-NC group without significant differences among
these three experimental groups (Fig. 5G). Validation by Western blot
analysis showed that the protein expression of vinculin, talin and pax-
illin was significantly decreased in the siRNA-L, siRNA-M and siRNA-H
groups compared to the siRNA-NC group (Fig. 5H). This suggests that
SelO promotes the expression of vascular junction effector molecules.

3.6. SelO promotes the upregulation of vascular junction effector
molecules

The mRNA expressions of vascular intercellular junctional effector
molecules, including connexin, JAM-A, cadherin, and claudin-1 were
detected in HUVECs. The results demonstrated that the expression of
connexin, claudin-1, and cadherin increased with increasing Se content,
while the expression of JAM-A decreased. Western blot analyses were
consistent with mRNA findings (Fig. 6A). However, protein expression
of connexin, claudin-1 and E-cadherin increased with increasing Se
content while JAM-A and N-cadherin decreased (Fig. 6B). We further
investigated the expression of vascular endothelial intercellular junc-
tional effector molecules after transfection with siSelO for 24 h. It was
observed that in SelO-interfered HUVEC cells, the siRNA-L group
showed significantly reduced expression of connexin, claudin-1 and
cadherins genes compared to the siRNA-NC group; whereas the siRNA-M
and siRNA-H groups exhibited similar trends but to a lesser extent.
Conversely, the expression of JAM-A gene was significantly higher in all
three interference groups compared to the siRNA-NC group (Fig. 6C).

Western blot analyses confirmed these findings by demonstrating
significantly reduced protein expressions for connexin, claudin, and E-
cadherin while higher expressions for JAM-A and N-cadherin proteins in
all three interference groups compared to siRNA-NC group (Fig. 6D).
These results suggest that SelO promotes the upregulation of vascular
junction effector molecules.

3.7. SelO has a positive effect on the expression of the ZO-1 signaling
pathway

The mRNA expressions of ZO-1 signaling pathway components,
including ZO-1, rock, rhoGEF, cingulin and MLC-2, were detected in
HUVECs. The results demonstrated a significant increase in the expres-
sion of ZO-1, rock, rhoGEF, cingulin and MLC-2 with increasing Se
content (Fig. 7A). Consistent protein expression patterns were observed
(Fig. 7B). We investigated the impact of SelO interference on the
expression of ZO-1 signaling pathway components within vascular
endothelial cells. In HUVEC cells subjected to SelO interference (siRNA-
L, siRNA-M and siRNA-H groups), there was a significant reduction in
gene expression of ZO-1, rock, rhoGEF, cingulin and MLC-2 compared to
the siRNA-NC group (Fig. 7C). As shown in Fig. 7D, Western blot results
revealed that the expression of ZO-1, rock, rhoGEF, cingulin and MLC-2
proteins was significantly decreased in the siRNA-L, siRNA-M and
siRNA-H groups compared to the siRNA-NC group (Fig. 7D). The above
results suggest that SelO has a positive effect on the expression of the ZO-
1 signaling pathway.

4. Discussion

Se deficiency can lead to a variety of diseases in humans and animals.
The previous researches had reported Se deficiency was an important
factor in the occurrence of disease, such as Chronic Liver Disease (CLD),
central nervous system disorder, Cartilage Injury and et al. [44-46]. The
immune properties of selenium allow supplementation to prevent HIN1
flu infection [47]. Among them, the role of selenium deficiency in the
occurrence of cardiovascular diseases has received the most extensive
attention [48]. Se deficiency has been identified as a common cause of
vascular disease, with significantly reduced blood Se content observed
in patients with chronic vascular diseases compared to healthy in-
dividuals [49].The reduced production of GSH-PX and SOD mediated by
Se deficiency, as well as a significant decrease in enzyme activity, leads
to intense lipid peroxidation, which impairs cell membrane fluidity and
repair and mediates vascular endothelial cell damage [50]. However,
dietary intake is the only way for the body to absorb Se, so Se content
can regulate Sel expression in the body [51]. SelS has demonstrated its
ability to preventing atherosclerosis-induced vasculature formation
[52]. However, as Se exposure decreases, vascular endothelial adhesion
molecules increase and Sel expression decreases, exacerbating the
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Fig. 5. SelO promotes the expression of vascular adhesive plaque proteins. (A) The mRNA levels of SelO in HUVECs (L, M, H were HUVECs cultured with 0 ng/mL, 5
ng/ml, and 10 ng/ml selenocysteine, N = 3). (B) The protein levels of SelO in HUVECs (N = 3). (C) After transfection with siSelO for 24 h, the mRNA expression of
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24 h, the protein expression of SelS in HUVECs (N = 3). (E) The mRNA levels of adhesive plaque protein (vinculin, talin, and paxillin) in HUVECs (N = 3). (F) The
protein levels of adhesive plaque protein (vinculin, talin, and paxillin) in HUVECs (N = 3). (G) After transfection with siSelO for 24 h, the mRNA levels of adhesive
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difference; **P < 0.01, more significant difference; ***P < 0.001, very significant difference; ****P < 0.0001, very significant difference.

inflammatory response and vascular endothelial dysfunction [53]. The
results of the present study showed that Sel expression was differentially
affected by the different concentrations Se diets with in vascular tissues.
The expression of Sel O was most obvious with the changes in Se levels.
The present study found that there may be potential associations be-
tween SelO and factors related to the formation of adhesion plaque
proteins, the structure of vascular endothelial cell junctions, and the
Z0-1 pathway of tight junction.

10

Cell adhesion is an important component of functions such as cell
transfer, which is based on the synergistic action of the cell with the
extracellular matrix, requiring the cooperative action of the trans-
membrane glycoprotein receptor family, such as the integrin family, the
actin cytoskeleton and a number of cytoplasmic proteins [54]. However,
low expression of Sel resulted in reduced expression of adhesive plaque
proteins and impaired vascular resistance to injury and intercellular
transfer integration. For example, GPX1 mediates metastasis of
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significance was obtained by one-way ANOVA. *P < 0.05, significant difference; **P < 0.01, more significant difference;

#xx#p < 0.0001, very significant difference.

triple-negative breast cancer cells by regulating cell adhesion when its
expression is reduced [55]. Interference with Sep15 was found to shift
focal adhesion to the periphery of the cellular substrate, reducing the
ability of cells to migrate and invade, leading to inhibition of cell pro-
liferation, while cell growth was restored upon removal of the inter-
ference inducer [56]. In contrast, SelS protected vascular endothelial
cells from tumor necrosis factor and nitric oxide damage by regulating
intercellular adhesion molecule-1 and vascular cell adhesion
molecule-1, thereby attenuating some of the vascular diseases triggered
and promoted by endothelial dysfunction [57]. In this experiment, we
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P < 0.001, very significant difference;

found that the expression of the adhesion plaque proteins talin, paxillin
and vinculin were increased with increasing Se content, confirming the
regulatory effect of Se on the expression of adhesion plaque proteins. Se
deficiency reduced the expression of adhesion plaque proteins and
impaired vascular resistance to injury and intercellular transfer inte-
gration. With SelO expression decreasing, the expression of adhesion
plaque protein was significantly reduced, suggesting a regulatory role of
selenium on adhesion plaque protein via SelO.

Endothelial tight junctions can form a selective barrier separating the
vascular lumen from extravascular organs and tissues and play an
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significance was obtained by one-way ANOVA. *P < 0.05, significant difference; **P < 0.01, more significant difference;

*#**P < 0.0001, very significant difference.

important role in maintaining the homeostasis of the systemic vascula-
ture [58]. JAM-A is a member of the immunoglobulin superfamily of
transmembrane adhesion molecules that maintain the integrity of
endothelial cell tight junctions through affinity. It has been shown that
under inflammatory stimulation, activation of endothelial cells causes
JAM-A to migrate back to the surface of endothelial cells and promotes
monocyte and T-cell adhesion and transcellular migration, indicating
that JAM-A plays an important role in the process of pathological
vascular injury such as atherosclerosis [59]. It has been shown that SelU
regulates tight junctions through claudin-3 and that disruption of SelU
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in chicken testis supporting cells significantly reduces the expression of
claudin-3, compromising the integrity of its junction-associated mole-
cules [60]. In the present study, qPCR and Western blot results
confirmed that the tight junction function of endothelial tissues and cells
was impaired in selenium deficiency, and the related genes were
abnormally expressed. The present study was consistent with the pre-
vious findings that the expression of tight junction-related factor
claudin-1 was decreased and JAM-A expression was increased when
SelO was interfered with, confirming the regulation of selenium on
vascular endothelial tight junction molecules via SelO.



J. Wu et al.

The protein composition of the linker on the gap junction membrane
is connexin, and its abnormal protein expression directly affects the
function of gap junction communication, which will affect cell growth,
differentiation, proliferation, metabolism and apoptosis, as well as dis-
rupting cellular structural homeostasis [61]. Some researchers have
found that when colorectal cancer cells and vascular endothelial cells
adhere to each other, the expression of connexin factors is reduced, gap
junctions and the establishment of intercellular communication between
the two is reduced, and the metastatic ability of cancer cells is increased
[62]. In this experiment, it was found that as selenium levels in the diet
increased, connexin expression gradually increased and gap junction
function returned to normal. In addition, the expression of the gap
junction protein connexin was significantly reduced in vascular endo-
thelial cells transfected with siRNA-Sel O in this experiment.

Adhesion junctions between endothelial cells are essential for neo-
vascularisation and the maintenance of vascular integrity and stability.
This junction is mainly mediated by a variety of adhesion junction
proteins, including vascular endothelial calreticulin, neuronal calreti-
culin and epithelial-type calreticulin [63]. When E-cadherin is expressed
on the surface of tumor cells, tumors complete metastasis by collective
migration, whereas ectopic expression of N-cadherin in breast cancer
cells promotes cancer metastasis [64]. In this experiment, we examined
the expression of adhesion junction effector molecules at elevated se-
lenium concentration gradients and found that N-cadherin expression
was increased and E-cadherin expression was decreased in selenium
deficiency. Endothelial cells transfected with siRNA-SelO showed
abnormal expression of adherens junction effector molecules, i.e.
increased N-cadherin expression and decreased E-cadherin expression,
confirming the regulation of selenium on adhesion junction effector
molecules by SelO.

Tight junctions are an important structural basis for maintaining the
blood-brain barrier and ZO-1 is an important tight junction protein.
Once the distribution and expression of ZO-1 protein is altered, the
structure and function of tight junctions will be directly affected [65]. Se
deficiency reduced the expression of ZO-1 and E-cadherin by promoting
the expression of LncRNA-MORC3 and inflammatory factors, which can
lead to the disruption of tight junctions resulting in tissue damage in the
small intestine of piglets [66]. rock and rhoGEF, as important intracel-
lular signaling pathway, are closely related to cell contraction and
negatively regulate cell adhesion, skeletal rearrangement and cell
migration. Se deficiency reduced SelK production, which impairs the
ability of cells to migrate via the rock and rhoGEF pathways [67]. MLC is
an important component of myosin, and many cytokines, such as
intercellular signal-regulated protein kinases and inflammatory media-
tors, mediate cell contraction through MLC phosphorylation, leading to
widening of the cell gap, resulting in increased vascular endothelial
permeability and the formation of vasculitic lesions [68]. Se deficiency
has been found to reduce uterine smooth muscle contractility by
abnormally decreasing rock and MLC expression in mouse uterine
smooth muscle [69]. In the mouse model of differential selenium con-
centration established in this study, the expression of factors rock,
rhoGEF, cingulin and MLC-2 of the ZO-1 pathway was found to increase
gradually with the increase in selenium. As for the HUVEC model
transfected with siRNA-SelO, the expression was significantly lower
than that of the siRNA-NC group, confirming the regulatory effect of
selenium on the ZO-1 pathway through SelO. These results are consis-
tent with the results of previous studies.

In conclusion, the present study supports a regulatory role for sele-
nium in modulating vascular endothelial adhesion plaque proteins,
vascular endothelial intercellular junctional structures and the ZO-1
signaling pathway by affecting SelO expression. Our study reveals the
biological mechanism of selenium deficiency leading to impaired
permeability of vascular endothelial cells, provides a theoretical basis
for selenium to regulate vascular endothelial adhesion plaque produc-
tion, vascular endothelial intercellular junctional structure and tight
junction ZO-1 signaling pathway through SelO, and provides abundant

13

Redox Biology 70 (2024) 103063

experimental data for the study of selenium deficiency leading to
vascular injury and indicates the direction of further research.
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