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Abstract
Renal fibrosis is the final result of the progression of chronic kidney disease (CKD) to end-stage renal disease (ESRD). Earlier
studies confirmed that selenium (Se) displays a close association with kidney diseases. However, the correlation between Se and
fibrosis has rarely been explored. Thus, this article mainly aimed to investigate the effect of Se deficiency on renal fibrosis and the
Wnt/β-catenin signaling pathway. Twenty BALB/c mice were fed a diet containing 0.02-mg/kg Se (Se-deficient diet) or 0.18-
mg/kg Se (standard diet) for 20 weeks. A human glomerular mesangial cell (HMC) cell line was transfected with lentiviral
TRNAU1AP-shRNA vector to establish a stable Se deficiency model in vitro. As indicated in this study, the glutathione (GSH)
content in the Se-deficient group displayed an obvious decline compared with that in the control group, whereas the content of
malondialdehyde (MDA) was obviously elevated. The results of Masson staining showed fibrosis around the renal tubules, and
the results of immunohistochemistry showed that the area of positive fibronectin expression increased. In the Se-deficient group,
the levels of collagen I, collagen III, matrixmetalloproteinase 9 (MMP9), and other fibrosis-related proteins changed significantly
in vivo and in vitro. Compared with the control group, the TRNAU1AP-shRNA group showed markedly reduced cell prolifer-
ation and migration abilities. Our data indicate that Se deficiency can cause kidney damage and renal fibrosis. Furthermore, the
Wnt pathway is critical for the development of tissue and organ fibrosis. The data of this study demonstrated that the expression
of Wnt5a, β-catenin, and dishevelled 1 (Dvl-1) was significantly upregulated in the Se-deficient group. Therefore, the Wnt/β-
catenin pathway may play an important role in renal fibrosis caused by Se deficiency.
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Introduction

Selenium (Se) is an essential trace element in the human body
that is implicated in various biological functions, including
antioxidant, antimutagenic, and cell differentiation immuno-
modulatory functions [1, 2]. Se deficiency is closely correlat-
ed with numerous human diseases, such as chronic kidney
disease (CKD) [3], diabetes [4], and Keshan disease [5]. It
has been shown that the main biological form of Se in the
human body is selenoproteins that contain the amino acid
selenocysteine (Sec) [6]. The synthesis of selenoproteins

requires selenophosphate synthetases, including SPS1 and
SPS2, as well as Secp43 [7]. Secp43, namely, selenocysteine
tRNA 1 associated protein (TRNAU1AP), contains two RNA
recognition motifs (RRM), as well as a Tyr-rich C-terminal
with an unknown function [8, 9]. TRNAU1AP is primarily
located in the nucleus and was previously identified to interact
with tRNA[Ser]Sec [10]. Studies have shown that
TRNAU1AP can regulate selenoprotein synthesis by its in-
volvement in the methylation of tRNA[Ser]Sec and the intra-
cellular distribution of soluble liver antigen (SLA) [11]. In
addition, one study indicated that constitutive deletion of
exons 7+8 of TRNAU1AP can cause embryonic death but is
not necessary for selenoprotein synthesis in hepatocytes and
neurons [9]. Glutathione peroxidase 1 (GPX1), thioredoxin
reductase 1 (TrxR1), glutathione peroxidase 4 (GPX4), and
selenoprotein P (SELENOP) are the four members of the
mammalian selenoprotein family that are of great importance
for maintaining the metabolic functions of Se [12]. Our re-
search group previously showed that knockdown of
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TRNAU1AP can downregulate selenoprotein expression [13,
14]. Therefore, TRNAU1AP is crucial for the synthesis of
selenoproteins.

The kidney is the major excretory and secretory organ of
the human body and plays an essential role in the homeostasis
of Se [15]. It has been shown that Se accumulates to the
highest level in the kidney; thus, the internal Se status is ex-
pected to be closely correlated with renal function [16].
Zachara et al. reported that Se levels in tissues and serum are
reduced in patients with CKD and end-stage renal disease
(ESRD) [3, 17]. Guo et al. [18] found that serum Se levels
in peritoneal dialysis (PD) and hemodialysis (HD) patients
were significantly decreased, while the oxidative stress levels
in these patients were increased. In addition, Se can protect the
kidney against cadmium-induced damage [19]. In our previ-
ously published work, Se deficiency was confirmed to result
in kidney damage, ultrastructural and mitochondrial function-
al alterations, and changes in biogenesis [14]. However, the
relationship between Se deficiency and renal fibrotic lesions
requires in-depth exploration.

Renal fibrosis, which is characterized by the accumulation
and deposition of extracellular matrix (ECM), is the final man-
ifestation of CKD [20, 21]. It has been reported that the syn-
thesis and degradation of ECM are affected by numerous fac-
tors, among which matrix metalloproteinases (MMPs) are the
main regulatory factors of the degradation process [22]. In
addition, MMPs have been found to induce the epithelial–
mesenchymal transition (EMT) process by destroying epithe-
lial contact [23]. It is also worth noting that dysregulated ac-
tivation of the Wnt/β-catenin pathway is involved in renal
fibrosis [24]. Schunk et al. [25] suggested that transient Wnt/
β-catenin signaling stimulates repair and regeneration after
acute kidney injury (AKI), while continuous activation of
the pathway promotes CKD-associated fibrogenesis.
However, it remains unknown whether Se deficiency is in-
volved in these regulatory processes correlated with renal
fibrosis.

Therefore, the purpose of this study was (i) to investigate
whether Se deficiency can cause kidney tissue and cell dam-
age, (ii) to observe the effect of Se deficiency on mouse kid-
ney histopathology, and (iii) to understand the effect of Se
deficiency on fibrosis marker proteins (collagen I, collagen
III, MMP2, MMP9, and E-cadherin) and the signaling mole-
cules in the Wnt/β-catenin pathway (Wnt5a, Dvl-1, and β-
catenin) that may be involved in fibrosis.

Materials and Methods

Regents and Antibodies

Dulbecco’s modified Eagle’s medium (DMEM) and fetal bo-
vine serum (FBS) were obtained from Thermo Fisher, Life

Technologies (Carlsbad, CA, USA). In addition, penicillin
and streptomycin were obtained from Biological Industries
(Kibbutz, Beit HaEmek, Israel). Polybrene was provided by
Obio Technology (Shanghai, China). Puromycin was provid-
ed by Beijing Huayueyang Bio (Beijing, China). TRIzol re-
agent, a PrimeScript™ 1st Strand cDNA Synthesis Kit, and a
PrimeScript® RT Reagent Kit with gDNA Eraser were pro-
vided by Takara (Dalian, China). Radioimmunoprecipitation
assay (RIPA) buffer was provided by Leagene Biotechnology
(Beijing, China). Phosphatase inhibitors and protease inhibi-
tors were provided by Roche (Shanghai, China). Furthermore,
Masson’s trichrome staining kit was obtained from Solarbio
Technology Co., Ltd. (Beijing, China). 3,3-Diaminobenzidine
(DAB) was purchased from Beijing Zhongshan Golden
Bridge Biotechnology Co., Ltd. (Beijing, China).
Polyvinylidene difluoride (PVDF) membranes were obtained
from Merck & Co Inc. (MA, USA). Primary antibodies ap-
plied in this study included an anti-SELENOP antibody pur-
chased from Santa Cruz (CA, USA), as well as antibodies
against TRNAU1AP, Wnt5a, fibronectin, E-cadherin, dishev-
elled 1 (Dvl-1), β-catenin, GPX1, TrxR1, and GAPDH pur-
chased from Proteintech (Wuhan, China). In addition, anti-
bodies against matrix metalloproteinase 2 (MMP2), matrix
metalloproteinase 9 (MMP9), collagen I, and collagen III were
provided by Wanleibio (Shenyang, China). Secondary anti-
bodies (goat anti-rabbit and goat anti-mouse) were obtained
from Proteintech (Wuhan, China). All primers employed were
synthesized by Sangon (Shanghai, China).

Establishment of the Se Deficiency Model in Mice

This study was approved by the Institutional Animal Use and
Care Committee of Harbin Medical University. All proce-
dures conducted in studies involving animals complied with
the ethical standards of the institution or practice at which the
studies were conducted. Twenty male BALB/c mice weighing
nearly 20 g were obtained from the Experimental Animal
Center of The Second Affiliated Hospital of Harbin Medical
University. In addition, BALB/c mice were randomly
assigned to two groups, i.e., the Se-deficient group (n = 10)
and the Se-adequate group (control group, n = 10). The envi-
ronmental temperature was 23 ± 2°C, which was alternated
day and night per 12 h. Twenty mice were fed a diet with all
other nutritional indicators to be standard. Mice in the Se-
deficient group were fed 0.02-mg/kg Se according to the
AIN-93M formula (TROPHIC Animal Feed High-tech Co.)
[26]. Likewise, mice in the control complied with the standard
dietary formula of AIN-93M with 0.18-mg/kg Se (TROPHIC
Animal Feed High-tech Co.) [26]. After 20 weeks, mice were
anesthetized with ether. The left kidneys were fixed in 4%
paraformaldehyde (Leagene, Beijing, China), and the right
kidneys were stored at −80°C until subsequent use. After sur-
gery, all mice were euthanized.
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Cell Culture and Virus Infection

The human glomerular mesangial cell (HMC) cell line
(Cobioer Biosciences Co., Ltd., China) was cultured in
DMEM containing 10% FBS and 1% penici l l in/
streptomycin in an incubator with 5% CO2 at 37°C.
Lentiviral TRNAU1AP-shRNA vector (TRNAU1AP-
shRNA group) and lentiviral negative control-shRNA vector
(NC-shRNA group) were provided by Obio Technology
(Shanghai, China). The target sequence of human
TRNAU1AP shRNA was 5 ′-CTGAGAAGTGTTTG
CATAA-3′. In brief, HMC cells were seeded into 24-well
plates at a density of 4 × 104 cells per well. Subsequently,
the cell transfection of lentiviral shRNA vectors was conduct-
ed with polybrene. In addition, transfection efficiency could
be improved by adding polybrene (5 μg/ml). The multiplicity
of infection (MOI) used in HMC cells was 50. After 2 weeks,
puromycin (2 μg/ml) was added to screen for positive cells.

Western Blot

Total protein in tissues and kidney cells was ice lyzed by
RIPA buffer, phosphatase inhibitor, and protease inhibitor
(100:1:1) for 15 min. After centrifugation at 4°C and
12,000 rpm for 10 min, total protein samples were collected.
Protein concentrations were determined following the

instructions of the bicinchoninic acid assay kit (Wuhan,
China). Furthermore, protein lysates were mixed with loading
buffer in a certain amount for 5 min at 95°C.

Proteins were separated by 8–12% SDS-PAGE gels for
1.5–2 h and then transferred onto PVDF membranes. Next,
the membranes were blocked with 5% nonfat milk for 2 h at
25°C, washed with 1 × TBST, and then incubated with pri-
mary antibodies against GPX1 (1:1000), TrxR1 (1:1000),
SELENOP (1:500), TRNAU1AP (1:2000), collagen I
(1:2000), collagen III (1:2000), MMP2 (1:1000), MMP9
(1:1000), Wnt5a (1:1000), Dvl-1 (1:1000), β-catenin
(1:1000), and GAPDH (1:2000) at 4°C overnight. The next
day, the membranes were incubated with secondary antibod-
ies (1:5000) for 2 h at ambient temperature. Immunoreactive
bands were scanned or photographed by a BioSpectrum
Imaging System (USA). Finally, the molecular mass and net
optical density values of the target strips were analyzed with
ImageJ software.

Quantitative Real-Time Polymerase Chain Reaction
(qRT-PCR)

Total RNA in 10mg of kidney tissue and transfected cells was
extracted with TRIzol reagent. Subsequently, the RNA sam-
ples were reverse transcribed into cDNA in accordance with
the PrimeScript™ 1st Strand cDNA Synthesis Kit. qRT-PCR

Table 1 Primer sequences for quantitative real-time PCR

Gene symbol Accession number Forward primer Reverse primer

Mouse GPX1 NM_001329527.1 TCTCTGAGGCACCACGATCCG ACCGAGCACCACCAGTCCAC

Mouse TrxR1 NM_001042513.1 CATCTACGCCATCGGTGACATCC CATACAGCCTCTGAGCCAGCAATC

Mouse SELENOP NM_001042613.2 CTGAGACACCACAGCAAGTGAAGG TGAGGTGGCGGCAGTGACAG

Mouse MMP2 NM_008610.3 ACCATGCGGAAGCCAAGATGTG AGGGTCCAGGTCAGGTGTGTAAC

Mouse MMP9 NM_013599.4 CGCCACCACAGCCAACTATGAC CTGCTTGCCCAGGAAGACGAAG

Mouse collagen Ι NM_007742.4 GACAGGCGAACAAGGTGACAGAG CAGGAGAACCAGGAGAACCAGGAG

Mouse collagen ΙΙΙ NM_009930.2 ACGAGGTGACAAAGGTGAAACTGG AGAACCTGGAGGACCTGGATTGC

Mouse Dvl-1 NM_001356381.1 CCTGGCTGGTCCTGGCTGAG CAATGCCGCCTGTCCTCTCAAG

Mouse β-catenin NM_001165902.1 TGCCGTTCGCCTTCATTATGGAC TGGGCAAAGGGCAAGGTTTCG

Mouse GAPDH NM_008084 TCGACAGTCAGCCGCATCTTCTTT ACCAAATCCGTTGACTCCGACCTT

Human TRNAU1AP NM_017846.5 CCAGAACACAGGCAGCTACA GCAACCTGGCTTGTCCTTTG

Human GPX1 NM_000581.4 CAGGAGAACGCCAAGAACGAAGAG GCACCGTTCACCTCGCACTTC

Human TrxR1 NM_001093771.3 ACCGATCTGCCCGTTGTGTTTG AGTCTGCCCTCCTGATAAGCCTTC

Human SELENOP NM_001085486.3 CAGGGACTTCGGGCAGAGGAG CGTCAACTGGCACTGGCTTCTG

Human MMP2 NM_001127891.3 TGCGGCACCACTGAGGACTAC GCACCTTCTGAGTTCCCACCAAC

Human MMP9 NM_004994.3 CCCTGGTCCTGGTGCTCCTG CTGCCTGTCGGTGAGATTGGTTC

Human collagen Ι NM_000088.4 TGGCAAAGAAGGCGGCAAAGG AGGAGCACCAGCAGGACCATC

Human collagen ΙΙΙ NM_000090.4 CTCAGGGTGTCAAGGGTGAAAGTG TGTACCAGCCAGACCAGGAAGAC

Human Dvl-1 NM_001330311.2 CTCCTTCAGCAGCATAACCGACTC CCAATGTAGATGCCGCCGTCTC

Human β-catenin NM_001098209.2 GGCTCTTGTGCGTACTGTCCTTC GCTTCTTGGTGTCGGCTGGTC

Human GAPDH NM_001256799.3 GACAAGCTTCCCGTTCTCAG GAGTCAACGGATTTGGTCGT
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was performed by employing a PrimeScript® RT Reagent Kit
and a LightCycler® 96 real-time PCR system (Roche, USA).
The specific procedure was elucidated as follows: 95°C for 10
min, followed by 40 cycles at 95°C for 15 s and elongation at
60°C for 1 min. The primers applied here in this study are
listed in Table 1. The relative expression levels of the target
genes were determined with the 2−△△Ct method. All experi-
ments were performed in triplicate.

Measurement of the Malondialdehyde (MDA) Level

The level of MDA can indicate the severity of free radical
attack on cells. In the present study, kidney tissues (60 mg)
were ground in cold physiological saline. The cells were lyzed
with an ultrasonic breaker (JY92-2D, SCIENTZ, Ningbo,
China). Subsequently, the samples were incubated in a water
bath at 95°C for 40 min and were then tested by using an
MDA reagent kit (Beyotime, Nanjing, China). The

absorbance at 532 nm was eventually determined with a mi-
croplate scanner (Spectra Max M3, CA, USA).

Determination of the Glutathione (GSH) Content

Reduced GSH is the critical antioxidant-containing substance
in cells. It is critical to antioxidants, the protection of sulfhy-
dryl proteins, and the transport of transmembrane amino acids.
Accordingly, the measurement of the content of GSH can
effectively indicate the redox state of cells. In this study, the
GSH content in prepared samples was determined by comply-
ing with the instructions of the GSH reagent kit (Beyotime,
Nanjing, China). The absorbance at 405 nm was eventually
determined with a microplate scanner.

Fig. 1 Se-deficient HMC cell
model was established by the
transfection of lentivirus
TRNAU1AP-shRNA. a The
green fluorescent part indicates
successful transfection. bWestern
blot and (c) qRT-PCR results
showed that TRNAU1AP
expression was decreased. The
results are expressed as the means
± SD. *P < 0.05, compared with
the NC-shRNA groups
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Migration Assay

Wound scratch assay was performed to detect cell migration.
HMC cells were stocked in 6-well slabs at 80–90% of conflu-
ence. After 24 h, the cells were scratched with a 200-μl pipette
tip, and nonadhering cells were cleaned with sterile PBS.
Subsequently, the adhering cells were incubated in a serum-
free medium for 48 h. Lastly, cells were imaged with a

fluorescence microscope (Olympus, Tokyo, Japan), and ex-
perimental data were analyzed with ImageJ software.

Cell Proliferation

Cell Counting Kit-8 (CCK-8) assays and colony formation
assays were performed to determine the growth of cells. For
the CCK-8 assay, cells were inoculated into 96-well plates at a
density of 4 × 103 cells per well. Subsequently, 10 μl of CCK-

Fig. 2 Se deficiency reduced the expression levels of selenoprotein in
renal tissues and cells. a Western blot (n = 6) and b qRT-PCR (n = 4)
results in Se-deficient renal tissues showed that the expressions of GPX1,
TrxR1, and SELENOP were decreased. c Western blot and d qRT-PCR

results in Se-deficient cells showed that the expressions of GPX1, TrxR1,
and SELENOP were decreased. The results are expressed as the means ±
SD. *P < 0.05, **P < 0.01, compared with the NC-shRNA/control group

Fig. 3 Se deficiency increased the
levels of MDA in renal tissues
and cells, while the levels of GSH
were decreased. The levels of a
MDA were increased, and the
levels of b GSH were decreased
in Se-deficient renal tissues (n =
10) and cells. The results are
presented as the mean ± SD. *P <
0.05, **P < 0.01, compared with
the control group
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8 reagent (Beyotime, Shanghai, China) was added to the re-
spective wells and then incubated at 37°C for 2 h. Absorbance
at 450 nm after 24, 48, and 72 h was determined with a mi-
croplate scanner. Specific to the colony formation assay, 750
cells were inoculated in the respective petri dishes and then
cultured for 15 days. After being washed three times with
PBS, formed colonies were fixed with precooled methanol
for 15 min, stained with 0.1% crystal violet for 25 min, and
washed again with running water. Formed colonies were
photographed under a fluorescence microscope, and the num-
ber of colonies was calculated.

Masson Staining

Kidney tissues were first fixed with 4% paraformaldehyde for
24 h. Subsequently, paraffin-embedded kidney tissues were
sliced into 4-μm sections, and a Masson trichrome staining
was used to visualize collagen. Histomorphological variations

were observed under a light microscope. In addition, Masson
staining was performed to assess the amount of collagen fiber
deposition in the renal stroma.

Immunohistochemistry

Paraffin sections were first dewaxed and then hydrated.
Subsequently, the sections were incubated with 3% H2O2 for
30 min at ambient temperature. After washing with
phosphate-buffered saline (PBS) three times (10 min each),
the sections were sealed with goat serum (Zhongshan Golden
Bridge, Beijing, China) at ambient temperature for 1 h prior to
incubation with primary antibody (PBS diluted) overnight at
4°C. Then, the membranes were washed with PBS three times
(10 min each) and incubated with secondary antibody for
30 min at ambient temperature. DAB was used as a chromo-
genic reagent to visualize the immune response. Finally, the
sections were rehydrated with hematoxylin (Solarbio, Beijing,

Fig. 4 Se deficiency inhibited cell migration and proliferation. The
migration ability was detected by a wound scratch assay, and the
proliferation ability was detected by b CCK-8 and c clone formation

assays. The results are expressed as the means ± SD. *P < 0.05, **P <
0.01, compared with the NC-shRNA group
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China) and dehydrated and sealed with resin. No antibodywas
applied in the negative control group.

Statistical Analysis

The GraphPad Prism was employed for all statistical analysis.
Experimental data were expressed as mean ± SD. Student’s t-
test was performed to compare the differences between the
two groups. P < 0.05 was considered to show statistical
significance.

Results

Establishment of HMC Cell Lines with Reduced
TRNAU1AP Expression

Transfection efficiency was observed under a fluorescence
microscope (Fig. 1a). The mRNA and protein expression
levels of TRNAU1AP were detected by qRT-PCR and west-
ern blot assay, respectively. As shown in Fig. 1b, c, the protein
and mRNA expression levels of TRNAU1AP in transfected
cells were remarkably lower than those in the control.

Expression of Selenoprotein in Renal Tissues and Cell
Lines

The expression levels of SELENOP, GPX1, and TrxR1 in
renal tissues and cells were detected at the protein and
mRNA levels. Compared with those in control tissues and
cells, the protein and mRNA expression levels of
SELENOP, GPX1, and TrxR1 in Se-deficient tissues and cells
significantly decreased (Fig. 2), which showed that the Se-
deficient mouse model and cell line model were successfully
established.

Se Deficiency Reduced Antioxidant Activity

Compared with those in control tissues and cells, Se deficien-
cy increased the MDA levels in both kidney tissues and HMC
cells (Fig. 3a). However, the content of GSH was decreased in
both kidney tissues and cells (Fig. 3b).

Se Deficiency Inhibits Cell Migration and Proliferation

As shown in Fig. 4a, the migration rate of cells transfected
with TRNAU1AP lentivirus significantly decreased after 48
h, which proved that Se deficiency reduced the migration rate
of cells. The CCK-8 results showed that Se-deficient cells had

Fig. 5 The effect of Se deficiency on mice kidney histology. a
Representative Masson trichrome stain in mice fed with a Se-deficient
diet. Bar = 100 μm. bQuantitative ofMasson trichrome staining results. c
Representative fibronectin immunohistochemical staining and d

quantitative analysis. Bar = 50 μm. The results are presented as the
mean ± SD value of three independent experiments. **P < 0.01,
compared with the control group
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a significantly lower proliferation ability than control cells at
24, 48, and 72 h (Fig. 4b). In addition, a reduced proliferation
ability of Se-deficient cells was observed in the colony forma-
tion assay (Fig. 4c).

Se Deficiency Causes Renal Fibrosis

Masson staining showed blue collagen deposition in the Se-
deficient group, whereas no obvious deposition was observed
in the control group, which indicates fibrosis caused by Se
deficiency (Fig. 5a, b). In addition, immunohistochemical
staining indicated that fibronectin was highly expressed in
kidney tissues of the Se-deficient group (Fig. 5c, d).
Moreover, the protein and mRNA expression levels of colla-
gen I and collagen III in kidney tissues and HMC cells were
both significantly increased (Fig. 6a–d).

Se Deficiency leads to Changes in the Expression of
MMPs and E-Cadherin

Compared with those in control tissues, the protein levels of
MMP2 and E-cadherin were significantly decreased in tissues,
while that of MMP9 was obviously increased (Fig. 7a), and
the mRNA expression levels of these molecules were consis-
tent with the protein levels (Fig. 7b). In HMC cells, the mRNA
and protein expression levels of MMP2 andMMP9 were both

significantly increased, whereas E-cadherin expression levels
were significantly decreased (Fig. 7c, d).

The Effect of Se Deficiency onWnt/β-Catenin Pathway
Components

The protein expression levels of Wnt5a, Dvl-1, and β-catenin
were increased in both Se-deficient tissues and cells (Fig.
8a, c). In addition, significantly increased mRNA expression
levels of downstream marker genes in the Wnt/β-catenin sig-
naling pathway were observed (Fig. 8b, d).

Discussion

In the present study, a Se-deficient mouse model and
TRNAU1AP gene knockdown cell model were successfully
established. The results showed that Se deficiency was capa-
ble of downregulating the expression of selenoproteins in tis-
sues and cells, inhibiting cell migration and proliferation, and
elevating the oxidative stress level. In addition, we demon-
strated that Se deficiency led to the accumulation of ECM
and changes in MMPs expression, thereby promoting the oc-
currence of fibrosis. Furthermore, upregulation of signaling
molecules in the Wnt/β-catenin pathway was observed in
the Se deficiency model.

Fig. 6 Se deficiency increased the expressions of collagen I and collagen
III in renal tissues and cells. aWestern blot (n = 6) and b qRT-PCR (n = 4)
results in Se-deficient renal tissues showed that the expressions of
collagen I and collagen III were increased. c Western blot and d qRT-

PCR results in Se-deficient cells showed that the expressions of collagen I
and collagen III were increased. The results are expressed as the means ±
SD. *P < 0.05, **P < 0.01, compared with the control groups
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Se plays an important biological role in the body mainly
through selenoproteins [27]. At least 25 kinds of
selenoproteins that are beneficial to the human body have
been identified to date [1]. Selenoprotein has been con-
firmed to play an important role in kidney disease [28].
GPX1 is a main member of the GPX family that has antiox-
idant functions [29]. Previous reports indicated that GPX1
can remove peroxides and peroxynitrite that can cause renal
damage [30]. SELENOP is the main component of the se-
rum Se content, which is synthesized and then transported to
the kidney [31, 32]. The SELENOP content is negatively
correlated with renal function in patients with chronic kid-
ney disease who do not require hemodialysis [33]. TrxR1
exists in the cytoplasm and is ubiquitous in humans [34]. It
has been shown that TrxR can reduce the excessive produc-
tion of ROS to protect cells from oxidative stress and main-
tain the ascorbic acid cycle [35]. In addition, TrxR can re-
duce renal ischemia-reperfusion injury [36]. Recent studies
have reported that TrxR activity was decreased in the liver
and kidney of mice fed low Se [37]. As expected, the ex-
pression levels of GPX1, SELENOP, and TrxR1 were sig-
nificantly decreased in our Se-deficient cell model and Se-
deficient mouse model.

The kidney is an important oxygen-consuming organ.
Chronic renal hypoxia can induce oxidative stress, which
may lead to renal damage and even renal fibrosis, such as
tubulointerstitial fibrosis and glomerulosclerosis, through a
variety of mechanisms [38–40]. Previous studies indicated
that Se can inhibit the increased oxidative stress induced by
cyclophosphamide and protect the kidney from damage [41].
Xu et al. [42] found that Se deficiency induced the accumula-
tion of oxygen free radicals in and weakened the antioxidant
capacity of mouse macrophages. In addition, it was reported
that Se supplementation can prevent and treat aluminum-
induced glomerulonephritis [43]. In this study, a decreased
level of GSH was observed in the Se-deficient group, while
the level of MDA was increased, which suggested that Se
deficiency can elevate the level of oxidative stress and reduce
the antioxidant capacity in the kidney.

The glomeruli and tubules are necessary to maintain the
basic structure of the kidney. Glomerular mesangial cells are
astrocytes that have contractile abilities and can synthesize
cytokines, and phenotypic transformation will take place dur-
ing injury [44]. Glomerular mesangial cell damage is charac-
terized by apoptosis, dissolution and migration, and excessive
production of matrix and reactive oxygen species, which can

Fig. 7 Effects of Se deficiency on MMP2, MMP9, and E-cadherin in
renal tissues and cells. a Western blot (n = 6) and b qRT-PCR (n = 4)
results in Se-deficient renal tissues showed that the expression of MMP9
was increased and the expressions of MMP2 and E-cadherin were
decreased. c Western blot and d qRT-PCR results in Se-deficient cells

showed that the expressions ofMMP2 andMMP9were increased and the
expressions of E-cadherin were decreased. The results are presented as
the means ± SD. *P < 0.05, ****P < 0.0001, compared with the control/
NC-shRNA groups
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cause fibrosis and even glomerulosclerosis [45]. Accordingly,
HMC cells were selected and then subjected to knockdown to
establish a cell line with Se deficiency. The results showed
that under the influence of Se deficiency, the migration rate of
HMC cells was reduced, and the proliferation decreased. It has
been indicated that the number of glomerular capillary rings is
decreased with a decrease in the number of glomerular
mesangial cells and that failure of mesangial cells to migrate
to the developing glomerulus causes congenital diffuse
mesangial sclerosis [45].

Renal fibrosis is a pathophysiological change and is a gradual
process of renal function decline from health to injury to loss of
function. The occurrence of fibrosis involves various factors,
including inflammation, oxidative stress, the role and signal cas-
cade of various cytokines, apoptosis, proliferation and activation
of fibroblasts, and the transformation of epithelial cells to fibro-
blasts [46]. Selenium deficiency can cause kidney damage, and
whether kidney injury could lead to fibrosis is an interesting issue
worth further investigation. In the present study,Masson staining
results showed that collagen deposition was distributed around
the renal tubules of Se-deficient mice. It was reported that exces-
sive deposition of ECMcomponents, such as collagen I, collagen
III, and fibronectin, can cause renal fibrosis and destroy the

normal structure of the kidney, further leading to the loss of renal
function [47, 48]. Wright et al. [49] found that the increase in
ECM and the contents of MMP2 and MMP9 in lupus nephritis
can promote renal fibrosis. In our experimental results, the ex-
pression levels of collagen I and collagen III were noticeably
increased. Similarly, the immunohistochemical results showed
that fibronectin was highly expressed in Se-deficient mice.
These results confirmed that Se deficiency could lead to an in-
crease in ECM, thereby promoting the occurrence of fibrosis. In
addition, we found that the levels of MMPs varied. MMPs are a
family of zinc-containing endopeptidases that were initially con-
sidered to protect the kidney by antagonizing the accumulation of
ECM [50]. With the deepening of research, it was found that the
role of MMPs is not limited to matrix digestion but is related to
many kidney diseases [51]. For example, MMP2 and MMP9
can degrade type IV collagen of the glomerular basement
membrane (GBM) [52]. Previous studies showed that the
contents of MMP-9 and MMP-2 were increased with ex-
tended ligation times in the tissue homogenate of unilat-
eral ureteral obstruction (UUO) mice [53]. Han et al. [54]
demonstrated that MMP1 and MMP3 were upregulated in
the renal tissue of rats fed with low Se. Our findings
suggested that the protein and mRNA expression of

Fig. 8 Changes of Wnt/β-catenin signaling pathway components in Se-
deficient models. a Western blot (n = 6) and b qRT-PCR (n = 4) results
showed that the expressions of Wnt5a, Dvl-1, and β-catenin were
increased in Se-deficient renal tissues. c Western blot results showed
that the expression levels of Wnt5a, Dvl-1, and β-catenin were

increased in Se-deficient cells. d qRT-PCR results showed that the
expression levels of Dvl-1 and β-catenin were increased in Se-deficient
cells. The results are expressed as the means ± SD. *P < 0.05, **P < 0.01,
compared with the control groups
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MMP9 significantly increased both in vitro and in vivo;
however, MMP2 was significantly upregulated in vitro
and downregulated in vivo. The difference in MMP2 ex-
pression in vivo and in vitro may be attributed to the
biological heterogeneity between animal models and cell
models. EMT plays an important role in the development
of fibrotic diseases, and the downregulation of E-
cadherin, a glycoprotein mediating cell adhesion, is a hall-
mark of EMT [55]. Our results showed that Se deficiency
contributed to the decrease in E-cadherin expression. In
summary, Se deficiency may lead to renal fibrosis through
the abnormal accumulation of ECM, the aberrant secre-
tion of MMPs, and changes in EMT processes.

As a complex and critical developmental pathway, the evo-
lutionarily conserved Wnt/β-catenin signaling pathway plays
an important role in maintaining tissue homeostasis and organ
repair after injury [56]. The Wnt/β-catenin signaling pathway
is inactive in normal kidneys [57]. However, Wnt signaling is
activated in the UUO rat model [58]. In addition, studies have
suggested that the continuous activation ofWnt/β-catenin sig-
naling plays a crucial role in driving the progression of AKI to
CKD [59]. To explore the changes in the Wnt/β-catenin sig-
naling pathway after selenium deficiency, we selected three
key signaling molecules:Wnt5a, Dvl-1, andβ-catenin.Wnt5a
is a member of the Wnt family and is a secretory protein [60].
Previous studies have shown that Wnt5a is highly expressed
in various fibrotic diseases [61, 62], andWnt5a binds to FZD4
and then activates Dvl-1, which can cause free β-catenin to
increase as well [63, 64]. Our study showed that in the Se-
deficient model, Se deficiency was accompanied by high ex-
pression of Wnt5a and that the levels of free β-catenin and
Dvl-1 were also increased. Thus, we hypothesized that the
Wnt/β-catenin signaling pathway may be involved in the re-
nal fibrosis induced by Se deficiency, although the underlying
mechanisms require further study.

Conclusion

In conclusion, our results suggest that Se deficiency aggra-
vates oxidative stress, ECM deposition, and abnormal
MMPs secretion in tissues and cells, which causes renal fibro-
sis. In addition, Wnt/β-catenin may be involved in the process
of renal fibrosis caused by Se deficiency. Further studies are
warranted to enhance our understanding of Se deficiency in
renal fibrosis.
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