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ABSTRACT Mercuric chloride (HgCl,) is a nephro-
toxic contaminant that is widely present in the environ-
ment. Selenium (Se) can effectively antagonize the
biological toxicity caused by heavy metals. Here, in vivo
and in vitro models of Se antagonism to HgCly-induced
nephrotoxicity in chickens were established, with the aim
of exploring the specific mechanism. Morphological
observation and kidney function analysis showed that
Se alleviated HgCls-induced kidney tissue injury and
cytotoxicity. The results showed that ferroptosis was the
primary mechanism for the toxicity of HgCl,, as indicated
by iron overload and lipid peroxidation. On the one hand,

Se significantly prevented HgClo-induced iron overload.
On the other hand, Se alleviated the intracellular reactive
oxygen species (ROS) levels caused by HgCl,. Subse-
quently, we focused on the sources of ROS during HgCly-
induced ferroptosis. Mechanically, Se reduced ROS over-
production induced by HgCl, through mitochondrial cal-
cium uniporter (MCU)/mitochondrial calcium uptake 1
(MICU1)-mediated mitochondrial calcium ion (Ca®")
overload. Furthermore, a dual luciferase reporter assay
demonstrated that MICU1 was the direct target of miR-
202-5p. Overall, Se represses miR-202-5p/MICU1 axis to
attenuate HgCl,-induced kidney ferroptosis.
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ferroptosis

INTRODUCTION

Mercury (Hg) is a highly toxic environmental pollut-
ant, and in recent years Hg pollution has become an
increasingly prominent problem (Chen et al., 2022a). In
the nature, Hg exists as monomeric Hg, organic Hg,
and inorganic Hg (Caglayan et al., 2019). Mercuric
chloride (HgCl,), as a widely distributed inorganic Hg,
is used mainly in industrial and agricultural production
and daily life, such as gold mining, light bulb, and skin-
lightening cosmetics. HgCl, is accumulated in the envi-
ronment, and further enters the food chain, where it is
enriched in animals and humans, causing harmful
effects on several organs, including the kidney (Ma et
al., 2018), testis (Chen et al., 2022b), and liver (Hazelh-
off and Torres, 2018). HgCl, is mainly absorbed and
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accumulated in the kidney, therefore the kidney is the
main target organ in which HgCly exerts toxicity. Pre-
vious studies on HgCls-induced nephrotoxicity have
focused mainly on apoptosis (Fan et al., 2020), necrosis
(Hosseini et al., 2018), and autophagy (Avila-Rojas et
al., 2019), while few reports have been reported on
emerging modes of cell death, especially ferroptosis.
Ferroptosis is a new type of programmed cell death
that is distinct from apoptosis, necrosis, and autophagy,
which is mainly characterized by elevated intracellular
ferrous iron (Fe®") levels and accumulated lipid perox-
ides (Dixon et al., 2012). Intracellular iron homeostasis
relies on the coordination of iron absorption, export,
storage, and utilization (Hao et al., 2018). In the physio-
logical state, transferrin receptor (TFRC) delivers ferric
ion (Fe®*1) into cells, and ferroportin (FPN) transports
Fe®" outside the cells. Free iron that enters the cells is
stored in a complex composed of ferritin heavy chain 1
(FTH1) (Fuhrmann, et al., 2020). Especially, iron
response element binding protein 2 (IREB2), an iron
sensor participating in cellular iron regulation, main-
tains iron homeostasis by regulating gene expression
related to iron metabolism (including FTH1, FPN1, and


https://doi.org/10.1016/j.psj.2024.103891
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:fanruifeng@sdau.edu.cn

2 LIET AL.

TFRC) (Dixon et al., 2012). Meanwhile, TREB2 is
bound and degraded during intracellular iron overload
by F-box and leucine-rich repeat protein 5 (FBXL5),
which reduces iron uptake and promotes iron storage
and export (Wang et al., 2020). Tt is noteworthy that
iron overload caused by intracellular iron disorders gen-
erates reactive oxygen species (ROS) via the iron-
dependent Fenton reaction, an essential trigger of fer-
roptosis (Latunde-Dada, 2017). More importantly, our
group has proven that HgCl, induced intracellular iron
overload in chicken embryo kidney (CEK) cells through
ferritinophagy and led to a continuous accumulation of
ROS, triggering ferroptosis (Chu et al., 2022). Further-
more, arsenic has been reported to cause mitochondrial
ROS accumulation and lead to ferroptosis in a manner
that is not dependent on iron metabolism imbalance (i
et al., 2022b). Therefore, the source of ROS needs to be
further explored.

Mitochondria are considered the prominent organelle
for ROS production, and a change in mitochondrial met-
abolic function can produce excessive ROS (Yang et al.,
2021). Interestingly, calcium ion (Ca®") is a well-known
second messenger and a key regulator of mitochondrial
function (Bravo-Sagua et al., 2017). Mitochondrial cal-
cium uptake 1 (MICU1) is a soluble protein in the inner
mitochondrial membrane according to Ca®' concentra-
tion on both sides of the mitochondria that interacts
directly with mitochondrial calcium uniporter (MCU)
and regulates channel activity (Paupe and Prudent,
2018). Available evidence suggested that MICU1 defi-
ciency contributed to mitochondrial Ca®" overload and
subsequently excessive ROS production (Yang et al.,
2020). Crucially, HgCl, has been shown to cause an
imbalance in cellular Ca®" entry and exit, leading to kid-
ney Ca®’ overload in mice (Li et al., 2019b). Therefore,
it was wondered whether the disrupted interaction
between MCU and MICU1 is a checkpoint for HgCly-
induced mitochondrial Ca®" overload and further con-
tributes to the appearance of ROS-dependent ferroptosis.

MicroRNAs (miRNA) are a group of single-stranded
noncoding RNA molecules that primarily regulate the
transcription and expression of biologically active genes.
MiRNAs play major roles in many physiological and
pathological processes, and there is evidence suggested
that miRNAs are essential in cell death (Bao et al.,
2020). Previous studies have demonstrated that environ-
mental toxicants such as cadmium (Cd) and Hg can
alter epigenetic regulatory features such as miRNAs
expression patterns in rats and humans (Ding et al.,
2017; Liang et al., 2021). Furthermore, MCU was deter-
mined to be a direct target of miR-25, and the overex-
pression of miR-25 reduced mitochondrial Ca?"
overload in mouse cardiomyocytes (Hu et al., 2022). In
addition, there is clear evidence that ischemia/reperfu-
sion caused kidney ferroptosis in rats by mediating up-
regulation of miR-378-3p and miR-182-5p, directly tar-
geting solute carrier family 7 member 11 and glutathione
peroxidase 4 (GPX4) (Ding et al., 2020). Besides, miR-
302 was found to target and inhibit MICU1 expression
in type 2 lung alveolar cells (Ali et al., 2022). However,

it is still elusive whether miRNAs cause Ca®" overload
in chicken kidney by targeting MICU1.

Selenium (Se) plays essential roles in animal organism
and has a protective effect against cellular oxidative
damage. Importantly, the functional importance of Se in
ferroptosis has been widely demonstrated. For example,
GPX4 is an essential selenoprotein with resistance to fer-
roptosis (Zhang et al., 2021). Furthermore, Se can
antagonize Hg-induced organ toxicity by regulating sele-
noprotein expression and Hg-Se complex formation
(Chu et al., 2020). Previous studies showed that Se defi-
ciency disrupted Ca®" homeostasis and triggered ROS
overload in the swine small intestine, suggesting that Se
was involved in the regulation of Ca®" in vivo (Zheng et
al., 2021). In particular, recent research also proved that
Se reversely regulated Cd-triggered necrosis and apopto-
sis induced by miR-216a/PI3K/AKT axis (Zhang et al.,
2020b). Therefore, this study hypothesized that Se could
affect Ca®" homeostasis through endogenous regulation,
and thus inhibit HgCly-induced ferroptosis, which might
involve the regulation of miRNAs.

MATERIALS AND METHODS
Animals and Treatments

All animal experiments were in accordance with the
guidelines for the Care and Use of Laboratory Animals
in Shandong Agricultural University (NO: SDAUA-
2022-26). Sodium selenite (NagSeOs3) and HgCly, were
acquired from Sigma-Aldrich (Carlsbad, CA). Ninety
male Hyline brown chickens (17-day-old, Dongyuez-
hongqin Co. Ltd., Tai’an, China) were randomly divided
into 3 groups, including control (Con) group, HgCl,
group, and HgCl, + Se group. All chickens adapted to
the laboratory environment for 1 wk. Con group were
received normal drinking water and standard diet,
HgCly, group were received drinking water with
250 mg/L HgCl, and standard diet, and HgCl, + Se
group were received drinking water with 250 mg/L
HgCly and standard diet with 10 mg/kg Na,SeO3 (Zhou
et al., 2020). The chickens were euthanized after 7 wk of
feeding. Cardiac puncture blood was collected for bio-
chemical analysis. After removing kidney tissues, one
part was fixed with 4% formaldehyde to make tissue sec-
tions, one part was ground into homogenate for the kit
assay, and the remaining kidney tissues were stored at
-80°C for further experiments.

Cell Cultures and Treatments

Briefly, embryos of 17-day-old Hyland Brown chick-
ens (Dongyuezhongqin Co. Ltd., Tai’an, China) were
taken out on the clean bench. The kidney tissues were
removed using heat-sterilized forceps and scissors. The
kidney tissues were washed with PBS, then cut and
added trypsin for digestion, and digestion was termi-
nated by adding an equal amount with 10% fetal
bovine serum (Gibco, Waltham, MA) in M199 medium.
After filtering and adding to a centrifuge tube, the
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supernatant was then discarded, the medium was
added and resuspended, and the plate was finally
diluted for counting.

Histopathological Observation

Kidney tissues were fixed in 4% formaldehyde solution
and embedded in paraffin wax. Fixed sections were
placed at different concentrations (70—100%) of ethanol
solution. Then dewax with xylene and deionized water.
Sections were stained with hematoxylin and eosin
(H&E), and then dehydrated. Finally, sections were
fixed with neutral resin, and histopathological changes
in the kidney were observed under a light microscope
(Nikon Eclipse E600 W, Suzhou, China).

Cell Viability Assay

CEK cells were grown in 96-well plates at 4.5 x 10*
cells per well overnight at 37°C. After the cells have fully
adhered and grown to 80% confluence, the culture
medium was removed and replaced with the culture
medium containing different concentrations of Se (0, 1,
and 10 uM). After 12 h with HgCl, (15 uM) treatment
(Chu et al., 2022), the medium was replaced with 100
uL of fresh medium containing 10 uL of Cell Counting
Kit-8 solution (CCK-8, Saint-Bio, Shanghai, China),
and the cells were cultured for another 1 h at 37°C. The
absorption of cell solution was measured at 490 nm.

Biochemical Analysis of Blood

Blood samples were taken in vacuum tubes, and
serum biochemical indexes were detected using an auto-
matic hematologic biochemical analyzer BC-2600 Vet
(Mindray, Shenzhen, China).

Hoechst 33342/Propidium lodide Staining

CEK cells under different treatments were incubated
for 12 h at 37°C and the cells washed with PBS for
3 times. Subsequently, 1 mL cell staining buffer was
added, and 5 wLL Hoechst 33342 staining solution and 5
uL PI staining solution (Beyotime Biotechnology.,
Shanghai, China) were added at the same time with 4°C
for 30 min in dark. After 3 washes with PBS, the dye
mixture was discarded, and the cells were observed
under a fluorescence microscope (Leica TCS SPE, Wet-
zlar, Germany).

Redox State Detection

Freshly collected kidney tissues were ground into a
homogenate. After centrifugation at 3,500 x g for
10 min, the supernatant was transferred to a new tube.
The commercial test kits obtained from Nanjing
Jiancheng Bioengineering Institute (Nanjing, China)
were used to measure the content of malondialdehyde

(MDA), and the activities of total superoxide dismu-
tase (T-SOD) and glutathione peroxidase (GSH-Px).

Determination of Lipid Peroxidation
Biomarkers

After HgCl, and Se treatment, the medium was dis-
carded, and CEK cells were transferred to a new centri-
fuge tube. Subsequently, the reagent was added to the
centrifuge tube and incubated at 95°C for 40 min. After
cooling, the centrifuge tube was kept at 4,000 x g for
10 min. Using a microplate reader to measure the absor-
bance at 532 nm. MDA kit was derived from Nanjing
Jiancheng Bioengineering Institute (Nanjing, China).

ROS Assessment

After HgCly and Se treatment, the medium was dis-
carded, and CEK cells were washed with PBS for 3 times.
A serum-free medium containing DCFH-DA (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China)
was then used to treat the cells and incubated for 30 min
at 37°C in dark. Subsequently, the residual dye was
washed with PBS, and the cells were obtained with a
fluorescence microscope.

Intracellular Ca?* Measurement

After HgCl, and Se treatment, the medium was dis-
carded, and CEK cells were washed with PBS for 3 times.
A serum-free medium containing Rhod-2 AM (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China)
was then used to treat the cells and incubated for 30 min
at 37°C in dark. Subsequently, the residual dye was
washed with PBS, and the cells were obtained with a
fluorescence microscope.

Cell Transfections

MiRNA mimics or inhibitors (Ribobio, Guangzhou,
China) were transfected into CEK cells using ribo
FECT CP reagent (Ribobio, Guangzhou, China) at a
final concentration of 50 or 70 nM according to the man-
ufacturer’s instructions. After transfection, cells were
cultured in a normal medium for another 24 h or 48 h for
the next step. The sequences of miRNA mimics and
inhibitors were shown in Table 1.

Plasmid Construction and Dual-luciferase
Reporter Assay

To identify the interaction between miR-202-5p and
MICU1, the luciferase reporter plasmids PGL4.74 (Syn-
gentech, Beijing, China) inserted with wide type (wt) or
mutated (mut) 3'UTR of MICU1 were constructed.
MICU1 wt -3-UTR or MICU1 mut -3'-UTR with miR-
202-5p mimic or miR-202-5p mimic negative control
(NC) were cotransfected into CEK cells using
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Table 1. miRNA sequence in this study.

Primer name Sequence (5’ to 3') Length
gga-miR-202-5p mimic UUUCCUAUGCAUAUACUUCUUU 22
AAAGAAGUAUAUGCAUAGGAAA 22
mimic NC UCACAACCUCCUAGAAAGAGUAGA 24
UCUACUCUUUCUAGGAGGUUGUGA 24
gga-miR-202-5p inhibitor AAAGAAGUAUAUGCAUAGGAAA 22
inhibitor NC UCUACUCUUUCUAGGAGGUUGUGA 24

Lipofectamine 3000 reagent (Invitrogen, Carlsbad, CA).
After continuing incubation for 48 h, a dual luciferase
reporter kit (Promega, Beijing, China) was used accord-
ing to the manufacturer’s instructions to measure
luciferase and renilla activities of these samples. The
sequences of MICU1 wt-3'-UTR and MICU1 mut-3'-
UTR were shown in Figure 6B.

Total RNA Extraction and Quantitative Real-
Time PCR (qQRT-PCR)

Total RNA was extracted from kidney tissues and
CEK cells with RNAiso Plus (TaKaRa, Tokyo, Japan),
and the concentration and purity of total RNA were
determined using a Micro Drop ultra-microspectropho-
tometer (BIO-DL, TX, USA). Complementary DNA
(cDNA) reverse transcription kit (Roche, Basel, Swit-
zerland) and miRNA First Strand ¢cDNA Synthesis
(Tailing Reaction) (Sangon Biotech, Shanghai, China)
were used for synthesizing first strand cDNA. All pri-
mers were designed and synthesized by Sangon Biotech
(Shanghai, China), and their sequences were shown in
Table 2. To assess the gene expression levels, the qRT-
PCR reaction was performed on LightCycler 96 amplifi-
cation and detection system (Roche, Basel, Switzer-
land). The relative expressions of mRNA and miRNA
were treated according to the 2722 method.

Western Blot

The total proteins were extracted from kidney tissues
and CEK cells, quantified by the Bicinchoninic Acid
method, and prepared into protein samples by adding
SDS-PAGE protein loading buffer (5 x) (Beyotime Bio-
technology., Shanghai, China). After the samples were
treated with 10% SDS-PAGE, protein separated and
then were transferred to PVDF membrane. The mem-
branes were subsequently closed with 5% skim milk for
90 min and washed 3 times with TBST. Then incubated
with the following primary antibodies (ABclonal, Wuhan,
China): GAPDH (1: 10,000 dilution), FPN1, FTH,

Table 2. RNA oligonucleotides in this study.

Gene names Sequence (5’ to 3')

MICU1 F: CCTCACAACAGTCCTTTCCACTCC

R: CTTCCATGTCCACTTCACCATCTCC
GAPDH F: GGTAGTGAAGGCTGCTGCTGATG

R: AGTCCACAACACGGTTGCTGTATC
MiR-202-5p F: TTTCCTATGCATATACTTCTTT
U6 F: aggCACGCAAATTCGTGAAGCGTTCCA

GPX4, IREB2, MCU, MICU1, phosphorylated mixed
lineage kinase domain-like (P-MLKL), sodium/calcium
exchanger 1 (NCX1), receptor-interacting protein kinase
1 (RIPK1), FBXL5 (1: 1,000 dilution), receptor-inter-
acting protein kinase 3 (RIPK3), and TFRC (1: 3,000
dilution). Membranes were then incubated for 50 min at
room temperature in secondary antibodies containing
horseradish peroxidase-labeled anti-rabbit IgG or anti-
mouse IgG. After washing with TBST, the fluorescence
signal was detected using the ECL reagent (Cheml
Scopeb300, Clinx Science Instruments, Shanghai, China)
and the image VCD gel imaging system (Clinx Science
Instruments, Shanghai, China).

Statistical Analysis

The experimental data were statistically analyzed
using SPSS 22.0 (Chicago, IL). All data were
expressed as mean + SD (standard deviation). Figures
were generated using GraphPad Prism 8.0 software.
Comparisons between experimental groups were ana-
lyzed by two-way ANOVA. The Scheffe test was used
when the data were normally distributed, and the
Kruskal-Wallis test was used when the data were not
normally distributed. *P < 0.05, **P < 0.01, ns, not
significant.

RESULTS

Se Alleviates HgCl,-induced Chicken Kidney
Injury

To explore whether Se can alleviate HgCls-induced
kidney tissue injury, chicken kidney tissues were first
observed through histopathological observation. The
results showed that the normal cells were round, full,
and neatly arranged. However, HgCly group showed
noticeable pathological changes with destroyed cell
membranes (blue arrow), intracellular vacuoles (green
arrow), and tissue rupture and decomposition (red
arrow). In particular, Se treatment significantly reduced
injury with reduced cytoplasmic vacuoles and tissue rup-
ture (Figure 1A). Meanwhile, the content of creatinine
(CREA), uric acid (UA), and carbamide (UREA) in
chicken serum was measured. These indicators were
increased in HgCly group significantly, but Se prevented
these changes (Figure 1B, P < 0.01). The above results
suggested that Se could alleviate HgCl,-caused kidney
tissue injury.
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To further investigate whether Se can rescue HgCls-
induced cytotoxicity in CEK cells, an in vitro model of
Se antagonism of HgCls-induced nephrotoxicity was
established. The viabilities of CEK cells treated were
assayed by CCK-8 assay. The results showed that the
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HgCly on CEK cells were observed using Hoechst/PI
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HgCl, treatment, PI reached the nucleus through dam-
aged cell membrane and showed red fluorescence. More-
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strated that Se had a significant inhibitory effect on
HgCly-induced necrosis.

Se Attenuates HgCl,-Caused Ferroptosis in
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Histopathological changes and Hoechst/PI staining
confirmed that HgCl, caused necrotic changes in the kid-
ney. And it was demonstrated that cells undergoing nec-
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Therefore, this study investigated whether the damage
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Figure 1. Se alleviates HgCly-induced kidney injury. (A) Histologically, H&E staining of the kidney was observed. Scale bar = 50 um. The blue
arrows showed destroyed cell membranes; the green arrows showed intracellular vacuoles; the red arrow showed tissue rupture and decomposition.
(B) The content of CREA, UA, and UREA was measured in chicken serum using a serum biochemical analyzer. (C) CEK cells were exposed to
different concentrations (0, 1, and 10 M) of Se and HgCl, (15 uM) for 12 h, and cell viabilities were determined using CCK-8 kit. (D) PI-positive
cells were stained using a fluorescence microscope. Scale bar = 100 pum. Significance (*P < 0.05, ** P < 0.01, ns, not significant). Data represented as
mean + SD (n = 3).

caused by HgCl, was due to necroptosis. Necroptosis-
related proteins such as RIPK1, P-MLKL, and RIPK3
in kidney tissues (Figures 2A and 2B, P < 0.05; ns, not
significant) and CEK cells (Figure 2C and 2D, P < 0.01;
ns, not significant) were detected. RIPK3 protein
expression level was increased, while RIPK1, MLKL,
and P-MLKL protein expression levels were decreased in
HgCl, group, suggesting that the kidney did not undergo
necroptosis.

Ferroptosis acts as a unique form of programmed cell
death with a typical necrotic morphology. The appear-
ance of ferroptosis has been reported to be associated
with 2 main biochemical characteristics, namely iron
overload and lipid peroxidation (Tang et al., 2021).
Fe?" is the main factor in ferroptosis, therefore it was
tested. As expected, Fe’" levels were significantly
increased after HgCl, exposure and significantly
decreased with Se addition (Figure 3A, P < 0.01). Next,
iron metabolism-related proteins in kidney tissues (Fig-
ures 3B and 3C, P < 0.01) and CEK cells (Figures 3D
and 3E, P < 0.05) were examined. The results showed
that Se reversed the decrease in the expression levels of
IREB2, TFRC, and FTH proteins, and reduced the
expression levels of FBXL5 and FPN1 induced by
HgCl,, indicating that Se alleviated iron overload caused

Next, ferroptosis marker protein expression levels
were measured. This study found that the expression
level of GPX4 protein was significantly reduced in
HgCl, group, consistent with the typical characteristics
of ferroptosis. Se reversed the decrease in GPX4
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Figure 4. Se attenuates kidney lipid peroxidation caused by HgCly. (A) The protein expression of GPX4 in the kidney tissues was determined
by Western blot. (B) The protein expression of GPX4 in CEK cells was determined by Western blot. GAPDH was used as a loading Con. (C) The
content of MDA, and the activities of T-SOD and GSH-Px for the kidney were tested by commercial kits, respectively. (D) The content of MDA in
CEK cells was tested by a commercial kit. (E) The activity of GSH-Px in CEK cells was tested by a commercial kit. (F, G) The fluorescence level of
DCFH-DA was measured by a fluorescence microscope. Scale bar = 50 pm. Significance (*P < 0.05, **P < 0.01, ns, not significant). Data

represented as mean £+ SD (n = 3).

caused by HgCl, (Figure 4C, P < 0.01). Meanwhile, the
content of MDA and the activity of GSH-Px in CEK
cells were determined under different treatments (Fig-
ures 4D and 4E, P < 0.01). In the results, MDA content
was increased significantly and GSH-Px activity was
decreased significantly in HgCl, group, and Se supple-
mentation significantly alleviated the changes. Further-
more, DCFH-DA assay was used to detect HgCly-
exposed ROS status in CEK cells (Figures 4F and 4G, P
< 0.01). Compared with Con group, the ROS levels were
significantly higher after HgCly exposure, and decreased
after Se supplementation. The above results suggested
that HgCl, caused kidney damage by inducing ferropto-
sis, and Se treatment could alleviate it.

Se Ameliorates HgCl, Triggered
Mitochondrial Ca** Overload and Increased
Mitochondrial ROS in Chicken Kidneys and
CEK Cells

Notably, mitochondrial Ca?" has proven to be inti-
mately related to mitochondrial ROS (Baev et al.,
2022). First, Ca®" channel-related proteins, such as
MCU, MICU1, and NCX1 expression levels were exam-
ined in kidney tissues and CEK cells. As shown in the
results, MCU protein expression level in HgCl, group
was significantly increased, while MICU1 and NCX1
protein expression levels were considerably decreased,
and these changes were reversed in HgCly, + Se group
(Figures 5A—=5D, P < 0.05). This suggested that HgCl,

had a harmful effect on Ca®" channel-related proteins,
resulting in intracellular Ca disturbance, which was mit-
igated by Se. To further explore the distribution of Ca*’
in CEK cells, Ca?" concentrations in mitochondria were
measured by Rhod-2 AM fluorescence (Figure 5F). It
was shown that Se could effectively attenuate the signifi-
cant effects of HgCl, treatment on mitochondrial Ca®"
concentrations, further verifying that HgCl, could trig-
ger mitochondrial Ca®" overload, while Se could amelio-
rate mitochondrial Ca®" overload.

MiR-202-5p Directly Targets MICU1 and
Mediates Mitochondrial Ca?* Overload in
CEK Cells

To further identify whether miRNAs are participating
in the regulation of MICU1 by HgCly, and Se, miRDB
(http://www.mirdb.org/) and TargetScan (http:
www.targetscan.org) 2 genetic biology prediction data-
bases were first used to predict miRNAs targeting
MICU1. The results indicated that miR-202-5p was a
potential miRNA targeting MICU1, so miR-202-5p was
selected as the main target of this study (Figure 6A).
Additionally, it was predicted the binding sequence of
miR-202-5p and MICU1 (Figure 6B). MICU1 and miR-
202-5p gene expression levels in kidney tissues and CEK
cells were detected by qRT-PCR and their gene expres-
sion levels were negatively correlated (Figures 6C—6F, P
< 0.01). Moreover, Se reversed the up-regulation of
miR-202-5p by HgCl,. Subsequently, the targeting
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relationship of miR-202-5p and MICU1 was validated
using the dual luciferase reporter gene assay (Figure 6G,
P < 0.01), and indicated that miR-202-5p mimic effica-
ciously inhibited the relative luciferase activity of the
reporter vector containing MICU1 wt 3-UTR. MiR-
202-5p expression level was significantly increased after
miR-~202-5p mimic transfection, and decreased after
miR-202-5p inhibitor transfection (Figure 6H, P <
0.01). Finally, the expression level of MICUl mRNA
was examined. The results showed that MICU1 expres-
sion was significantly inhibited or activated after trans-
fection with miR-202-5p mimic or inhibitor (Figure 61, P
< 0.01). These results suggested that MICU1 could be
directly targeted by miR-202-5p.

MicroRNA and Target Gene Description:
MiRNA Name gga-miR-202-5p
Previous Name gga-miR-202* MiRNA Sequence UUUCCUAUGCAUAUACUUCUUU
Target Score 77 Seed Locatio 71
NCBI Gene ID 769141 GenBank Accessio XM_015288238
Gene Symbol MICU1 3'UTR Length 169
Gene Description  mitochondrial calcium uptake 1
3' UTR Sequence
1 GGGACTGCC CGCGCCGGAG GGCCGAACCC CTGCCGTAGA GCTGGGACTT GCCGCCGCGT
61 TCCTCTCTTG TA! AGG GACGTTTCGT ACTGCCCCTCA CCCGCAGCGC GGGGTTGCAC
121 GCTGTACCCG CTCGCTTCTA GTTGCCATTA CAAACCGCAC GGCTTTTTA
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Se Antagonizes HgCl,-induced CEK Cell
Ferroptosis Mediated by MiR-202-5p
Targeting MICU1

After confirming that miR-~202-5p targeted MICU1, it
was further explored its regulatory role in the mecha-
nism of kidney ferroptosis. First, the Ca®" concentration
in mitochondria was examined under different treatment
conditions (Figure 7TA). As the results showed, the co-
treatment of HgCl, with miR-202-5p inhibitor was able
to significantly rescue the increase in mitochondrial Ca?
* concentration caused by HgCl,, which was in accor-
dance with the results of HgCly + Se group. Similarly,
the increased ROS in CEK cells caused by cotreatment

B
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Figure 6. MICU1 is directly targeted by miR-202-5p. (A) The analysis of MICU1 candidate miRNAs including gga-miR-202-5p was performed
using the miRDB bioinformatics tool. (B) The binding site between miR-202-5p and MICU1 was predicted by the TargetScan bioinformatics tool.
(C-F) The mRNA level of MICU1 and the miRNA level of miR-202-5p were detected in the kidney tissues and CEK cells. (G) Dual-luciferase
reporter assays were performed in CEK cells cotransfected with MICU1 mut and miR-202-5p mimic or cotransfected with MICU1 wt and miR-202-
5p mimic. (H) The expression level of miR-202-5p was detected after HgCl, treatment and transfection of miR~202-5p mimic or inhibitor. (I) The
expression level of MICU1 was detected after HgCl, treatment and transfection of miR-202-5p mimic or inhibitor. Significance (*P < 0.05,

**P < 0.01, ns, not significant). Data represented as mean £ SD (n = 3).
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Figure 7. Se antagonizes HgCly-induced CEK cell ferroptosis mediated by miR-202-5p targeting MICU1. (A) CEK cells were exposed to HgCl,,
and HgCl, with Se or miR-~202-5p inhibitor. Rhod-2 AM fluorescence levels were measured by a fluorescence microscope. Scale bar = 50 um. (B)
The fluorescence level of DCFH-DA was measured by a fluorescence microscope. (C) The expression of GPX4 in CEK cells was determined by West-
ern blot. GAPDH was used as a loading Con. Significance (*P < 0.05, ** P < 0.01, ns, not significant). Data represented as mean + SD (n = 3).

of HgCly with miR-~202-5p inhibitor and cotreatment of
HgCl, with Se were significantly alleviated (Figure 7B,
P < 0.01). Most importantly, in order to investigate the
influence of miR-202-5p inhibitor treatment on ferropto-
sis, ferroptosis marker protein such as GPX4 expression
level was examined (Figure 7C, P < 0.01). It was
observed that the protein expression level of GPX4 was
significantly higher after co-treatment of HgCl, with
miR-202-5p inhibitor than that of HgCl, alone, and
HgCly + miR-202-5p inhibitor group could obtain simi-
lar results as the HgCl, + Se group. Based on the results
obtained above, this study concluded that miR-202-5p
mediated the regulation of the ferroptosis pathway in
CEK cells by HgCl, and Se by targeting MICU1.

DISCUSSION

HgCl, is considered to be one of the most harmful
forms of Hg, accumulating in the food chain and having
a strong toxic effect on animal organism. There were
numerous studies showing that HgCl, was accumulated
in the body and caused damage to the kidney (Li et al.,
2019a; Ma et al., 2020). Se supplement was determined
to be a potential antagonistic solution to hepatotoxicity
induced by heavy metal (Gao et al., 2021). More impor-
tantly, Se has the ability to protect multiple types of
cells from ferroptosis (Alim et al., 2019). This study was
the first to demonstrate that Se antagonized ferroptosis
in chicken kidneys caused by HgCl,. Secondly, Se miti-
gated HgCly-caused ferroptosis by triggering increased
mitochondrial ROS due to Ca®" overload. Thirdly, Se
alleviated HgCly-induced mitochondrial Ca®" overload
induced by miR-202-5p mediating MICUT1.

The study has shown a strong association between the
biological toxicity of HgCly and kidney injury (Jiang et
al., 2004). In this study, it was observed that exposure
to HgCly caused typical necrotic changes in the kidney,
such as plasma membrane rupture and rupture and
decomposition of tissues. Coincidentally, programmed

cell death modalities such as necroptosis and ferroptosis,
which have been successively discovered in recent years,
both cause cell membrane rupture (Pefanis, et al., 2019).
Necroptosis is the most typical form of regulatory necro-
sis that was first studied. The results demonstrated that
the levels of necroptosis marker proteins RIPK1 and P-
MLKL were reduced after exposure to HgCl,, suggesting
that necroptosis might not be the pathway leading to
the death of CEK cells. Therefore, an emerging form of
necrosis, ferroptosis, was investigated. Importantly, the
data showed that HgCl, exposure resulted in a decrease
in GPX4 activity, intracellular iron overload, and lipid
peroxidation in kidney tissues and CEK cells, which was
the main characteristic of ferroptosis.

A central mechanism of ferroptosis is known to be
lipid peroxidation due to ROS and iron overload. What’s
more, growing instances of ferroptosis targeting mito-
chondrial ROS have been identified (Zhang, et al.,
2020a; Jiang et al., 2022). Next, this study focused on
how putative HgCly coerces mitochondria to provide
essential ROS for ferroptosis. Especially, Ca®" is closely
associated with mitochondrial ROS production. Mito-
chondrial ROS and Ca®" in neurons and astrocytes are
physiologically and pathologically regulated by each
other, and Ca®" stimulates ROS production (Baev et
al., 2022). Notably, mitochondrial Ca®" overload leads
to increased mitochondrial ROS production that is inde-
pendent of the metabolic state of the mitochondria
(Gorlach et al., 2015). Among these studies, it was dem-
onstrated that HgCl, exposure caused Ca’" overload in
the mitochondria of CEK cells. This was in agreement
with the effect of Ca?" overload on ROS, which implied
that the increase in mitochondrial ROS due to HgCl,
was caused by mitochondrial Ca®" overload. MCU, a
Ca®'" selective channel located in the inner mitochon-
drial membrane, is considered to be the main cause of
mitochondrial Ca?", and its channel activity is regulated
by MICU1 (Perocchi et al., 2010; Hempel and Trebak,
2017). NCX1 is the primary pathway of Ca®'" efflux in
mitochondria, and its reverse mode of operation leads to
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mitochondrial Ca®" overload (Lu, et al., 2018). In this
study, MICU1 and NCX1 expressions were reduced and
MCU expression was increased after HgCl, treatment.
This further added credence to the conclusion that ele-
vated mitochondrial ROS due to HgCl, was caused by
mitochondrial Ca®" overload.

MiR-195 has demonstrated direct targeting of the 3'-
UTR of MICU1 mRNA and inhibition of MICU1 expres-
sion (Rao et al., 2020). This suggested that miRNA
should be further investigated to find miRNAs that
interact with MICU1 and it was found that miR-202-5p
targeted and acted on MICU1. The previous study has
demonstrated that HgCl, could modulate chicken
miRNA expression (Gao et al., 2022). Therefore,
whether the regulatory effect of HgCl, on MICU1 was
regulated by miRNAs was further confirmed. The
results showed that HgCl, increased the expression of
miR-202-5p and decreased the expression of MICUL,
suggesting that miR-202-5p is a bridge connecting
HgCl, and MICU1. Further, the mechanism of ferropto-
sis due to HgCly was investigated, and it was confirmed
that HgCl, could exert toxic effects through miRNAs.
More importantly, the targeting relationship among
MICU1 and miR-202-5p might be a critical therapeutic
target for HgCl, toxicity.

Se is an effective antagonist of heavy metal toxic-
ity. Previous studies in our group have shown that Se
could alleviate HgCl,-caused organ damage (Li et al.,
2022a). Recent studies showed that Se inhibited fer-
roptosis through the specific protein 1/GPX4 path-
way (Chen et al., 2022¢). Most importantly, the first
evidence that Se attenuated the occurrence of signa-
ture events of HgCls-induced ferroptosis was provided
by this study. Studies have shown that Se could
attenuate necroptosis induced by Cd in the chicken
kidney via miR-26a-5p/PTEN/PPI3K/AKT Iletters
(Chen et al., 2021). And previous research has been
demonstrated that miR-125a/b played essential roles
in the suppression of Cd-induced apoptosis by Se
through the mitochondrial pathway (Chen, et al.,
2016). Among these results, it was found that the
results obtained by treatment with miRNA inhibitor
were consistent with those obtained by Se treatment.
It implied that miR-202-5p might be a novel mecha-
nism of Se antagonism against HgCl, toxicity.

In summary, this study showed that Se antagonized
HgCly-induced ferroptosis in chicken kidney. And fur-
ther studies showed that Se reduced HgCly-induced fer-
roptosis in chicken kidney by alleviating mitochondrial
Ca”" overload via the miR-202-5p/MICU1 axis. Overall,
the present work demonstrated that the miR-202-5p/
MICU1 axis could act as a potential emerging target for
Se treatment of HgCl,-induced nephrotoxicity.
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