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Role of selenoprotein M knockdown in the melatonin antagonism of
nickel-induced apoptosis and endoplasmic reticulum stress in
mouse heart
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Abstract: The aim of this study was to investigate the role of selenoprotein M (SelM) in endoplasmic reticulum stress and apoptosis
in nickel-exposed mouse hearts and to explore the detoxifying effects of melatonin. At 21 d after intraperitoneal injection of
nickel chloride (NiCl,) and/or melatonin into male wild-type (WT) and SelM knockout (KO) C57BL/6J mice, NiCl, was found
to induce changes in the microstructure and ultrastructure of the hearts of both WT and SelM KO mice, which were caused by
oxidative stress, endoplasmic reticulum stress, and apoptosis, as evidenced by decreases in malondialdehyde (MDA) content
and total antioxidant capacity (T-AOC) activity. Changes in the messenger RNA (mRNA) and protein expression of genes
related to endoplasmic reticulum stress (activating transcription factor 4 (ATF4), inositol-requiring protein 1 (IRE1), c-Jun
N-terminal kinase (JNK), and C/EBP homologous protein (CHOP)) and apoptosis (B-cell lymphoma-2 (Bcl-2), Bcl-2-associated
X protein (Bax), Caspase-3, Caspase-9, and Caspase-12) were also observed. Notably, the observed damage was worse in SelM
KO mice. Furthermore, melatonin alleviated the heart injury caused by NiCl, in WT mice but could not exert a good protective
effect in the heart of SelM KO mice. Overall, the findings suggested that the antioxidant capacity of SelM, as well as its
modulation of endoplasmic reticulum stress and apoptosis, plays important roles in nickel-induced heart injury.
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1 Introduction (NiCl,) causes shortness of breath and dizziness, and

the accidental consumption of nickel sulfate (NiSO,)

Nickel, as a transition metal, is a product of in-
dustrial, liquid, and solid fuel use, which has been
widely distributed in the environment including the
air, water, and soil (Cameron et al., 2011). Exposure
to nickel can cause cardiovascular and kidney diseases,
lung fibrosis, lung cancer, and nasal cancer in humans
(Genchi et al., 2020). Clinical cases have shown that
drinking water contaminated with nickel chloride
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can result in cardiac arrest and death. Animal experi-
ments have indicated changes in the heart mass of rats
after exposure to NiCl, (Das et al., 2018). In terms of
mechanisms of action, the generation of reactive oxy-
gen species (ROS) was thought to be involved in the
underlying mechanism of heavy metal-induced toxicity
(Rehman et al., 2018). Previous studies have con-
firmed that nickel sulfide increases ROS formation in
rat lymphocytes in a concentration-dependent manner
(Chakrabarti and Bai, 1999; Zhao et al., 2021). Nickel
induces apoptosis in the kidney, liver, as well as the
nervous and immune systems by regulating ROS, mito-
chondria, and the endoplasmic reticulum (Guo et al.,
2016; Liu JB et al., 2022). In addition, previous re-
search has shown that nuclear factor of activated T
cells (NFAT), nuclear factor-xB (NF-kB), activator



protein-1 (AP-1), and other transcription factors were
activated after exposure to nickel, and triggered the in-
creased expression of inflammatory factors, including
tumor necrosis factor-a (TNF-a) and cyclooxygenase-
2 (COX-2), thereby causing lung inflammation, even-
tually leading to lung cancer (Lu et al., 2014).

Selenoprotein M (SelM), located in the endoplas-
mic reticulum and containing a redox group CXXU,
has attracted great interest since its discovery in 2002.
Because of this unique motif, SeIM can bind toxic
metal ions, such as Zn*", Cd*", Hg”", and Cu*, to main-
tain a dynamic balance of metal ions in the organism
and antagonize the damage caused by toxic metal
ions (Pitts and Hoffmann, 2018). In our preliminary
study, it was demonstrated that SelM was significantly
downregulated in the liver of high-fat diet mice; fur-
thermore, levels of steatosis, inflammation, oxidative
stress, and fibrosis were higher in the liver of SelM
knockdown mice fed with a high-fat diet (Cai et al.,
2022). SelM overexpression caused a significant rise
in extracellular signal-regulated protein kinase (ERK)
phosphorylation in the brain, heart, liver, and intes-
tine, so as to promote the regulation of various func-
tions (Lee et al., 2009).

Melatonin (N-acetyl-5-methoxytryptamine, MT)
is a hormone produced by the pineal gland and other
tissues. It is involved in physiological processes, in-
cluding sleep promotion, circadian regulation, immune
regulation, and thermoregulation, which has also been
investigated for its anti-microbial, anti-cancer, and anti-
inflammatory properties, as well as its potential bene-
fits for neurodegenerative, periodontal, and cerebro-
vascular diseases (Roohbakhsh et al., 2018). MT re-
lieved 2,2,4,4-tetra-brominated diphenyl ether (PBDE-
47)-induced necroptosis and the secretion of inflam-
matory factors through the miR-140-5p/Toll-like re-
ceptor 4 (TLR4)/NF-«kB axis (Li XY et al., 2022). Pre-
vious experiments have shown that MT has a signifi-
cant protective effect against ischemia/reperfusion
(I/R) injury, atherosclerosis, and hypertension (Rooh-
bakhsh et al., 2018). Moreover, it was demonstrated
that MT prevented ultraviolet (UV)-induced skin dam-
age caused by ROS, apoptosis, and mitochondrial
dysfunction (Kleszczynski et al., 2011; Wang CX et al.,
2021). According to a growing body of literature, MT
may exert its antioxidant effects by modulating the
endoplasmic endoplasmic reticulum stress response
(Fernandez et al., 2015).
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In this study, we established a SeIM knockout
(KO) mice model to evaluate nickel-induced myocar-
dial injury, analyze the role of SelM in this model,
and assess the alleviating impact of MT.

2 Materials and methods
2.1 Grouping of test animals and sample collection

Male wild-type (WT) and SelM KO C57BL/6J
mice were purchased from Cyagen Biosciences
(Cyagen Inc., USA). A total of 80 mice, both WT and
SeIM KO, were divided into eight groups, including
WT control group (control), WT+NiCl, group (Ni),
WT+MT group (MT), WT+NiCl+MT group (Ni+
MT), KO control group (KO control), KO+NiCl, group
(KO Ni), KO+MT group (KO MT), and KO+NiCL+
MT group (KO Ni+MT), with ten mice per group.

The mice were gavaged with 2 mg/kg MT
(MedChemExpress, USA) at 9:00 a.m. and 10 mg/kg
NiCl, (Sigma, St. Louis, MO, USA) at 5:00 p.m. daily;
the control group was treated with saline. Modeling
was euthanized for 21 d. Each mouse had free access
to water and food during the test. The mice were euthan-
ized on Day 22, and the hearts were quickly removed
after soaking in alcohol. A portion of the heart tissue
was placed in 4% (volume fraction) paraformaldehyde
solution for hematoxylin and eosin (H&E) staining,
another portion was stored at 4 °C in 2.5% (volume
fraction) glutaraldehyde solution for transmission
electron microscopy (TEM), a third portion was used
for kit assays, and the remaining heart tissue was
stored at —80 °C for later messenger RNA (mRNA)
and protein measurements.

2.2 H&E staining

The microstructure of the heart was evaluated by
H&E staining. Hearts fixed in 4% paraformaldehyde
were removed, sequentially dehydrated in a series of
75%, 85%, 90%, and 95% (volume fraction) alcohol,
followed by embedding and deparaffinization (Zheng
et al.,, 2021). After H&E staining, sections were se-
quentially placed in an ascending alcohol gradient
for dehydration. Next, sections were placed in xy-
lene and finally sealed with neutral resin. Observation
and image acquisition were performed under a micro-
scope at 2000x magnification (Olympus Corporation,
IX53, Japan).
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2.3 TEM

A transmission electron microscope (HITACHI,
Japan) was used to examine the heart tissue. In brief,
samples were removed from a solution containing
2.5% glutaraldehyde (Merck KGaA, Darmstadt, Ger-
many), washed with phosphate-buffered saline (PBS),
fixed for 90 min in a solution containing 1% (volume
fraction) tetraoxomic acid (Aladdin, Shanghai, China),
dehydrated with various concentrations of ethanol
(Shandong Lierkang Disinfection Technology Co.,
Ltd., China), and then replaced with acetone. Finally,
resin was employed for embedding and the tissue was
cut into sections of 50—-60 nm thickness (Liu Q et al.,
2022a) by employing lead citrate and uranyl acetate
for double-staining experiments. TEM at a magnifica-
tion of 20000x was performed to examine the ultra-
structure (Miao et al., 2022b).

2.4 Malondialdehyde kit and total antioxidant
capacity kit

Malondialdehyde (MDA) kit (A003-1-2, Nan-
jing Jiancheng Bioengineering Institute, Nanjing,
China) and total antioxidant capacity (T-AOC) kit
(A015-1-2, Nanjing Jiancheng Bioengineering Insti-
tute) were used to determine the antioxidant capacity
of the heart. The mouse heart tissue was ground into a
homogenate and processed according to the kit in-
structions (Song et al., 2021). MDA kit: firstly, the ho-
mogenate and reagents were added to centrifuge tubes
in sequence and mixed, then heated in warm water at
95 °C for 40 min, cooled, and centrifuged at 3500 r/min
for 10 min; finally, the absorbance of the solutions in
each tube was determined at 532 nm. T-AOC kit: after
mixing heart tissue homogenate and reagents, the solu-
tion was left for 10 min, and the absorbance values
were determined at 520 nm.

2.5 RNA isolation and quantitative real-time PCR
analysis

Total RNA was separated from lymphocytes in
both the control and NiCl, treatment groups by TRIzol
reagent at 18 h. Complementary DNA (cDNA) was
synthesized according to the instructions provided
with a reverse transcription kit (Transgene, Beijing,
China). Apoptosis-specific primers (B-cell lymphoma-2
(Bcl-2), Bel-2-associated X protein (Bax), Caspase-3,
Caspase-9, and Caspase-12) and endoplasmic reticulum

stress-specific primers (glucose-regulated protein 94
(GRP94), GRP78, C/EBP homologous protein (CHOP),
c-Jun N-terminal kinase (JNK), protein kinase RNA-
like endoplasmic reticulum kinase (PERK), activating
transcription factor 4 (ATF4), ATF6, X-box-binding
protein 1 (XBP1), inositol-requiring enzyme 1 (IRE1))
(Table 1) were designed based on known primer se-
quences using Primer BLAST at the National Center
for Biotechnology Information (NCBI) (Gong et al.,
2022). Quantitative real-time polymerase chain reac-
tion (qQPCR) was performed using a BIOER detec-
tion system (Hangzhou, China). All reactions were
performed in a 10-pL reaction mixture containing
5 uL of 2x SYBR Green I PCR MasterMix (BIOER
Technology, Hangzhou, China), 1 pL of cDNA, 0.3 uL
of each primer (10 pmol/L), and 3.4 uL of PCR grade
water (Li JH et al., 2022). The relative abundance of
each mRNA was calculated according to the 27
method, and values were normalized to the mean ex-
pression of glyceraldehyde-3-phosphate dehydrogen-
ase (GAPDH) (Liu XIJ et al., 2022; Cao et al., 2023).

2.6 Protein extraction and western blot analysis

Each group of hearts was collected, lysed on ice
with radio immunoprecipitation assay (RIPA) buffer
and phenylmethylsulfonyl fluoride (PMSF), and then
centrifuged at 12000 r/min and 4 °C for 25 min. So-
dium dodecyl sulfate (SDS) was added to the super-
natant, and samples were boiled for 10 min and pre-
served at =20 °C for detection (Chen et al., 2021). Pro-
teins were isolated and transferred to nitrocellulose
membranes after SDS-polyacrylamide gel electrophore-
sis (PAGE). Next, immunoblotting was performed,
and membranes were blocked with 5% (0.05 g/mL)
skimmed milk at 37 °C for 2 h and then incubated
with primary antibodies overnight. The protein ex-
pression of apoptosis-specific primers (Bax, Bcl-2,
Caspase-3, Caspase-9, and Caspase-12) and endoplas-
mic reticulum stress-specific primers (ATF6, ATF4,
CHOP, IRE1, JNK, and GRP78) was detected. The di-
lution ratios of primary antibodies are shown in Table 2.
Subsequently, membranes were washed three times
with 1x PBS-Tween-20 (PBST), incubated with a sec-
ondary antibody at room temperature for 1 h, and
washed three times with 1x Tris-buffered saline-
Tween-20 (TBST) (Zhang WY et al., 2023). The pro-
tein bands were visualized using enhanced chemilumi-
nescence detection reagents (Applygen Technologies



Inc., Beijing, China) and X-ray films (TransGen Bio-
tech Co., Beijing, China). The relative abundance of
proteins was standardized using B-actin as control
(Qiao et al., 2022; Zhang YH et al., 2023).

2.7 Data analysis

Statistical analysis was carried out by one-way
analysis of variance (ANOVA) using GraphPad Prism
Version 8.0 software, and Tukey’s multiple compari-
son test was conducted to analyze the differences (Liu
Q et al., 2022b; Zhang et al., 2022). All experiments
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were performed at least six times. The results were
expressed as meantstandard deviation (SD). Signifi-
cant differences between two or more groups were
indicated by P<0.05; in case no significant differences
between different groups were observed, P>0.05.

3 Results
3.1 Microscopic observation of the heart

Fig. 1 shows that the microstructures of mouse
cardiomyocytes in the control and KO control group

Table 1 Primers used in the present study

Gene name Forward (5'—3'") Reverse (5'—3")

GRP94 CTTCTACCAGACACCAAGGCGTATG GTTCTTCCTCCACCTGTGCTTCAG
GRP78 ATGATGAAGTTCACTGTGGTGG CTGATCGTTGGCTATGATCTCC
PERK GAGATCTGGCTCAAAGACGAAA AAGGAGCTATGACTTCGATCTG
ATF4 AGTTTAGAGCTAGGCAGTGAAG CATACAGATGCCACTGTCATTG
IREI TTACACATAGTACACCGTGACC CAGAATGGAGACTGAAGCTACA
XBP1 TTGCCTCTTCAGATTCTGAGTC CCAGGTGATGCCTTTGTTCTTGTTG
Cytce CCAAATCTCCACGGTCTGTTCGG AAGGAGCTATGACTTCGATCTG
Bax AGGCCTCCTCTCCTACTTCG CCTTTCCCCTTCCCCCATTC

Bcl-2 AGCATGCGACCTCTGTTTGA GCCACACGTTTCTTGGCAAT
Caspase-3 GAAACTCTTCATCATTCAGGCC GCGAGTGAGAATGTGCATAAAT
Caspase-9 TGTGAATATCTTCAACGGGAGC GAGTAGGACACAAGGATGTCAC
Caspase-12 TGGCCCATGAATCACATCTAAT TGGACAAAGCTTCAGTGTATCT
JNK CGCCTTATGTGGTGACTCGCTAC CTCCCATGATGCACCCAACTGAC
CHOP CTCCAGATTCCAGTCAGAGTTC ACTCTGTTTCCGTTTCCTAGTT
ATF6 TGCCTTGGGAGTCAGACCTATGG CTGTGGACCGAGGAGAGGAGATG
GAPDH GGCAAATTCAACGGCACAGTCAAG TCGCTCCTGGAAGATGGTGATGG

GRP: glucose-regulated protein; PERK: protein kinase RNA-like endoplasmic reticulum kinase; ATF: activating transcription factor; IRE1:
inositol-requiring enzyme 1; XBP1: X-box-binding protein 1; Cyt ¢: cytochrome c; Bcl-2: B-cell lymphoma-2; Bax: Bcl-2-associated X
protein; JNK: c-Jun N-terminal kinase; CHOP: C/EBP homologous protein; GAPDH: glyceraldehyde-3-phosphate dehydrogenase.

Table 2 Antibodies used in the present study

Antibody name Dilution ratio’ Size (kDa) Company information

ATF6 1:2000 75 Proteintech, Wuhan, China

ATF4 1:1500 39 Cell Signaling Technology, Inc., Boston, USA
CHOP 1:750 19 Wanlei, Shenyang, China

IRE1 1:1500 110 ABclonal, Wuhan, China
Caspase-3 1:500 32 Proteintech, Wuhan, China
Caspase-9 1:500 42 Proteintech, Wuhan, China
Caspase-12 1:500 42 Proteintech, Wuhan, China

JNK 1:500 46 Abmart, Shanghai, China

Bax 1:1000 23 Abmart, Shanghai, China

GRP78 1:1500 78 Proteintech, Wuhan, China

Bcel-2 1:500 26 Proteintech, Wuhan, China
GAPDH 1:10000 37 Proteintech, Wuhan, China

" Volume ratio. ATF: activating transcription factor; CHOP: C/EBP homologous protein; IRE1: inositol-requiring enzyme 1; JNK: c-Jun N-terminal
kinase; Bcl-2: B-cell lymphoma-2; Bax: Bcl-2-associated X protein; GRP78: glucose-regulated protein 78; GAPDH: glyceraldehyde-3-phosphate

dehydrogenase.
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were neatly shaped, the myocardial fibers were evenly
aligned, and staining was uniform. In contrast, mice
in the Ni group had more disorganized myocardial
fibers with wavy bending, crumpling, and even lysis.
In addition, gaps and inflammatory cell infiltration
were visible between cells, and myocardial fibers in
the KO Ni group were significantly disorganized with
increased gaps.

3.2 Ultrastructural observation of the heart

TEM was employed to evaluate the ultrastructure
of mouse heart tissue, and the results are shown in
Fig. 2. The nuclei of mouse heart tissue of the con-
trol group were intact and a large number of clear

Control

Y 7

KO control
WA WY M0

mitochondria were visible. Meanwhile, mice in the Ni
group exhibited nuclear wrinkling, mitochondrial
enlargement, and loss of mitochondrial cristae. Cardio-
myocyte nuclei in the KO Ni group were more wrin-
kled compared to the Ni group, and the endoplasmic
reticulum and mitochondria were fragmented.

3.3 Determination of heart antioxidant capacity

The antioxidant capacity of the mouse heart was
assessed by measuring the MDA content and T-AOC
activity. The results are depicted in Fig. 3. The activity
of T-AOC in the mouse heart of the Ni group was
significantly reduced compared to the control group
(P<0.05), while the content of MDA was significantly

Fig. 1 Results of H&E staining of the hearts of WT and SelM KO mice after exposure to NiCl, and/or MT. Control: WT
control group; Ni: WT+NiCl, group; MT: WT+MT group; Ni+MT: WT+NiCL+MT group; KO control: KO control
group; KO Ni: KO+NiCl, group; KO MT: KO+MT group; KO Ni+MT: KO+NiCL+MT group. The green arrows
indicate the normal morphology of myocardial fibers; the red arrows indicate widely spaced myocardial fibers; the
yellow arrows indicate abnormal myocardial fiber distances. H&E: hematoxylin and eosin; WT: wild-type; SelM:
selenoprotein M; KO: knockout; NiCl,: nickel chloride; MT: melatonin.

Control Ni

KO Ni

Fig. 2 TEM results of cardiac ultrastructure in WT and SelM KO mice after exposure to NiCl,. Control: WT control
group; Ni: WT+NICl, group; KO Ni: KO+NiCl, group. The green arrows indicate normal mitochondrial morphology;
the red arrows indicate abnormal mitochondria or endoplasmic reticulum. TEM: transmission electron microscopy;

SelM: selenoprotein M; WT: wild-type; KO: knockout; NiCl,:

nickel chloride.



increased (P<0.05). However, after MT treatment, the
cardiac MDA content and T-AOC activity were re-
versed (P<0.05), which was also the case in KO mice.
It should be noted that the MDA content of the Ni
group was significantly lower than that of the KO Ni
group (P<0.05).

3.4 mRNA and protein expression of endoplasmic
reticulum stress-associated genes

The protective effect of MT against nickel-induced
endoplasmic reticulum stress was investigated using
mRNA and protein expression assays on cardiac tis-
sues (Fig. 4). The PCR results showed that Ni signifi-
cantly increased the mRNA expression of GRP94,
IRE1, CHOP, ATF4, XBP1, PERK, and JNK (P<0.05),
while the mRNA expression of GRP78 or ATF6 was
not significant (P>0.05). The results of western blot
analysis showed that the protein expression of ATF4,
ATF6, IRE1, GRP78, CHOP, and JNK was signifi-
cantly higher in the Ni group compared to the control
group (P<0.05). The protein expression was signifi-
cantly lower in the Ni+MT group compared with
the Ni group (P<0.05). Notably, except for GRP7S,
the mRNA and protein levels were significantly in-
creased in KO Ni mice compared with the Ni group
(P<0.05).

3.5 mRNA and protein expression of apoptosis-
related genes

Fig. 5a presents the effects of NiCl, exposure on
the mRNA expression levels of apoptotic genes Bax,

15 9

MDA content (nmol/mg prot)
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Bcl-2, cytochrome ¢ (Cyt ¢), Caspase-3, Caspase-9,
and Caspase-12 in mouse hearts. The PCR results re-
vealed that the mRNA expression of Bax, Cyt c,
Caspase-3, Caspase-9, and Caspase-12 was increased
(P<0.05) in the Ni group, while the mRNA expres-
sion of Bcl-2 was decreased (P<0.05). These findings
were alleviated by treatment with MT. Fig. 5b shows
the protein results of apoptosis-related genes by
western blot analysis. In the Ni group, the protein ex-
pression of Bax, Caspase-3, Caspase-9, and Caspase-
12 increased while Bcl-2 expression decreased (P<
0.05). Furthermore, MT significantly reduced the
Ni-induced increase in apoptosis genes (P<0.05).
Notably, when compared to the Ni group, levels of
apoptosis-related mRNAs and proteins were signifi-
cantly increased in the KO Ni group (P<0.05), whereas
Bcl-2 expression was significantly decreased (P<0.05).
Taken together, these findings indicated that apoptotic
damage was more severe in SelM KO mice com-
pared to WT mice, and Ni-induced apoptosis was
alleviated by MT.

Fig. 6a shows the correlation of expression of
different genes determined in mouse hearts: apoptosis-
related genes positively correlated with endoplasmic
reticulum stress-related genes, except for Bcl-2. The
protein—protein interaction (PPI) network (Fig. 6b)
shows gene interactions; the interacting genes included
ATF4, ATF6, Caspase-3, Caspase-9, Bax, Bcl-2, and
XBP1I, suggesting that these genes play key roles in the
MT antagonism of nickel-induced apoptosis and endo-
plasmic reticulum stress, in which SelM is involved.
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Fig. 3 MDA content and T-AOC activity of the mouse heart. Control: WT control group; Ni: WT+NiCl, group; MT:
WT+MT group; Ni+MT: WT+NiCL+MT group; KO control: KO control group; KO Ni: KO+NiCl, group; KO MT:
KO+MT group; KO Ni+MT: KO+NiCL+MT group. Data are expressed as mean+SD (n=6). Different letters indicate
statistical differences between the different groups (P<0.05); in case of no differences, the same letters are used. MDA:
malondialdehyde; T-AOC: total antioxidant capacity; WT: wild-type; KO: knockout; MT: melatonin; SD: standard

deviation; prot: protein.
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of endoplasmic reticulum stress-related genes. Control: WT control

Ni+MT: WT+NiCL+MT group; KO control: KO control group; KO

Fig. 4 mRNA (a) and protein (b) expression results

mean£SD (n

in case of no differences, the

KO Ni+MT: KO+NiCL+MT group. Data are expressed as
same letters are used. mRNA: messenger RNA; WT: wild-type; KO: knockout; MT: melatonin; GRP: glucose-regulated

WT+NICl, group; MT: WT+MT group;

Ni:
Ni: KO+NiCl, group; KO MT: KO+MT group;

group;

between the different groups (P<0.05);

statistical differences

6). Different letters indicate

XBP1: X-box-binding protein 1; PERK: protein kinase RNA-like endoplasmic reticulum kinase; JNK: c-Jun N-terminal

protein; IRE1: inositol-requiring enzyme 1; CHOP: C/EBP homologous protein; ATF: activating transcription factor;
kinase; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; SD: standard deviation.
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Fig. 5 mRNA (a) and protein (b) expression results of apoptosis-related genes. Control: WT control group; Ni: WT+NiCl,
group; MT: WT+MT group; Ni+MT: WT+NiCL+MT group; KO control: KO control group; KO Ni: KO+NiCl, group;
KO MT: KO+MT group; KO Ni+MT: KO+NiCL,+MT group. Data are expressed as mean+SD (#=6). Different letters
indicate statistical differences between the different groups (P<0.05); in case of no differences, the same letters are used.

mRNA: messenger RNA; WT: wild-type; KO: knockout; MT:

X protein; Cyt c: cytochrome c¢; GAPDH: glyceraldehyde-3-p

4 Discussion

Previous studies have highlighted that Sec-to-Cys
mutant selenoprotein M (SelM') is capable of binding
and modulating Zn*-mediated ROS production and
neurotoxicity. That is, SelM may be involved in regu-
lating the redox balance as well as metal homeostasis
(Du et al., 2013). It has previously been observed that
costimulation of SelM overexpression and selenium
treatment may modulate multiple functions in the heart

melatonin; Bcl-2: B-cell lymphoma-2; Bax: Bcl-2-associated
hosphate dehydrogenase; SD: standard deviation.

by inducing a significant change in ERK phosphoryla-
tion (Lee et al., 2009; Miao et al., 2022a). In addition,
recent work has demonstrated that following nickel
exposure, glutathione peroxidase (GPX) activity de-
creases and superoxide dismutase (SOD) activity in-
creases in the brain and heart of goldfish (Kubrak
et al.,, 2014). In our study, after exposure to nickel,
myocardial fibers in WT mice displayed wavy bend-
ing, crinkling, and lysis phenomena, as well as a sig-
nificant infiltration of inflammatory cells between
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Fig. 6 Correlation of expression of apoptosis-related genes and endoplasmic reticulum stress-related genes in mouse
hearts. (a) Correlation heatmap indicates the correlation of detected gene expression in mouse hearts exposed to NiCl,
and/or MT, where red indicates a positive correlation and blue indicates a negative correlation. (b) PPI network was
regulated between apoptosis and endoplasmic reticulum stress based on the String database in mouse hearts exposed to
NiCl, and/or MT. NiCL: nickel chloride; MT: melatonin; PPI: protein—protein interaction; Bcl-2: B-cell lymphoma-2;
CHOP: C/EBP homologous protein; ATF: activating transcription factor; IRE1: inositol-requiring enzyme 1; Bax: Bel-2-
associated X protein; GRP: glucose-regulated protein; Cyt c: cytochrome ¢; PERK: protein kinase RNA-like endoplasmic
reticulum kinase; JNK: c-Jun N-terminal kinase; XBP1: X-box-binding protein 1; EIF2AK3: eukaryotic translation
initiation factor 2 alpha kinase 3; HSP90B1: heat shock protein 90 kDa beta (GRP94) member 1; PMAIP1: phorbol-
12-myristate-13-acetate-induced protein 1; CASP: caspase; MAPKS: mitogen-activated protein kinase 8; DDIT3: DNA
damage-inducible transcript 3 (Note: for interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article).

cells. Myocardial fibers in SelM KO mice displayed
even greater disorganization, with clear gaps and
more severe damage. Ultrastructural examination re-
vealed that the nuclei of the control group were un-
harmed and the mitochondria were clear. In the nickel-
exposed group, the nucleus was wrinkled and the mito-
chondria were expanded, while the endoplasmic reticu-
lum was ruptured in the nuclei of SelM KO mice.
Overall, these findings showed that nickel severely
damaged mouse cardiac tissue, and the damage was
worse in SelM KO mice.

SelM is a protein containing selenocysteine, has
redox activity, and is involved in antioxidant reactions
(Lu et al., 2012). It was previously found that the endo-
plasmic reticulum stress inducer dithiothreitol (DTT)
alters the expression of selenoproteins (SelS, SelK,
SelT, SelM, and SelN) in MCF7 breast cancer cells
(Selvik et al., 2013). In chickens with cartilage dam-
age and selenium deficiency, miR-138-5p participated
in the mitochondrial apoptosis pathway by targeting

SelM in chicken chondrocytes (Chi et al., 2019). Fur-
thermore, nano-selenium protected rat kidney cells ex-
posed to NiSO, by inhibiting endoplasmic reticulum
stress and mitochondrial pathway apoptosis (Wang
Y et al., 2021). In sesamin prevention experiments
against nickel-induced hepatotoxicity, NiCl, increased
the levels of ROS and lipid peroxidation, decreased
the activity of antioxidant enzymes (total SOD (T-
SOD), catalase (CAT), and GPX), and promoted
apoptosis by modulating the phosphatidylinositol 3-
kinase (PI3K)-protein kinase B (Akt) signaling path-
way (Liu et al., 2013; Li XJ et al., 2022). Our data
showed that nickel exposure increased the mRNA and
protein expression of IRE1, ATF6, ATF4, CHOP, INK,
BAX, Caspase-3, Caspase-12, and Caspase-9 in mouse
heart tissue and decreased that of Bcl-2. Thus, these
findings imply that too much nickel may cause stress
on the endoplasmic reticulum and apoptosis in mouse
hearts. Notably, the expression was more obvious in
the hearts of SeIM KO mice, indicating that SelM KO



influences nickel-induced apoptosis through control-
ling endoplasmic reticulum stress.

MT is an indole derivative produced by the pineal
gland that antagonizes the toxic effects of heavy metals.
Recent studies have shown that MT prevents cadmium-
induced nephrotoxicity by alleviating oxidative stress,
restoring the mitochondrial membrane potential, and
inhibiting mitochondrial fission mediated by dynamin-
related protein 1 (Drpl) and mitochondrial fission pro-
tein 1 (Fis1) (Dong et al., 2022). Lead toxicity caused
neurotoxicity and oxidative stress in the rat cerebel-
lum at specific developmental stages, whereas MT alle-
viated motor deficits and oxidative stress by antagon-
izing lead toxicity (Suresh et al., 2006; Fan et al.,
2021). In this study, MT alleviated myocardial injury
caused by Ni by alleviating oxidative stress and regu-
lating the IRE1/JNK/Caspase-3 pathway. Compared
with the Ni+MT group, heart injury in the KO Ni+MT
group was more severe. Data obtained from mRNA
and western blot analysis showed that, except for the
mRNA of GRP78, the mRNA and protein expression
of stress and apoptosis genes in the endoplasmic reticu-
lum of the two groups of mice was statistically dif-
ferent. Compared with the KO Ni group, the mRNAs
of endoplasmic reticulum stress-related genes (GRP94,
GRP78, IRE1, CHOP, XBP1, and JNK) in the KO Ni+
MT group did not show significant changes, and the
same was observed for mRNAs of apoptosis-related
genes (Bax, Bcl-2, Caspase-3, Caspase-9, and Caspase-
12). Thus, while MT alleviated some of the myocardial
damage caused by nickel, it did not play a sufficient
antagonistic role in SelM KO mice, indicating that
SeIM was very important in the process of Ni-
induced myocardial damage in mice.

5 Conclusions

In this study, a NiCl, intoxication model was es-
tablished in WT and SelM KO mice. MT alleviated the
occurrence of oxidative stress, endoplasmic reticulum
stress, and apoptosis in the hearts of WT mice, but not
in the hearts of SelM KO mice, indicating that the ex-
pression of SelM in the heart played a protective role.
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