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Porcine Deltacoronavirus (PDCoV), an enveloped positive-strand RNA virus
that causes respiratory and gastrointestinal diseases, is widely spread
worldwide, but there is no effective drug or vaccine against it. This study
investigated the optimal Selenium Nano-Particles (SeNPs) addition
concentration (2 - 10 ug/mL) and the mechanism of PDCoV effect on ST
(Swine Testis) cell apoptosis, the antagonistic effect of SeNPs on PDCoV. The
results indicated that 4 ng/mL SeNPs significantly decreased PDCoV replication
on ST cells. SeNPs relieved PDCoV-induced mitochondrial division and
antagonized PDCoV-induced apoptosis via decreasing Cyt C release and
Caspase 9 and Caspase 3 activation. The above results provided an idea and
experimental basis associated with anti-PDCoV drug development and
clinical use.
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Abbreviations: Caspase, Cysteinyl aspartate specific proteinase; Cyt C, Cytochrome C; Drpl, Dynamin-
like proteinl; Fisl, Mitochondrial fission proteinl; LLC-PK, LLC porcine kidney cell line; Mfnl1/2,
Mitofusin1/2; OPA1, Optic Atrophyl; PDCoV, Porcine deltacoronavirus; gPCR, Quantitative Real-time
PCR; SeNPs, Selenium Nano-Particles; ST, Swine testis; WB, Western Blotting.
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Introduction

Porcine Deltacoronavirus (PDCoV), an enveloped RNA
virus, is a swine gastrointestinal pathogenic virus. Infection
with the virus causes diarrhea, dehydration, and vomiting in
sows and piglets (1-3). PDCoV was first detected in Hong Kong,
China, in 2012 (4) and has spread to many regions and countries
worldwide (5-10), causing colossal impact and economic losses
to the global swine industry. In recent years, many studies have
reported the isolation of PDCoV from other species, such as
cattle and poultry (11-13). In addition to infecting animals,
researchers identified PDCoV, which come from two distinct
viral lineages in plasma samples of three Haitian children with
acute undifferentiated febrile illness (14). These indicate that
PDCoV has the capability of cross-species transmissions, which
deserve high priority. Furthermore, studies have reported that
added trypsin could increase virus titer, accompanied by visible
CPE compared to no or lower trypsin concentrations (15, 16).

Apoptosis is programmed cell death that reduces the size of
apoptotic cells, chromatin consolidation in the nucleus, and
degradation and fragmentation of DNA under physiological or
pathological conditions (17, 18). PDCoV infection induces tissue
or cell apoptosis. Duan et al. detected a great number of
apoptotic signals in the jejunum and ileum of pigs infected
with the PDCoV strain CHN-HN-1601 by oral administration
with 1 x 106 TCIDs (19). The experiment of Jung et al. showed
that piglets inoculated orally with 8.8 - 11.0 log;, genomic
equivalents (GE) of US PDCoV strain OH-FD22 do not
induce apoptosis in gut cells but induce LLC-PK and ST cells
apoptosis in vitro (1). Therefore, the effect of this virus on
apoptosis deserves further study.

Cytochrome C (Cyt C) is a crucial apoptotic signaling
molecule, and its release from mitochondria is a key event in
apoptosis (20). Cyt C released into the cytoplasm binds to
Apoptosis protease activating factor-1 (Apaf-1) to form an
apoptotic complex, which activates Caspase 9 and Caspase 3
to activate the apoptotic cascade pathway and ultimately induce
apoptosis (21, 22). Mitochondria are important organelles in
cells. Many studies have shown that the abnormal function of
mitochondria is closely related to the occurrence of apoptosis.
According to previous studies, approximately 15% of Cyt C is
bound to the outer and inner membrane of the mitochondrial
membrane gap in a normal physiological environment. Still, this
binding is not tight and is easily separated by external stimuli.
The remaining 85% of Cyt C is located in the mitochondrial
cristae (23, 24), and Cyt C release is associated with
mitochondrial dynamics homeostasis and its associated
proteins. Mitochondrial dynamics is an important event that
affects the morphology and number of mitochondrial networks;
this process is regulated by mitochondrial fission proteins (Drpl,
Fisl) and mitochondrial fusion proteins (Mfnl, Mfn2, and
OPA1); when the dynamic balance of mitochondria is
disrupted, it can lead to changes in mitochondrial morphology
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and number or structural damage, which affects many biological
processes, including apoptosis (22).

Selenium is a trace element that is essential in the body and
inhibits the replication of many viruses, making it an excellent
candidate for treating viral infections. According to research,
selenium-deficient mice are more susceptible to Coxsackie virus
B (CVB) and influenza virus (IV), as well as having more severe
organ and tissue damage (25, 26). Furthermore, the cure rates of
the new coronavirus (SARS-CoV-2) is strongly related to
selenium intake and status in different Chinese areas
(27). Serum selenium levels are linked to the prognosis of
Corona Virus Disease 2019 (COVID-19), and higher serum
selenium levels are related to a higher cure rate (28). In a
previous study by our group, it was discovered that Se-Met
inhibited PDCoV replication in vitro, and selenium could
alleviate the viral infection-induced oxidative stress, and
increased the levels of various cytokines in host cells, boosting
the level of cellular immunity to inhibit virus replication (29). To
sum up, selenium may be a promising drug for treating COVID-
19 and other virus infections, allowing for the development of
new and highly effective antiviral drugs. Furthermore, Selenium
Nano-Particles (SeNPs) are characterized by high activity, low
toxicity, and easy absorption by the human body, and exhibit
good antiviral activity against dengue virus (DENV) in Hela and
HepG2 cells (30). SeNPs has powerful antioxidant and
cytotoxicity-reducing properties (31). On the one hand, SeNPs
can promote apoptosis of cancer cells in vitro through the
mitochondrial pathway (32), and on the other hand, they have
antioxidant, anti-oxidative stress, and anti-apoptotic effects on
focal tissues (33). In addition, SeNPs can reduce mitochondrial
dysfunction in disease states, thereby reducing apoptosis (34).

We cultured swine testis (ST) cells in vitro, performed and
compared the optimal trypsin addition concentration in
PDCoV infection, and investigated the potential relationship
between mitochondrial homeostasis-related proteins and
apoptosis and apoptotic proteins under PDCoV infection, as
well as the effect of SeNPs addition on virus replication
and apoptosis, providing a theoretical foundation for
drug research and development and clinical medication
against PDCoV.

Materials and methods
Cells and virus

Porcine testicular cells were cultured with 90% DMEM high
sugar medium, 9% fetal bovine serum, 1% Penicillin-
Streptomycin-Mycoplasma Removal Agent Solution, incubated
at 37°C. The PDCoV HNZK-04 strain (GenBank accession no:
MH?708124.1) isolated and preserved according to the method of
Jin (35) et al. was used in this experiment. ST cells were infected
with PDCoV (MOI=0.07).
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Drugs

SeNPs were purchased from Yantai Jialong Nano Industry
Co., Ltd., lot 202107027, 100g, red liquid. Trypsin (powder) was
purchased from Sigma Aldrich.

Characterisation and identification
of SeNPs

SeNPs were characterized using transmission electron
microscopy (TEM) and Energy Dispersive X-ray (EDX). TEM
was used to observe the morphological structure of the SeNPs,
including shape and size, and EDX was used to identify some of
the elements. The experimental characterization was carried out
at the Fuda testing group in Shanghai.

CCK-8 assay for cytotoxicity of trypsin
and SeNPs

The CCK-8 method was used to assess the cytotoxicity of
trypsin and SeNPs in vitro. A control group (cells and culture
medium) and a test group (cell culture medium, trypsin, or
SeNPs) were set up. In 96-well plates, cells were seeded and
incubated overnight. After two D-Hanks washes, trypsin was
added at 2, 3, 4, 5, 6, 7, 8, 9, and 10 pg/mL (n=6). After
washing the cells twice with D-Hanks solution, CCK-8 solution
was added, and absorbance at 450 nm was measured using an
enzyme marker. After pre-experimentation, SeNPs were added to
the culture medium at final concentrations of 0, 1, 2, 4, 6, 8, 10, 12,
14 pg/mL. The preceding experimental steps were followed.

The detection of viral replication and
mitochondrial dynamics related-protein
MRNA expression by RT-qPCR

Total cellular RNA was extracted using the traditional Trizol
method. cDNA was synthesized and amplified using the
TransScript All-in-One First-Strand ¢cDNA Synthesis
SuperMix for the qPCR kit, and ¢cDNA was quantified in the
CFX Connect real-time PCR detection system (BIO-RAD).
Relative gene expression levels were calculated using Equation
27 (A4CY (using B-actin as the reference gene). Primers were
designed according to the NCBI database, and Primer Premier
5 software and the primer sequences shown in Table 1 were pre-
experimentally screened.

The experiment “The effect of trypsin on PDCoV-infected
ST cells” was divided into two groups: virus (respectively added
1, 2, 3 and 4 pg/mL trypsin) and control and PDCoV replication
were measured 48 h after viral infection (n=6).
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TABLE 1 Primer sequence.

Gene name Sequence (5’-3’)
Mpro F: CITATTCTGCTTTGGCTGCTC
R: GGATATGAAGGTTAGTACGGC
B-actin F: GGCACCACACCTTCTACAACGAG
R: TCATCTTCTCACGGTTGGCTTTGG
Drpl F: AATTGAGGCCGAGACAGACC
R: GGAACTCGATGTCAGGAGGC
Fis1 F: ACAGAGCCACAGAACAACC
R: AGTCCAATGAGTCCAGCC
Mfnl F: AAGGAACGGATGGAGATAAAGC
R: TGCGACCAAAACGAAGACATC
Mfn2 F: GGGCATTCTCGTTGTTGG
R: AGCTTCTCGCTGGCGTACT
OPAI F: CGAAAGAACCTTGAATCCC

R: AATAGAAGCCTCTCCGACA

The experiment “The mRNA expression of mitochondrial
dynamics-related proteins in ST cells after PDCoV infection”
was divided into two groups: virus and control, and RT-qPCR
assays were performed at 6, 24, and 48 h after PDCoV
infection (n=6).

The experiment “The inhibitory effect of SeNPs on PDCoV
replication” was divided into four groups: virus, virus plus 2ug/
mL SeNPs, virus plus 4ug/mL SeNPs and virus plus 8pg/mL
SeNPs. RT-qPCR was used to assess intracellular viral
replication 6, 24, and 48 h after PDCoV infection (n=6).

Infectivity of PDCoV on ST cells at
different trypsin concentrations by
indirect immunofluorescence assay

The cells were seeded with cell slides, and after culturing for
a certain time, the slides were stained, and the fluorescence was
observed using an Olympus inverted biological microscope.

The test was grouped into control and viral groups and
tested at 48 h post-infection.

Western blotting detects the expression

of ST cell apoptosis-related proteins and
mitochondrial dynamics-related proteins
after PDCoV infection

Total Protein: Cellular proteins were extracted according to
the extraction kit, and concentrations were determined using the
BCA Protein Concentration Assay Kit. Mitochondrial proteins:
the cell pellet was collected after the cells were digested,
triturated 30 - 40 times on ice with a homogenizer added to
HEPES solution, and after multiple centrifugal cleavages, the
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supernatant was collected to determine the protein
concentration using a BCA protein concentration assay kit.

The experiment “Effect of SeNPs on the expression of
mitochondrial dynamics-related proteins in ST cells after
PDCoV infection” was grouped into virus ,control, SeNPs, and
virus plus SeNPs groups, and WB assays were performed at 6, 24,
and 48 h (n=3).

The experiment “Effect of SeNPs on the expression of
apoptosis-related proteins in PDCoV-infected cells” was
divided into four groups: control, virus, SeNPs, and virus plus
SeNPs groups, with WB assay at 6, 24, and 48 h (n=3).

Flow Cytometry- Annexin-FITC/PI
double-staining assay for apoptosis
detection

Cells were stained according to the Annexin V-FITC
Apoptosis Detection Kit (Wuhan servicebio Technology Co.,
Ltd.), followed by 100 - 200 uL cell suspension for apoptosis
detection using flow cytometry FITC and PE passages, with
blank and isotype control tubes first, followed by tubes to be
tested. Flowjo V10 software was used to analyze the results.

The test “Inhibition of PDCoV-induced ST cell apoptosis by
SeNPs” was divided into control, virus, SeNPs, and virus plus SeNPs
groups and assayed by flow cytometry at 6, 24, and 48 h (n=3).

Statistical analysis

The test results are expressed as mean + standard deviation.
The experimental data were sorted and unified in Excel, and SPSS
21.0 software was used for significant difference analysis, and the
least significant difference (LSD) method was used to compare the
data, respectively. P < 0.05 indicates statistical significance.

Results

Optimal trypsin concentration selected
under PDCoV infection

The addition of trypsin at < 4 ug/mL had a non-significant
promotion effect on ST cell viability compared to the control
group (P > 0.05), while the addition of trypsin at > 5 pug/mL
inhibited the growth of ST cells, with a significant difference
between 7 - 10 ug/mL of trypsin (P < 0.01) (Figure 1). Based on
the results of the CCK-8 test, settings of 1, 2, 3, and 4 pug/mL of
trypsin were used for subsequent tests.

Following that, we looked at the expression of PDCoV M
protein mRNA at various trypsin concentrations. As shown in
Figure 2, in the concentration range of 1 - 4 ug/mL, viral
replication increased significantly (P < 0.01) with the increase
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of trypsin concentration compared to the group without trypsin,
in which the viral replication was highest after the addition of 4
pg/mL trypsin, about 70.4 times higher than that of the group
without trypsin.

To further confirm the optimal trypsin concentration for
PDCoV infection of ST cells, we used the indirect
immunofluorescence method to observe the infection of ST
cells by PDCoV after adding different concentrations of
trypsin. As shown in Figure 3, the cells with different
concentrations of trypsin added could all observe obvious
green fluorescence, whereas no fluorescence was observed in
the group of cells without added trypsin; and the density of
fluorescence increased with the increase of trypsin concentration
in the range of 1 - 4 ug/mlL, indicating that the higher the
concentration of trypsin, the higher the expression of N protein,
i.e., the more ST cells were infected with PDCoV. The density of
cells infected with PDCoV was greatest at a trypsin
concentration of 4 pg/mL, and therefore the addition of 4 pg/
mL of trypsin was chosen for all subsequent experiments.

Characterisation of SeNPs

The nanoparticles were subsequently analyzed by EDX
(Figures 4, 5). The characteristic absorption peaks of SeNPs were
present in the spectra at 1.37, 11.22, and 12.49 keV, respectively. in
addition, signals of elements such as C and O were also present. the
SeNPs The concentration of SeNPs was 2.8 mg/mL.

Assay SeNPs on cell viability

The cytotoxicity of SeNPs to ST cells in the range of 0 - 14
pg/mL (as determined by pre-experiment) was assessed using
the CCK-8 method. As a result, SeNPs were not significantly
cytotoxic in the range of 0 - 8 pug/mL, and the cell survival rate
was greater than 100% (Figure 6). The data showed that the
maximum concentration of SeNPs was 8 pug/mL. Based on this,
2, 4, and 8 ug/mL were selected for subsequent SeNPs
antiviral assays.

SeNPs inhibit the replication of PDCoV in
ST cells

PDCoV-infected ST cells were treated with 2, 4, and 8 pg/mL
of SeNPs, and the expression of viral M protein mRNA was
measured after 6, 24, and 48 h. As a result, all three
concentrations of SeNPs inhibited viral replication significantly
(P < 0.01) after 6 h of treatment, with the replication of 4 ug/mL
SeNPs reaching approximately 0.318 times that of the non-
SeNPs group (Figure 7). As the treatment time increased, the
inhibitory effect of SeNPs became more significant, with the

frontiersin.org


https://doi.org/10.3389/fimmu.2022.972499
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Ren et al. 10.3389/fimmu.2022.972499
1204
g 110
£ 100- _—
= *% oo
<
; 90 * %
3
O 80
70 1 I I I 1 1 1
0 2 4 6 8 10 12
Trypsin concentration (pg/mL)
FIGURE 1

Effects of different trypsin concentrations on the viability of ST cells. * indicates that the difference is significant (P < 0.05) compared with the
group added with O ug/mL trypsin, ** indicates that the difference is extremely significant (P<0.01), and no indication indicates that the

difference is not significant (P > 0.05), n=6.

three concentrations at 24 h being 0.042, 0.030, and 0.021 times
compared to the replication of the PDCoV groups, and at 48 h
reaching 0.026, 0.003, and 0.004 times compared to the
replication of the PDCoV groups, respectively. The above
results demonstrate that SeNPs have a good anti-PDCoV effect
and that this effect is enhanced with increasing duration of
infection. Therefore, 4 pug/mL SeNPs were selected for
subsequent experimental studies in this trial.
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SeNPs repress PDCoV-induced apoptosis
in ST cells

It has been reported that PDCoV infection induces apoptosis
in LLC-PK and ST cells. Our experiments demonstrated the
inhibitory effect of SeNPs on PDCoV replication. To investigate
whether SeNPs inhibit PDCoV-induced apoptosis, we measured
the apoptosis rate by Annexin-FITC/PI double-staining assay
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FIGURE 2

Effects of different trypsin concentrations on PDCoV replication. **indicates that the difference is extremely significant compared with the O
ug/mL trypsin group (P < 0.01); ## indicates extremely significant difference (P < 0.01); No notation indicates that the difference is not

significant (P > 0.05), n=6.
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DAPI Npro Merge

- |
FIGURE 3

Changes in ST cells infected with PDCoV under different trypsin
concentrations (400x). DAPI-stained nuclei are blue after UV
light excitation and green after blue light excitation after primary
and secondary antibodies binding to viral proteins.
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2 pg/mL
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after 6, 24, and 48 h treatment of infected cells with SeNPs.
According to the findings in Figure 8, after 6h of PDCoV
infection, the apoptosis rate increased slightly compared to the
control group. There was no significant difference between the
apoptosis rate in the SeNPs-treated group and the PDCoV group
(P> 0.05), indicating that PDCoV infection had a lower effect on

10.3389/fimmu.2022.972499

apoptosis in the early stage. The addition of SeNPs treatment did
not inhibit the early infection-induced apoptosis few cells. With
the increase in infection time, the late apoptosis rate, and total
apoptosis rate were all significant increases in the PDCoV group
compared with the control group after 24 h (P < 0.01). After
SeNPs treatment of infected cells, the difference in early
apoptosis rate was not significant (P > 0.05), late apoptosis
and total apoptosis rates were significantly decreased (P < 0.01),
and there was no significant change in the SeNPs group
compared to the control group (P > 0.05). At 48h, compared
to the controlgroup, the early apoptosis rate, late apoptosis rate
and total apoptosis rateof the viral group were significantly
increased (P < 0.01 or P < 0.05), and the late apoptosis rate
and total apoptosis rate were significantly decreased after SeNPs
treatment (P < 0.01). The above results indicated that PDCoV
could induce apoptosis of ST cells in vitro, and the addition of
SeNPs could significantly inhibit the apoptosis induced by virus.
And the longer the infection time, the more the number of
apoptotic cells, the more obvious the effect of its inhibition.

SeNPs inhibit PDCoV-induced Cyt
C release

Cyt C is an important apoptotic factor normally found in
mitochondria and is released from mitochondria to the
cytoplasm when apoptosis is stimulated, which is a critical
event in apoptosis. The cytoplasmic Cyt C content was
determined, and the results are shown in Figure 9. At the
three time points, the control group had very few protein
amounts of Cyt C in the cytoplasm, and the cytoplasm
contained almost no Cyt C at 6 and 24 h, indicating that
mitochondria release little or almost no Cyt C into the cells

FIGURE 4

Transmission electron microscopy of SeNPs. (A, B) are magnified 50,000 times. (C, D) are magnified 100,000 times.
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FIGURE 5
Energy Spectrum Analysis of SeNPs.

under normal conditions. In contrast, the cytoplasmic Cyt C
contents were significantly higher in the PDCoV-infected
groups at 6, 24, and 48 h than those in the control groups
(P < 0.01) and increased with increasing infection duration,
indicating that PDCoV infection could conduce the release of
Cyt C from mitochondria, and the longer the duration of
infection, the greater the amount of release. Cyt C content in
the cytoplasm of the SeNPs-treated group (PDCoV+SeNPs)
was significantly lower compared with the PDCoV group, and
the differences were all highly significant (P < 0.01), while the
SeNPs-treated group was significant (P < 0.05) at 6 h
compared with the Control group. The SeNPs group was
higher than the Control group at 6 h, 24 h and 48 h, but the
differences were not significant (P > 0.05). The above results
suggest that SeNPs treatment reduced Cyt C release, while the

addition of SeNPs alone had no significant effect on Cyt

C release.

SeNPs inhibit PDCoV-induced Caspase 3
and 9 activation

After Cyt C is released into the cells, it activates downstream
Caspase 9 and Caspase 3, further triggering the apoptotic
cascade. To explore whether the two apoptotic proteins are
activated after PDCoV infection and the effect of SeNPs
treatment, we examined the activated Caspase 9 and Caspase 3
in the cells by the WB method, and the results are presented in
Figure 10. The amount of activated Caspase 9 and Caspase 3
protein increased significantly after PDCoV infection compared

2.0
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sk
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.%
; 1.0
% ek
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0.54 ol sk
000 L] T L} L] 1 T L] L]
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FIGURE 6

Effects of different SeNPs concentrations on the viability of ST cells In the figure ** indicates that the difference is extremely significant
compared with the group added with 0 ug/mL SeNPs (P < 0.01), and no indication indicates that the difference is not significant (P > 0.05), n=6.
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FIGURE 7

Effects of different concentrations of SeNPs on PDCoV replication in ST cells. ** indicates an extremely significant difference between different
concentrations of SeNPs treatment group and PDCoV group (P <; 0.01), and no indication indicates no significant difference (P > 0.05), n=6

to the control group, and the difference was significant
(P < 0.01). And the longer the infection, the higher the
expression of the two proteins. At 24 h and 48 h, after SeNPs
were added, Caspase 9 protein content was lower than that of the
PDCoV group, and the difference was significant (P < 0.01), and
there was no significant change in protein content in the SeNPs
group compared to the control group. Meanwhile, Caspase 3
levels were significantly lower in the SeNPs-treated group than
in the PDCoV-infected group at 24 and 48 h (P < 0.01).

SeNPs alleviate PDCoV-induced
increased mitochondrial division

To see if SeNPs’ inhibition of PDCoV-induced Cyt C release
was associated with mitochondrial dynamics, we examined the
changes in dynamics-related proteins in mitochondria after
PDCoV infection and SeNPs treatment. The outcomes are
depicted in Figure 11. Drpl protein expression was
significantly increased (P < 0.05 or P < 0.01) after 24h and
48 h PDCoV infection, but there was no effect on Fisl protein
expression. In contrast, the expression of mitochondrial fusion
proteins Mfn1, Mfn2, and OPAL1 significantly reduced after 24h
and 48 h PDCoV infection (P < 0.05 or P < 0.01). According to
the data presented above, PDCoV infection increases
mitochondrial fission protein levels while decreasing fusion
protein levels. And, within a certain range, the longer the
infection time, the greater the amount of change. After adding
SeNPs to infected cells, Drpl protein levels reduced, while Mfn1,
Mifn2, and OPA1 protein levels improved compared to the virus-
infected group. In summary, PDCoV disrupted the dynamic
balance of mitochondria in ST cells, resulting in increased
mitochondrial division and decreased fusion, and SeNPs
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treatment can mitigate the excessive mitochondrial division to

some extent.

Discussion

PDCoV primarily affects the digestive tract of piglets in vivo,
but studies have revealed that LLC-PK and ST cells are most
susceptible to PDCoV in vitro (16) and that PDCoV can be
isolated and passed continuously in these two cells, making them
the most commonly used for PDCoV proliferation in vitro.
Trypsin has been demonstrated to increase viral infectivity in
cells (36). In a similar vein, after 24 h of incubation on ST cells
without trypsin, no cells were infected with PDCoV by
immunofluorescence, and when 4 ug/mL of trypsin was added,
virus replication increased 70.4 times that of the non-addition
group, which could be because trypsin promotes PDCoV
attachment to cells (37) cleaving and activating the PDCoV S
protein, allowing the virus to enter cells (38). Trypsin has also
been proposed to promote viral replication by provoking the
fusion of infected cells’ intercellular membranes (39).

In this experiment, we used an apoptosis assay to show that
PDCoV caused a significant increase in the apoptosis rate of ST
cells after 24 and 48 h of infection and that the longer the
infection duration, the higher the apoptosis rate, indicating that
PDCoV-induced apoptosis of ST cells in the middle and late
stages of infection, and the induction of apoptosis became more
obvious with the increase of infection duration, consistent with
results by Jung et al. (1). Several studies showed that it promoted
viral infection and replication by regulating apoptosis. The
cytomegalovirus (CMV) viral protein vMIA blocks apoptosis
by binding to the pro-apoptotic protein Bax, which is recruited
to and bound to mitochondria. Rotavirus (RV) promotes the
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spread of virus progeny by activating the mitochondrial route of
apoptosis in the late stages of infection, allowing viral particles to
spread to surrounding cells (40, 41).

In most cell death models, the release of Cyt C from
mitochondria results in the formation of an apoptosome with
Apaf-1, which sequentially activates Caspase 9 and Caspase 3,
triggering the apoptotic cascade response (23, 24). This
experiment found that the amount of Cyt C protein in the
cytoplasm significantly increased with time after PDCoV
infection. Subsequent detection showed that the expression of
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Cyt C downstream proteins Caspase 9 and Caspase 3 increased
after virus infection, and the content was positively correlated
with the infection time, indicating that PDCoV induces the
mitochondrial release of Cyt C and then activates the Caspase
apoptosis cascade. Mitochondrial dynamics are tightly linked to
apoptosis. Many studies have argued that increased
mitochondrial division leads to apoptosis, and many viruses
take advantage of this to disrupt the dynamics balance to induce
apoptosis (42). Therefore, we investigated whether PDCoV
disrupts mitochondrial morphology by interfering with
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Effect of SeNPs on mitochondria dynamics-related proteins of ST cells infected with PDCoV. (A) Immunoblot bands of mitochondrial dynamic-
related proteins Drpl, OPAL, Fisl, Mfnl, and Mfn2 in each treatment group at 6, 24, and 48 h; (B—F) are the histograms after analyzing and
counting the gray value ratios of the target protein and the reference protein of Drpl, OPAL, Fisl, Mfnl, and Mfn2 respectively. * indicates that
the difference is significant compared with the control group (P < 0.05), ** indicates that the difference is extremely significant compared with
the control group (P < 0.01); # indicates that there is a significant difference between the PDCoV group and the PDCoV+SeNPs group (P < 0.05),
## indicates that there is a significant difference between the PDCoV group and the PDCoV+SeNPs group (P < 0.01), and there is no significant

difference (P > 0.05) in the unlabeled expression, n=3.

mitochondrial dynamics, further leading to the release of Cyt C.
After PDCoV infection, we identified a substantial increase in
the mitochondrial fission protein Drpl and a decrease in the
expression of the fusion proteins Mfnl, Mfn2, and OPAl,
indicating that the virus causes excessive mitochondrial
division. Similar to the results of this assay, Mukherjee et al.
discovered that RV infection of cells resulted in increased
mitochondrial division, the release of Cyt C, and consequent
activation of the apoptotic pathway by promoting the expression
of the fission protein Drpl and degradation of the fusion protein
Mifnl (41). It has also been demonstrated that Drpl-mediated
mitochondrial division induces the release of Cyt C. When Drpl
expression is inhibited, it reduces fragmented mitochondria and
inhibits Cyt C release and nuclear DNA fragmentation (43).
OPAL1 is a mitochondrial cristae remodeling protein stabilizing
cristae morphology and limiting intracristae protein release. The
significant decrease in OPA1 expression observed in this
experiment could also be a crucial factor in the release of Cyt
C from mitochondrial cristae. The relationship between
mitochondrial division and apoptosis is still being debated.
Although mitochondrial division is commonly thought to be
an early event in apoptosis, some studies have found that
inhibiting mitochondrial division only had a minor effect on
Cyt C release and had no effect on the release of other apoptotic
factors in mitochondria, implying that mitochondrial division
may not be the primary cause of Cyt C release (44). It has also
been argued that mitochondrial division is only essential when
large amounts of Cyt C are required to activate the Caspase
pathway (45). Hence more studies are needed to clarify the
relationship between the two in the future.

In our another experiment, ST cells were treated by four kinds
of interactions between SeNPs and virus in vitro. Samples were
collected to detect the amount of virus replication in cells to explore
the antiviral effect of SeNPs. The experiment contains anti-
adsorption effect of SeNPs (equal volumes of virus and SeNPs
were added directly to the cells, incubated for 1 h at 4°C
refrigerator, washed, added to trypsin culture medium, and
incubated in the cell incubator), preventive effect of SeNPs (virus
was added to the cells pretreated with SeNPs for 1 h, incubated for
1 h in the cell incubator, washed, added to culture medium, and
incubated in the cell incubator), therapeutic of SeNPs (virus
pretreated cells, incubated in the cell incubator for 1 h, washed,
added to the culture medium containing trypsin and SeNPs and
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placed in the cell incubator), and direct inactivation of SeNPs
(virus and SeNPs mixture preincubated at 4°C for 1 h, incubated in
the cell incubator for 1 h, washed, added to the culture medium
and placed in the cell incubator). It was found (data not shown in
this paper) that direct inactivation of the virus by SeNPs was nor
significant. And the optimal effect related to SeNPs is therapeutic
effect compared to anti-PDCoV adhesion effect, protective effect,
direct inactivation effect. Therefore, we suggest that SeNPs inhibits
apoptosis caused by viruses by alleviating excessive mitochondrial
division, but deeper mechanism needs further trials to verify.

There are no effective drugs for PDCoV treatment or
prevention. Although many studies have shown that certain
drugs can inhibit PDCoV replication (46-49), these drugs are
not used in production. As a result, finding an anti-PDCoV drug
that can be applied in production is a problem that must be solved.
In this study, we discovered that the viral M-gene replication
reached 0.318, 0.030, and 0.003 times respectively compared to the
control groups at 6, 24, and 48 h after adding 4 pig/mL of SeNPs,
indicating that SeNPs had a strong anti-PDCoV ability. The
inhibition of virus replication by selenium in vitro has been
reported in various reports. Diphenyl diselenide (PhSe)
inhibited the replication of herpes simplex virus 2 (HSV-2) in
Vero cells (50). Na,SeO; inhibited the replication of the hepatitis
B virus (HBV), and the inhibitory effect increased with increasing
Na,SeO; concentration or treatment time (51). In Madin-Darby
Canine Kidney (MDCK) cells, modified SeNPs inhibit the HIN1
influenza virus and Caspase 3-mediated apoptosis caused by virus
infection (52, 53). Our previous research found that
selenomethionine (Se-Met) inhibited PDCoV replication on
LLC-PK cells (29). However, most of the above studies are on
inorganic and organic selenium, and there are few studies on the
antiviral effects of SeNPs. We compared the results of this trial to
the previous ones and discovered that SeNPs had better anti-
PDCoV effects than Se-Met, which could be due to SeNPs’ easier
absorption, implying that SeNPs have greater antiviral potential
than organic and inorganic selenium and could be a viable drug
for the treatment of PDCoV and other virus infections.

Current studies associated selenium are primarily focused on its
antiviral and antioxidant properties, with few reports linking
selenium to apoptosis. Some studies have shown that selenium
can inhibit apoptosis caused by certain toxic agents. Wang et al.
discovered that L-selenomethionine reduced excessive apoptosis
induced by Ammonia (NH3) and abnormal changes in
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mitochondrial dynamics-related proteins (54). Selenium-rich yeast
(SeY) attenuated potassium dichromate (K,Cr,0,) induced
apoptosis in poultry kidney tissue via modulating the mitogen-
activated protein kinase pathway (55). Wang et al. manifested that
sodium selenite (SS) and (Se-Met) could reduce tertbutyl
hydroperoxide (TBHP) induced oxidative stress, inhibited
mitochondrial fission and apoptosis of nucleus pulposus cells
(NPCs) (56). In vitro studies have shown that selenium
supplementation can inhibit viral infection by increasing
glutathione peroxidase 1 (Gpxl) activity and reducing reactive
oxygen species (ROS) content, JNK phosphorylation levels (57-59).

According to our findings, adding SeNPs to infected cells
significantly reduced the apoptosis rate and inhibited the release
of Cyt C and the activation of Caspase 9 and Caspase 3, implying
that SeNPs inhibit PDCoV-induced apoptosis. Subsequent
experiments revealed that SeNPs could, to some extent, reduce
the increase in Drpl protein level caused by PDCoV and elevate
the decrease in Mfn1, Mfn2, and OPA1 protein levels caused by
PDCoV. In summary, it may be inferred that SeNPs exerted
antiviral effects by alleviating excessive mitochondrial division
and inhibiting Cyt C release in the middle and late stages of
PDCoV infection, thereby antagonizing virus-induced apoptosis
and thus inhibiting the propagation and spread of virus particles,
but more studies are needed to confirm this point.

Data availability statement

The original contributions presented in the study are
included in the article/supplementary materials. Further
inquiries can be directed to the corresponding author.

Ethics statement

Ethical review and approval was not required for the study
on human participants in accordance with the local legislation
and institutional requirements. Written informed consent from

References

1. Jung K, Hu H, Saif LJ. Porcine deltacoronavirus induces apoptosis in swine
testicular and llc porcine kidney cell lines in vitro but not in infected intestinal
enterocytes in vivo. Vet Microbiol (2016) 182:57-63. doi: 10.1016/
j.vetmic.2015.10.022

2. Chen Q, Gauger P, Stafne M, Thomas J, Arruda P, Burrough E, et al.
Pathogenicity and pathogenesis of a united states porcine deltacoronavirus cell
culture isolate in 5-Day-Old neonatal piglets. Virology (2015) 482:51-9.
doi: 10.1016/j.virol.2015.03.024

3. Dong N, Fang L, Yang H, Liu H, Du T, Fang P, et al. Isolation, genomic
characterization, and pathogenicity of a Chinese porcine deltacoronavirus strain
chn-Hn-2014. Vet Microbiol (2016) 196:98-106. doi: 10.1016/j.vetmic.2016.10.022

Frontiers in Immunology

13

10.3389/fimmu.2022.972499

the patients/participants OR patients/participants legal
guardian/next of kin was not required to participate in this
study in accordance with the national legislation and the
institutional requirements.

Author contributions

ZR, ZW, and HH contributed to the conception and design
of the study. ZR, YY, XZ, QW performed the experiments. CC,
JD, ZW, RS performed statistical analysis. YY and RS wrote the
first draft of the manuscript. The rest reviewed and revised the
manuscript. All authors reviewed the manuscript, read and
approved the submitted version.

Funding

This study was supported by the National Key Research and
Development Program of China (2021YFD1801103-4), and the
National Natural Science Foundation of China (32130106).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

4. Woo PC, Lau SK, Lam CS, Lau CC, Tsang AK, Lau JH, et al. Discovery of
seven novel mammalian and avian coronaviruses in the genus deltacoronavirus
supports bat coronaviruses as the gene source of alphacoronavirus and
betacoronavirus and avian coronaviruses as the gene source of
gammacoronavirus and deltacoronavirus. J Virol (2012) 86(7):3995-4008.
doi: 10.1128/JV1.06540-11

5. Le VP, Song S, An BH, Park GN, Pham NT, Le DQ, et al. A novel strain of
porcine deltacoronavirus in Vietnam. Arch Virol (2018) 163(1):203-7.
doi: 10.1007/s00705-017-3594-8

6. Tang P, Cui E, Song Y, Yan R, Wang J. Porcine deltacoronavirus and its
prevalence in China: A review of epidemiology, evolution, and vaccine

frontiersin.org


https://doi.org/10.1016/j.vetmic.2015.10.022
https://doi.org/10.1016/j.vetmic.2015.10.022
https://doi.org/10.1016/j.virol.2015.03.024
https://doi.org/10.1016/j.vetmic.2016.10.022
https://doi.org/10.1128/JVI.06540-11
https://doi.org/10.1007/s00705-017-3594-8
https://doi.org/10.3389/fimmu.2022.972499
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Ren et al.

development. Arch Virol (2021) 166(11):2975-88. doi: 10.1007/s00705-021-
05226-4

7. Jang G, Lee KK, Kim SH, Lee C. Prevalence, complete genome sequencing
and phylogenetic analysis of porcine deltacoronavirus in South Korea, 2014-2016.
Transbound Emerg Dis (2017) 64(5):1364-70. doi: 10.1111/tbed.12690

8. Lorsirigool A, Saeng-Chuto K, Temeeyasen G, Madapong A, Tripipat T,
Wegner M, et al. The first detection and full-length genome sequence of porcine
deltacoronavirus isolated in lao pdr. Arch Virol (2016) 161(10):2909-11.
doi: 10.1007/s00705-016-2983-8

9. Saeng-Chuto K, Lorsirigool A, Temeeyasen G, Vui DT, Stott CJ, Madapong
A, et al. Different lineage of porcine deltacoronavirus in Thailand, Vietnam and Lao
pdr in 2015. Transbound Emerg Dis (2017) 64(1):3-10. doi: 10.1111/tbed.12585

10. Li G, Chen Q, Harmon KM, Yoon KJ, Schwartz KJ, Hoogland MJ, et al. Full-
length genome sequence of porcine deltacoronavirus strain USA/Ia/2014/8734.
Genome Announc (2014) 2(2):e00278-14. doi: 10.1128/genomeA.00278-14

11. Jung K, Hu H, Saif LJ. Calves are susceptible to infection with the newly
emerged porcine deltacoronavirus, but not with the swine enteric
alphacoronavirus, porcine epidemic diarrhea virus. Arch Virol (2017) 162
(8):2357-62. doi: 10.1007/500705-017-3351-z

12. Boley PA, Alhamo MA, Lossie G, Yadav KK, Vasquez-Lee M, Saif L], et al.
Porcine deltacoronavirus infection and transmission in poultry, United States(1).
Emerg Infect Dis (2020) 26(2):255-65. doi: 10.3201/eid2602.190346

13. Liang Q, Zhang H, Li B, Ding Q, Wang Y, Gao W, et al. Susceptibility of
chickens to porcine deltacoronavirus infection. Viruses (2019) 11(6):573.
doi: 10.3390/v11060573

14. Lednicky JA, Tagliamonte MS, White SK, Elbadry MA, Alam MM,
Stephenson CJ, et al. Independent infections of porcine deltacoronavirus among
Haitian children. Nature (2021) 600(7887):133-7. doi: 10.1038/s41586-021-
04111-z

15. Jung K, Miyazaki A, Hu H, Saif L]. Susceptibility of porcine ipec-]2 intestinal
epithelial cells to infection with porcine deltacoronavirus (Pdcov) and serum
cytokine responses of gnotobiotic pigs to acute infection with ipec-J2 cell
culture-passaged pdcov. Vet Microbiol (2018) 221:49-58. doi: 10.1016/
j.vetmic.2018.05.019

16. Hu H, Jung K, Vlasova AN, Chepngeno J, Lu Z, Wang Q, et al. Isolation and
characterization of porcine deltacoronavirus from pigs with diarrhea in the United
States. J Clin Microbiol (2015) 53(5):1537-48. doi: 10.1128/JCM.00031-15

17. Saraste A, Pulkki K. Morphologic and biochemical hallmarks of apoptosis.
Cardiovasc Res (2000) 45(3):528-37. doi: 10.1016/50008-6363(99)00384-3

18. Taylor RC, Cullen SP, Martin SJ. Apoptosis: Controlled demolition at the
cellular level. Nat Rev Mol Cell Biol (2008) 9(3):231-41. doi: 10.1038/nrm2312

19. Duan C, Wang J, Liu Y, Zhang J, Si J, Hao Z, et al. Antiviral effects of
ergosterol peroxide in a pig model of porcine deltacoronavirus (Pdcov) infection
involves modulation of apoptosis and tight junction in the small intestine. Vet Res
(2021) 52(1):86. doi: 10.1186/s13567-021-00955-5

20. Yamamoto T, Yamada A, Yoshimura Y, Terada H, Shinohara Y. [the
mechanisms of the release of cytochrome ¢ from mitochondria revealed by
proteomics analysis]. Yakugaku Zasshi (2012) 132(10):1099-104. doi: 10.1248/
yakushi.12-00220-2

21. Xiong S, Mu T, Wang G, Jiang X. Mitochondria-mediated apoptosis in
mammals. Protein Cell (2014) 5(10):737-49. doi: 10.1007/s13238-014-0089-1

22. Ren Z, Zhang X, Ding T, Zhong Z, Hu H, Xu Z, et al. Mitochondrial
dynamics imbalance: A strategy for promoting viral infection. Front Microbiol
(2020) 11:1992. doi: 10.3389/fmicb.2020.01992

23. Liu X, Kim CN, Yang J, Jemmerson R, Wang X. Induction of apoptotic
program in cell-free extracts: Requirement for datp and cytochrome c. Cell (1996)
86(1):147-57. doi: 10.1016/50092-8674(00)80085-9

24. Scorrano L, Ashiya M, Buttle K, Weiler S, Oakes SA, Mannella CA, et al. A
distinct pathway remodels mitochondrial cristae and mobilizes cytochrome ¢
during apoptosis. Dev Cell (2002) 2(1):55-67. doi: 10.1016/s1534-5807(01)00116-2

25. Beck MA, Nelson HK, Shi Q, Van Dael P, Schiffrin EJ, Blum S, et al.
Selenium deficiency increases the pathology of an influenza virus infection. FASEB
7 (2001) 15(8):1481-3. doi: 10.1096/§.00-0721fje

26. Beck MA, Kolbeck PC, Shi Q, Rohr LH, Morris VC, Levander OA. Increased
virulence of a human enterovirus (Coxsackievirus B3) in selenium-deficient mice. J
Infect Dis (1994) 170(2):351-7. doi: 10.1093/infdis/170.2.351

27. Zhang J, Taylor EW, Bennett K, Saad R, Rayman MP. Association between
regional selenium status and reported outcome of covid-19 cases in China. Am |
Clin Nutr (2020) 111(6):1297-9. doi: 10.1093/ajcn/nqaa095

28. Moghaddam A, Heller RA, Sun Q, Seelig J, Cherkezov A, Seibert L, et al.
Selenium deficiency is associated with mortality risk from Covid-19. Nutrients
(2020) 12(7):2098. doi: 10.3390/nu12072098

Frontiers in Immunology

10.3389/fimmu.2022.972499

29. Ren Z, Jia G, He H, Ding T, Yu Y, Zuo Z, et al. Antiviral effect of
selenomethionine on porcine deltacoronavirus in pig kidney epithelial cells.
Front Microbiol (2022) 13:846747. doi: 10.3389/fmicb.2022.846747

30. Ramya S, Shanmugasundaram T, Balagurunathan R. Biomedical potential
of actinobacterially synthesized selenium nanoparticles with special reference to
anti-biofilm, anti-oxidant, wound healing, cytotoxic and anti-viral activities. J Trace
Elem Med Biol (2015) 32:30-9. doi: 10.1016/j.jtemb.2015.05.005

31. Varlamova EG, Gudkov SV, Plotnikov EY, Turovsky EA. Size-dependent
cytoprotective effects of selenium nanoparticles during oxygen-glucose deprivation
in brain cortical cells. Int ] Mol Sci (2022) 23(13):7464. doi: 10.3390/ijms23137464

32. Jiao J, Yu J, Ji H, Liu A. Synthesis of macromolecular astragalus
polysaccharide-nano selenium complex and the inhibitory effects on Hepg?2 cells.
Int ] Biol Macromol (2022) 211:481-9. doi: 10.1016/j.ijbiomac.2022.05.095

33. El-Azab MF, Al-Karmalawy AA, Antar SA, Hanna PA, Tawfik KM,
Hazem RM. A novel role of nano selenium and sildenafil on streptozotocin-
induced diabetic nephropathy in rats by modulation of inflammatory, oxidative,
and apoptotic pathways. Life Sci (2022) 303:120691. doi: 10.1016/
j1fs.2022.120691

34. Rao S, Lin Y, Lin R, Liu J, Wang H, Hu W, et al. Traditional Chinese
medicine active ingredients-based selenium nanoparticles regulate antioxidant
selenoproteins for spinal cord injury treatment. J Nanobiotechnol (2022) 20
(1):278. doi: 10.1186/s12951-022-01490-x

35. Jin XH, Zhang YF, Yuan YX, Han L, Zhang GP, Hu H. Isolation,
characterization and transcriptome analysis of porcine deltacoronavirus strain
hnzk-02 from Henan Province, China. Mol Immunol (2021) 134:86-99.
doi: 10.1016/j.molimm.2021.03.006

36. Tan Y, Sun L, Wang G, Shi Y, Dong W, Fu Y, et al. The trypsin-enhanced
infection of porcine epidemic diarrhea virus is determined by the S2 subunit of the
spike glycoprotein. J Virol (2021) 95(11):€02453-20. doi: 10.1128/JV1.02453-20

37. Yuan Y, Zu S, Zhang Y, Zhao F, Jin X, Hu H. Porcine deltacoronavirus
utilizes sialic acid as an attachment receptor and trypsin can influence the binding
activity. Viruses (2021) 13(12):2442. doi: 10.3390/v13122442

38. Zhang], Chen J, Shi D, Shi H, Zhang X, Liu J, et al. Porcine deltacoronavirus
enters cells via two pathways: A protease-mediated one at the cell surface and
another facilitated by cathepsins in the endosome. ] Biol Chem (2019) 294
(25):9830-43. doi: 10.1074/jbc.RA119.007779

39. Yang YL, Meng F, Qin P, Herrler G, Huang YW, Tang YD. Trypsin
promotes porcine deltacoronavirus mediating cell-to-Cell fusion in a cell type-
dependent manner. Emerg Microbes Infect (2020) 9(1):457-68. doi: 10.1080/
22221751.2020.1730245

40. Bhowmick R, Halder UC, Chattopadhyay S, Chanda S, Nandi S, Bagchi P,
et al. Rotaviral enterotoxin nonstructural protein 4 targets mitochondria for
activation of apoptosis during infection. J Biol Chem (2012) 287(42):35004-20.
doi: 10.1074/jbc. M112.369595

41. Mukherjee A, Patra U, Bhowmick R, Chawla-Sarkar M. Rotaviral
nonstructural protein 4 triggers dynamin-related protein 1-dependent
mitochondrial fragmentation during infection. Cell Microbiol (2018) 20(6):
€12831. doi: 10.1111/cmi.12831

42. Vilmen G, Glon D, Siracusano G, Lussignol M, Shao Z, Hernandez E, et al.
Bhrfl, a Bcl2 viral homolog, disturbs mitochondrial dynamics and stimulates
mitophagy to dampen type I ifn induction. Autophagy (2021) 17(6):1296-315.
doi: 10.1080/15548627.2020.1758416

43. Szabadkai G, Simoni AM, Chami M, Wieckowski MR, Youle RJ, Rizzuto R.
Drp-1-Dependent division of the mitochondrial network blocks intraorganellar
Ca2+ waves and protects against Ca2+-mediated apoptosis. Mol Cell (2004) 16
(1):59-68. doi: 10.1016/j.molcel.2004.09.026

44. Estaquier J, Arnoult D. Inhibiting Drpl-mediated mitochondrial fission
selectively prevents the release of cytochrome ¢ during apoptosis. Cell Death Differ
(2007) 14(6):1086-94. doi: 10.1038/sj.cdd.4402107

45. Martinou JC, Youle RJ. Which came first, the cytochrome c release or the
mitochondrial fission? Cell Death Differ (2006) 13(8):1291-5. doi: 10.1038/
sj.cdd.4401985

46. Zhai X, Wang N, Jiao H, Zhang J, Li C, Ren W, et al. Melatonin and other
indoles show antiviral activities against swine coronaviruses in vitro at
pharmacological concentrations. J Pineal Res (2021) 71(2):e12754. doi: 10.1111/
ipi.12754

47. Kong F, Niu X, Liu M, Wang Q. Bile acids Ica and cdca inhibited porcine

deltacoronavirus replication in vitro. Vet Microbiol (2021) 257:109097.
doi: 10.1016/j.vetmic.2021.109097

48. Brown AJ, Won JJ, Graham RL, Dinnon KH3rd, Sims AC, Feng JY, et al.
Broad spectrum antiviral remdesivir inhibits human endemic and zoonotic
deltacoronaviruses with a highly divergent rna dependent rna polymerase.
Antiviral Res (2019) 169:104541. doi: 10.1016/j.antiviral.2019.104541

frontiersin.org


https://doi.org/10.1007/s00705-021-05226-4
https://doi.org/10.1007/s00705-021-05226-4
https://doi.org/10.1111/tbed.12690
https://doi.org/10.1007/s00705-016-2983-8
https://doi.org/10.1111/tbed.12585
https://doi.org/10.1128/genomeA.00278-14
https://doi.org/10.1007/s00705-017-3351-z
https://doi.org/10.3201/eid2602.190346
https://doi.org/10.3390/v11060573
https://doi.org/10.1038/s41586-021-04111-z
https://doi.org/10.1038/s41586-021-04111-z
https://doi.org/10.1016/j.vetmic.2018.05.019
https://doi.org/10.1016/j.vetmic.2018.05.019
https://doi.org/10.1128/JCM.00031-15
https://doi.org/10.1016/s0008-6363(99)00384-3
https://doi.org/10.1038/nrm2312
https://doi.org/10.1186/s13567-021-00955-5
https://doi.org/10.1248/yakushi.12-00220-2
https://doi.org/10.1248/yakushi.12-00220-2
https://doi.org/10.1007/s13238-014-0089-1
https://doi.org/10.3389/fmicb.2020.01992
https://doi.org/10.1016/s0092-8674(00)80085-9
https://doi.org/10.1016/s1534-5807(01)00116-2
https://doi.org/10.1096/fj.00-0721fje
https://doi.org/10.1093/infdis/170.2.351
https://doi.org/10.1093/ajcn/nqaa095
https://doi.org/10.3390/nu12072098
https://doi.org/10.3389/fmicb.2022.846747
https://doi.org/10.1016/j.jtemb.2015.05.005
https://doi.org/10.3390/ijms23137464
https://doi.org/10.1016/j.ijbiomac.2022.05.095
https://doi.org/10.1016/j.lfs.2022.120691
https://doi.org/10.1016/j.lfs.2022.120691
https://doi.org/10.1186/s12951-022-01490-x
https://doi.org/10.1016/j.molimm.2021.03.006
https://doi.org/10.1128/JVI.02453-20
https://doi.org/10.3390/v13122442
https://doi.org/10.1074/jbc.RA119.007779
https://doi.org/10.1080/22221751.2020.1730245
https://doi.org/10.1080/22221751.2020.1730245
https://doi.org/10.1074/jbc.M112.369595
https://doi.org/10.1111/cmi.12831
https://doi.org/10.1080/15548627.2020.1758416
https://doi.org/10.1016/j.molcel.2004.09.026
https://doi.org/10.1038/sj.cdd.4402107
https://doi.org/10.1038/sj.cdd.4401985
https://doi.org/10.1038/sj.cdd.4401985
https://doi.org/10.1111/jpi.12754
https://doi.org/10.1111/jpi.12754
https://doi.org/10.1016/j.vetmic.2021.109097
https://doi.org/10.1016/j.antiviral.2019.104541
https://doi.org/10.3389/fimmu.2022.972499
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Ren et al.

49. Duan C, Ge X, Wang J, Wei Z, Feng WH, Wang J. Ergosterol peroxide
exhibits antiviral and immunomodulatory abilities against porcine
deltacoronavirus (Pdcov) via suppression of nf-kappab and P38/Mapk signaling
pintimp.2020.107317athways in vitro. Int Immunopharmacol (2021) 93:107317.
doi: 10.1016/j.intimp.2020.107317

50. Sartori G, Jardim NS, Marcondes Sari MH, Dobrachinski F, Pesarico AP,
Rodrigues LC Jr., et al. Antiviral action of diphenyl diselenide on herpes simplex
virus 2 infection in female Balb/C mice. J Cell Biochem (2016) 117(7):1638-48.
doi: 10.1002/jcb.25457

51. Cheng Z, Zhi X, Sun G, Guo W, Huang Y, Sun W, et al. Sodium
selenite suppresses hepatitis b virus transcription and replication in human
hepatoma cell lines. ] Med Virol (2016) 88(4):653-63. doi: 10.1002/
imv.24366

52. Wang C, Chen H, Chen D, Zhao M, Lin Z, Guo M, et al. The inhibition of
Hilnl influenza virus-induced apoptosis by surface decoration of selenium
nanoparticles with beta-thujaplicin through reactive oxygen species-mediated akt
and P53 signaling pathways. ACS Omega (2020) 5(47):30633-42. doi: 10.1021/
acsomega.0c04624

53. Lin Z, Li Y, Gong G, Xia Y, Wang C, Chen Y, et al. Restriction of Hinl
influenza virus infection by selenium nanoparticles loaded with ribavirin via
resisting caspase-3 apoptotic pathway. Int ] Nanomedicine (2018) 13:5787-97.
doi: 10.2147/1JN.S177658

Frontiers in Immunology

15

10.3389/fimmu.2022.972499

54. WangJ, Li Y, Wang J, Wang Y, Liu H, Bao J. Selenium alleviates ammonia-
induced splenic cell apoptosis and inflammation by regulating the interleukin
Family/Death receptor axis and Nrf2 signaling pathway. Biol Trace Elem Res
(2022). doi: 10.1007/s12011-022-03279-3

55. Zhao Y, Zhang H, Hao D, Wang J, Zhu R, Liu W, et al. Selenium regulates
the mitogen-activated protein kinase pathway to protect broilers from hexavalent
chromium-induced kidney dysfunction and apoptosis. Ecotoxicol Environ Saf
(2022) 239:113629. doi: 10.1016/j.ecoenv.2022.113629

56. Wang P, Zhang S, Liu W, Chen S, Lv X, Hu B, et al. Selenium attenuates
tbhp-induced apoptosis of nucleus pulposus cells by suppressing mitochondrial
fission through activating nuclear factor erythroid 2-related factor 2. Oxid Med Cell
Longev (2022) 2022:7531788. doi: 10.1155/2022/7531788

57. Chen X, Ren F, Hesketh J, Shi X, Li ], Gan F, et al. Selenium blocks porcine
circovirus type 2 replication promotion induced by oxidative stress by improving
Gpx1 expression. Free Radic Biol Med (2012) 53(3):395-405. doi: 10.1016/
j.freeradbiomed.2012.04.035

58. Shao C, Yu Z, Luo T, Zhou B, Song Q, Li Z, et al. Chitosan-coated selenium
nanoparticles attenuate prrsv replication and Ros/Jnk-mediated apoptosis in vitro.
Int ] Nanomedicine (2022) 17:3043-54. doi: 10.2147/IJN.S370585

59. Liu X, Chen D, SuJ, Zheng R, Ning Z, Zhao M, et al. Selenium nanoparticles
inhibited Hlnl influenza virus-induced apoptosis by ros-mediated signaling
pathways. RSC Adv (2022) 12(7):3862-70. doi: 10.1039/d1ra08658h

frontiersin.org


https://doi.org/10.1016/j.intimp.2020.107317
https://doi.org/10.1002/jcb.25457
https://doi.org/10.1002/jmv.24366
https://doi.org/10.1002/jmv.24366
https://doi.org/10.1021/acsomega.0c04624
https://doi.org/10.1021/acsomega.0c04624
https://doi.org/10.2147/IJN.S177658
https://doi.org/10.1007/s12011-022-03279-3
https://doi.org/10.1016/j.ecoenv.2022.113629
https://doi.org/10.1155/2022/7531788
https://doi.org/10.1016/j.freeradbiomed.2012.04.035
https://doi.org/10.1016/j.freeradbiomed.2012.04.035
https://doi.org/10.2147/IJN.S370585
https://doi.org/10.1039/d1ra08658h
https://doi.org/10.3389/fimmu.2022.972499
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Exploration of PDCoV-induced apoptosis through mitochondrial dynamics imbalance and the antagonistic effect of SeNPs
	Introduction
	Materials and methods
	Cells and virus
	Drugs
	Characterisation and identification of SeNPs
	CCK-8 assay for cytotoxicity of trypsin and SeNPs
	The detection of viral replication and mitochondrial dynamics related-protein mRNA expression by RT-qPCR
	Infectivity of PDCoV on ST cells at different trypsin concentrations by indirect immunofluorescence assay
	Western blotting detects the expression of ST cell apoptosis-related proteins and mitochondrial dynamics-related proteins after PDCoV infection
	Flow Cytometry- Annexin-FITC/PI double-staining assay for apoptosis detection
	Statistical analysis

	Results
	Optimal trypsin concentration selected under PDCoV infection
	Characterisation of SeNPs
	Assay SeNPs on cell viability
	SeNPs inhibit the replication of PDCoV in ST cells
	SeNPs repress PDCoV-induced apoptosis in ST cells
	SeNPs inhibit PDCoV-induced Cyt C release
	SeNPs inhibit PDCoV-induced Caspase 3 and 9 activation
	SeNPs alleviate PDCoV-induced increased mitochondrial division

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


