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Introduction: Porcine reproductive and respiratory syndrome virus (PRRSV) is a highly prevalent and endemic swine pathogen that
causes significant economic losses to the global swine industry. Selenium nanoparticles (SeNPs) have attracted increasing attention in the
biomedical field, given their antiviral effects. This study aimed to investigate the inhibitory effect of chitosan-coated SeNPs (CS-SeNPs) on
PRRSV replication.
Methods: In this study, CS-SeNPs were synthesized by chemical reduction and characterized by assessing the morphology, size
distribution, zeta potential, and element composition. Marc-145 cells were infected with r-PRRSV-EGFP (0.1 MOI) and inoculated
with CS-SeNPs (10 μM). Subsequently, the concentrations of hydrogen peroxide (H2O2) and glutathione (GSH), and glutathione
peroxidase (GSH-Px) activity were measured using specific commercial assay kits. ORF5 RNA expression, viral titer, and nucleo-
capsid (N) protein expression were assessed using qRT-PCR, TCID50, and Western blot. ROS generation, apoptosis rates, and JNK /
caspase-3/PARP protein expression were evaluated using dihydroethidium staining, flow cytometry, and Western blot.
Results: The results showed that CS-SeNPs treatment significantly suppressed oxidative stress induced by r-PRRSV-EGFP infection
by increasing GSH-Px activity, promoting GSH production, and inhibiting H2O2 synthesis. CS-SeNPs treatment significantly inhibited
ORF5 gene expression, viral titers, and N protein of r-PRRSV-EGFP at 24 and 48 hours post-infection (hpi) in Marc-145 cells. The
increase in apoptosis rates induced by r-PRRSV-EGFP infection was significantly decreased by CS-SeNPs inoculation through
inhibiting ROS generation, JNK phosphorylation levels, and cleavage of caspase-3 and PARP mainly at 48 hpi.
Conclusion: These results demonstrated that CS-SeNPs suppress PRRSV-induced apoptosis in Marc-145 cells via the ROS/JNK
signaling pathway, thereby inhibiting PRRSV replication, which suggested the potential antiviral activity of CS-SeNPs that deserves
further investigation for clinical applications.
Keywords: chitosan-coated selenium nanoparticles, PRRSV, apoptosis, ROS, JNK signaling pathways

Introduction
Porcine reproductive and respiratory syndrome (PRRS), first reported in the United States in 1987, has become
a pandemic responsible for huge economic losses each year worldwide.1,2 The pathogenic agent is the PRRS virus
(PRRSV), a positive-stranded RNA virus that belongs to the Arteriviridae family.3 The clinical signs of PRRSV-infected
sows are late-term abortion, premature delivery, fetal death, high pre-weaning mortality, and respiratory disease.4 A key
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aspect of PRRSV virulence is that the virus can suppress the innate immune response and induce persistent infection.5 In
recent years, a novel PRRSV variant named NADC30-like, similar to the NADC30 strain in the United States in 2008,
has become the dominant epidemic strain in numerous Chinese provinces.6 The prevention and control of this disease are
challenging since PRRSV has many strains and mutates quickly, with a complicated mechanism of virus infection and
immune escape.7,8 It has been shown that commercially available vaccines, including inactivated, live-attenuated and
DNA vaccines, cannot provide adequate protection against PRRSV. Therefore, developing host-targeted antiviral drugs
has become a new strategy for antiviral therapy.9 The regulation of host-mediated apoptosis is one of the cellular
mechanisms underlying PRRSV pathogenesis.10 Moreover, it has been shown that changes in redox homeostasis during
viral infection are linked to viral pathogenesis and oxidative stress induced by PRRSV in both cells and pigs.11

Selenium (Se) is a natural antioxidant essential for human and animal activities.12 An increasing body of evidence
suggests that multiple viral infections such as SARS-CoV-2, HIV-1, Coxsackie virus, and poliovirus are related to
selenium deficiency.13–16 Se nanoparticles (SeNPs) represent elemental Se particles at a nano-size scale with zero
oxidation state (Se0) obtained through nanotechnology, possessing the advantages of low toxicity, degradability, and
high bioavailability compared with organic and inorganic Se compounds.17 In the past decade, SeNPs have attracted
worldwide interest for therapeutic application in anticancer, antimicrobial, and antiviral activities.18 Wang et al reported
that SeNPs could inhibit H1N1 influenza virus-induced apoptosis by inhibiting ROS-mediated AKT and p53 signaling
pathways.19,20 Furthermore, as a drug carrier, SeNPs could enhance the antiviral effect of oseltamivir to suppress
Enterovirus 71 (EV71) proliferation.21 Moreover, simultaneous administration of Hepatitis B virus (HBV) antigen
vaccine and SeNPs could promote lymphocyte proliferation and IFN-γ production.22

However, the mechanisms underlying the inhibitory effect of SeNPs on virus replication remain unclear. Hitherto, no
research has assessed the effect of SeNPs on virus infection in swine. Chitosan (CS) is a kind of alkaline polysaccharide
characterized by non-toxicity, good biocompatibility, biodegradability, and low immunogenicity.23 Interestingly, the
modification of SeNPs with CS (CS-SeNPs) can significantly improve the stability of SeNPs in an aqueous solution
and antioxidant activity.24 Accordingly, this study sought to investigate whether CS-SeNPs could affect PRRSV
replication in vitro.

Materials and Methods
Cell Culture and Virus Infection
African green monkey kidney cell line Marc-145 purchased from ATCC were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM; Gibco, Thermo Fisher Scientific) supplemented with 10% fetal bovine serum (FBS, Gibco) at 37°C in
a humidified 5% CO2 incubator. Marc-145 cells between passages 3 and 7 were used for the following experiments. rHP-
PRRSV/SD16/TRS6-EGFP was a generous gift from Dr. Chengbao Wang (Northwest A&F University) and used for
viral transfection. The recombinant PRRSV carrying an EGFP reporter gene as a separate transcription unit has widely
been used for basic research on virus biology.25 The virus was used to inoculate Marc-145 cells at a multiplicity of
infection (MOI) of 0.1. The PRRSV ZJ/JX-2015 strain was isolated and stored in our lab.

Preparation of Chitosan-Coated Selenium Nanoparticles (CS-SeNPs)
CS-SeNPs were synthesized using chemical reduction as previously described by Zeng et al.26 Briefly, 1.5 mL CS
(10 mg/mL, Aladdin, China) was mixed with an equivalent volume of 0.1 M Na2SeO3 (Sigma, USA), then ultrapure
water was added with a constant volume of up to 10 mL and stirred for 30 min. Subsequently, 1.5 mL of freshly prepared
0.4 M ascorbic acid (Solarbio, China) and 3.5 mL ultrapure water were added sequentially, then the mixed solution was
sonicated at 14 kHz for 2 hours in darkness. The color of the solution changed from colorless to orange-red. The
unreacted CS, Na2SeO3, and ascorbic acid were removed by dialysis (MWCO: 8000–12,000 Da) for 48 h at 4°C, and CS-
SeNPs were obtained. The preparation process of SeNPs was the same as for CS-SeNPs, except that CS was replaced by
an equal volume of ultrapure water.
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Characterization of CS-SeNPs
For the morphological analysis of CS-SeNPs, a drop of nanoparticle solution was loaded on the carbon-coated copper
grid for air-drying, then the samples were observed using transmission electron microscopy (JEM-1200EX, JEOL; Japan)
at an accelerating voltage of 80 kV. The surface morphology of Se nanoparticles and elemental composition were studied
under Raman Imaging and Scanning Electron Microscopes (RISE-Magna, TESCAN, Czech). The concentration of Se
nanoparticles was determined by inductively coupled plasma mass spectrometry (i CAP Q ICP-MS, Thermo Scientific,
USA). The size distribution and zeta potential of Se nanoparticles were measured by dynamic light scattering (DLS)
using the Zetasizer Nano analyzer (Zetasizer NanoZS, Malvern Panalytical, Malvern, UK) as previously described by
Awet et al.27

Measurement of Cell Viability
Cell viability was tested using a Cell Counting Kit-8 (CCK-8, Beyotime, Nanjing, China) according to the manufac-
turer’s instructions. In brief, Marc-145 cells were inoculated into a 96-well plate at a density of 1×104 cells/well and
cultured to 80% confluence. Then the cells were added with or without gradient dilution of CS-SeNPs at a final
concentration of 0.1, 1, 10, 100 and 1000 μM and incubated at 37°C, 5% CO2 for 48 h. After that, 10 μL CCK-8
solution was added to each well and incubated for another 2 h. Then, the optical density (OD) was measured at 450 nm
using a Microplate Reader (BioTek Synergy H1, Agilent, USA), and the half-maximal inhibitory concentration (IC50) of
CS-SeNPs was calculated using GraphPad Prism (version 7.0, GraphPad Software, San Diego, CA, USA).

Measurement of Hydrogen Peroxide (H2O2) and Glutathione (GSH) Concentration
and Glutathione Peroxidase (GSH-Px) Activity
The concentrations of GSH and H2O2 and GSH-Px activity in the cell culture medium were measured using specific
commercial assay kits (H2O2: A064; GSH: A006; GSH-Px: A005, Nanjing Jiancheng Bioengineering Institute, Nanjing,
China) according to the manufacturer’s instructions. The protein concentration in the cell lysate was measured using a BCA
protein assay kit (Beyotime, China). H2O2 was reacted with molybdic acid to form a yellow complex, which was determined
using a Microplate Reader (BioTek Synergy H1, Agilent, USA) at 405 nm. The level of H2O2 was expressed as mmol/g
protein. The GSH level was estimated by the DTNB [5,5’- dithiobis (2-nitrobenzoic acid)] reduction method, and the
absorbance was measured using a Microplate Reader (BioTek Synergy H1, Agilent, USA) at 420 nm. All samples were
compared to a GSH standard curve and expressed as mg/g protein. The GSH-Px activity was measured at 412 nm by
quantifying the rate of oxidation of reduced GSH to oxidized glutathione. All samples were tested in triplicates.

The Addition of CS-SeNPs and r-PRRSV-EGFP at Different Time Intervals
To evaluate the inhibitory effect of CS-SeNPs on PRRSV replication, a time-of-addition experiment was performed as
shown in the timeline schematic, previously described by Liu et al.28 Marc-145 cells were inoculated in 24-well plates
and divided into 8 groups (control, I to VII) of 3 wells each. When the cells reached 80% confluence, 200 µL CS-SeNPs
at a final concentration of 10 µM or an equivalent volume of H2O was added and recorded as −1 h. At 0 h, the culture
supernatants without CS-SeNPs were replaced in groups III and IV, CS-SeNPs were added to groups V and VI, then all
group cells were inoculated with r-PRRSV-EGFP (0.1 MOI). At 1 h, the culture supernatants in all groups were discarded
and replaced with (I, III, V and VII groups) or without (control, II, IV and VI groups) 10 µM CS-SeNPs. Incubation of all
groups continued for 48 h; then, supernatants were harvested and used for total RNA extraction.

RNA Extraction and Absolute Real-Time Quantitative PCR
Total RNA was extracted from cell supernatants using TRIzol reagent (Thermo Scientific, USA), and first-strand
complementary DNA (cDNA) was generated using a Reverse Transcription System Kit (TOYOBO, Japan) according
to the manufacturer’s instructions. Then, absolute quantitative mRNA levels of PRRSV ORF5 gene (5’-
GAAATGCTTGACCGCGGGCT-3’ and 5’- GTGTCAAGGAAATGGCTGGT −3’) were calculated using its standard
plasmid’s amplification curve. In this regard, each RT-qPCR reaction was conducted using three replicates with a final
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reaction volume of 20 μL per well, including 4 μL cDNA, 10 μL 2×SYBR Green Master mix (Vazyme, China), and 0.4
μL of upstream and downstream primers using an Mx3000P Real-Time PCR System (Agilent, USA).

Quantitative Assessment of Virus Titer
Viral titers in Marc-145 cells were determined for the median tissue culture infectious dose (TCID50) as described
previously.29 Marc-145 cells were cultured in 96-well plates to reach 80% confluence and infected with 10-fold serial
dilutions of PRRSV. After 1 h of viral adsorption, the culture medium was discarded and replaced with fresh DMEM-
2% FBS. The cells were incubated for 4 additional days, and GFP fluorescence was observed under a fluorescence
microscope (ECLIPSE Ti-S, Nikon, Japan). The Reed–Muench method was used to calculate the TCID50.

Protein Expression Analysis by Western Blot
Marc-145 cells were washed three times with PBS and lysed with RIPA buffer (Beyotime, China) on ice for 10 min. Protein
concentrations were quantified by BCA protein assay (Beyotime, China). After that, the samples were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene fluoride membranes
(PVDF, Millipore, USA). The membranes were blocked with 5% low-fat milk for 2 h at room temperature (RT) and then
incubated first with primary antibodies against PRRSV N (1:1000), JNK (1:1000; CST, USA), Phospho-JNK (1:1000; CST,
USA), Caspase-3 (1:1000; CST, USA), Cleaved PARP (1:1000; HuaBio, China) on a shaker for 1 h and then incubated with
HRP-conjugated goat anti-rabbit IgG or goat anti-rabbit secondary antibodies (1:20,000; Beyotime, China) for 2 h at RT. The
membranes were subsequently washed with TBST and detected by the MiniChemi chemiluminescence imaging system
(Sage, China). The monoclonal antibody used to detect PRRSV N was produced in our lab. β-actin was detected with an anti-
β-actin monoclonal antibody (Bioss, China) to demonstrate equal protein sample loading.

Measurement of Intracellular ROS Level
The reactive oxygen species (ROS) generation was evaluated using a dihydroethidium (DHE) assay kit. Marc-145 cells
were seeded in 96-well plates and exposed to different treatments. At the end of the incubation period, the supernatant
was discarded. Cells were then stained with 10 µM of DHE (Applygen, China) in the dark at 37°C for 30 min.
Subsequently, the cells were washed with PBS three times to remove the unreacted DHE. Then fluorescence intensity
was detected by a fluorescence microplate reader (BioTek Synergy H1, Agilent, USA) with an excitation and emission
wavelength of 535 and 610 nm.

Flow Cytometry Analysis of Cell Apoptosis
Apoptosis of Marc-145 cells was determined by detecting phosphatidylserine exposure on the cell surface using the
fluorescent dye Annexin V-PE apoptosis detection kit (Beyotime, China) according to the manufacturer’s protocol. At the
end of the treatment period, Marc-145 cells were digested with 0.25% trypsin and washed twice with cold PBS. 5–
10×104 cells were resuspended in 195 µL binding buffer, then 5 µL Annexin V-PE was added and incubated for 15 min
at room temperature in the dark. Finally, cells were analyzed by flow cytometry within 1 h after staining.

Statistical Analysis
All statistical analyses were performed using GraphPad Prism (version 7.0, GraphPad Software, San Diego, CA,
USA). One-way ANOVA was used to compare differences between groups. All values in each treatment group are
presented as mean ± standard deviation (SD). The threshold for defining statistical significance was set to 0.05
and 0.01.

Results
Characterization of CS-SeNPs
Themorphology of SeNPs and CS-SeNPs was analyzed using SEM and TEM. Bare (uncoated) SeNPs were easily aggregated
and precipitated, while CS-SeNPs were homogeneous spherical particles with smaller diameters (Figures 1A and B). The
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elemental composition analysis indicated that CS-SeNPs were composed of 51.03% Selenium, 33.26% Carbon, 8.35%
Oxygen and 7.36%Nitrogen, and SeNPs consisted of 81.98% Selenium, 10.94%Carbon, 4.87%Oxygen and 2.21%Nitrogen
(Figure 1C). The average diameter of CS-SeNPs was 90±13 nm (Figure 1D). The Se concentration in CS-SeNPs was
883.26 mg/L. As an electrokinetic potential, the zeta potential is usually used to evaluate the stability of nanosystems. As
shown in Figure 1E, the zeta potential of CS was 58.8±0.37 mV, bare SeNPs was 1.82 ±1.02 mV, and it increased to 31.4 ±
0.99 mVin the presence of CS. The high zeta potential of CS-SeNPs indicated great stability of SeNPs functionalized with CS.
CS-SeNPs were highly dispersible in water for over 30 days without any aggregation and precipitation observed. The high
stability of CS-SeNPs under physiological conditions highlighted their potential for medical application.

Cell Viability of Marc-145 Cells Treated with CS-SeNPs
The cytotoxic effect of CS-SeNPs on Marc-145 cells was evaluated by the CCK-8 assay. As shown in Figure 2, no
significant change in cell viability was observed in Marc-145 cells treated with 0.1, 1, and 10 μM of CS-SeNPs. At

Figure 1 Characterization of CS-SeNPs and SeNPs. The TEM (A) and SEM (B) micrographs of CS-SeNPs and SeNPs; (C) Elemental composition analysis of CS-SeNPs and
SeNPs; (D) Size distribution of CS-SeNPs by DLS; (E) Zeta potentials of CS, SeNPs and CS-SeNPs.
Abbreviations: CS, chitosan; CS-SeNPs, chitosan-coated selenium nanoparticles; DLS, dynamic light scattering; SEM, Scanning electron microscope; TEM, transmission
electron microscope.

Figure 2 Cell viability of Marc-145 cells treated with different CS-SeNPs concentrations for 48 h using CCK-8 assay. Results are expressed as the mean ± SD of triplicate
experiments.
Abbreviations: CS-SeNPs, chitosan-coated selenium nanoparticles; CCK-8, Cell-counting kit 8; IC50, Half-maximal inhibitory concentration; Marc-145, African green
monkey kidney epithelial cell line; SD, standard deviation.
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concentrations of 100 and 1000 μM, cell viability was significantly lower than the control group. The IC50 of CS-SeNPs
for Marc-145 was 99.35 μM. Accordingly, 10 μM CS-SeNPs were used in the following treatments.

CS-SeNPs Alleviated PRRSV-Stimulated Oxidative Stress
Se plays an essential role in oxidation-reduction systems as an essential trace element. We explored whether the
inhibitory activity of CS-SeNPs against r-PRRSV-EGFP infection was related to its antioxidant activity. The increase in
H2O2 initially induced by r-PRRSV-EGFP infection at 48 hours post-infection (hpi) was suppressed by CS-SeNPs
(Figure 3A). GSH is well-established as the most important low molecular weight antioxidant synthesized in cells. As
shown in Figure 3B, the GSH content was dramatically decreased in r-PRRSV-EGFP infected cells at 48 hpi, and CS-
SeNPs treatment restored GSH levels in infected cells. Furthermore, the GSH-Px activity was significantly increased in
two CS-SeNPs treatment group cells at 24 and 48 hpi, while no significant changes were observed in r-PRRSV-EGFP
infected cells (Figure 3C).

Inhibition of PRRSV Replication in Marc-145 Cells by CS-SeNPs
To validate the effect of CS-SeNPs on PRRSV replication, Marc-145 cells were infected with r-PRRSV-EGFP at 0.1
MOI and treated with CS (1 mg/mL), Na2SeO3 (10 μM), and CS-SeNPs (10 μM) respectively for 48 h. At the end of the
incubation period, the supernatant was collected and used for RT-qPCR analysis. As shown in Figure 4A, treatment with
CS-SeNPs resulted in decreased viral RNA levels (P<0.01), while no significant change in r-PRRSV-EGFP replication
was observed in CS and Na2SeO3 treatment groups (P>0.05).

As shown in the timeline schematic, a time-of-addition experiment was performed to investigate the mechanism
underlying the inhibitory effect of CS-SeNPs on r-PRRSV-EGFP (Figure 4B). At 48 hpi, culture supernatants were
harvested for RNA isolation and qRT-PCR-based analysis. The results showed that PRRSV RNA levels were signifi-
cantly decreased in the CS-SeNPs treatment groups (groups I, III, V, and VII) compared with the control group. However,
no significant change was observed in group IV cells treated with CS-SeNPs for 1 h before PRRSV infection. After
Marc-145 cells in groups II and VI were treated with CS-SeNPs and PRRSV for 1 h, PRRSV was suppressed to a lower
extent than in the CS-SeNPs treatment groups (Figure 4C). Taken together, these findings indicate that CS-SeNPs do not
exert a direct virucidal effect on PRRSV and may inhibit PRRSV during the late stages of viral replication or improve
host antiviral ability. Moreover, the treatment used for group VII was adopted in the following experiments.

To further verify the inhibitory effect of CS-SeNPs in PRRSV replication, Marc-145 cells were infected with PRRSV
(0.1 MOI, r-PRRSV-EGFP or ZJ-JX/2015) and incubated with 10 μM CS-SeNPs for 48 h. ORF5 mRNA levels were
significantly decreased at 24 to 48 hpi, and TCID50 assays showed that viral titers significantly decreased at 36 to 48 hpi
in CS-SeNPs treated Marc-145 cells (Figures 4D and E). The TCID50 assay is a method to quantify virus infectivity in

Figure 3 CS-SeNPs suppress oxidative stress induced by r-PRRSV-EGFP in Marc-145 cells. Effects of CS-SeNPs on H2O2 (A) and GSH (B) content and GSH-Px activity (C)
in r-PRRSV-EGFP infected Marc-145 cells. All results are expressed as the mean ± SD of triplicate experiments. *P<0.05, **P <0.01 compared with mock, #P<0.05, ##P
<0.01 compared with r-PRRSV-EGFP infected cells.
Abbreviations: CS-SeNPs, chitosan-coated selenium nanoparticles; GSH, glutathione; GSH-Px, glutathione peroxidase; H2O2, hydrogen peroxide; SD, standard deviation.
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cells, while RT-qPCR is suitable for rapidly quantifying virus particles in cell supernatant irrespective of viral infectivity.
Accordingly, RT-qPCR may be more sensitive than TCID50 in determining the quantification of PRRSV particles in cell
supernatant. Interestingly, r-PRRSV-EGFP carries an EGFP reporter gene as a separate transcription unit which can be
useful to monitor PRRSV spread. As shown in Figure 4F, the fluorescence intensity, used as an indicator of r-PRRSV-
EGFP concentrations, was significantly lower in the CS-SeNPs-treated group than in the control group at 48 hpi. Western

Figure 4 Identification of the inhibitory effect of CS-SeNPs on PRRSV replication in Marc-145 cells. (A) Relative r-PRRSV-EGFP ORF 5 mRNA levels determined by qRT-
PCR in Marc-145 inoculated with r-PRRSV-EGFP at 0.1 MOI and treated with CS (1 mg/mL), Na2SeO3 (10 μM), and CS-SeNPs (10 μM) for 48 h. (B) Time-of-addition
schematic. (C) Relative r-PRRSV-EGFP ORF 5 mRNA levels in Marc-145 inoculated with r-PRRSV-EGFP at 0.1 MOI and treated with CS-SeNPs (10 μM) according to the
schematic. **P <0.01 compared with control group cells. (D) Relative ORF 5 mRNA levels determined by qRT-PCR. **P <0.01 compared with r-PRRSV-EGFP infected cells.
(E) Viral titers detected by TCID50 of r-PRRSV-EGFP according to group VII treatment pattern in Figure 4B at the indicated times. Results are expressed as the mean ± SD of
triplicate experiments, **P <0.01 compared with r-PRRSV-EGFP infected cells. (F) Marc-145 cells infected with r-PRRSV-EGFP at an MOI of 0.1 for 1 h and incubated with or
without 10 μM CS-SeNPs for 48 h. Cells were fixed and stained with DAPI (4′,6-diamidino-2-phenylindole) and observed under fluorescence microscopy. Western blot
analysis of PRRSV N protein in Marc-145 cells infected with r-PRRSV-EGFP (G) and ZJ-JX/2015 (H) and then incubated with or without 10 μM CS-SeNPs for 24 and 48 h. β-
actin was used as the loading control.
Abbreviations: CS, chitosan; CS-SeNPs, chitosan-coated selenium nanoparticles; MOI, multiplicity of infection; ORF5, open reading frame 5; qRT-PCR, Quantitative Real-
time Polymerase chain reaction; SD, standard deviation; TCID50, the median tissue culture infectious dose.
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blot analysis demonstrated that CS-SeNPs could effectively reduce the replication of r-PRRSV-EGFP and ZJ-JX/2015
strains at 24 and 48 hpi (Figure 4G and H).

CS-SeNPs Inhibit Apoptosis Induced by r-PRRSV-EGFP Through ROS/JNK Signaling in
Marc-145 Cells
In Marc-145 cells, PRRSV infection could induce oxidative stress in cells by generating ROS, playing an important role
in PRRSV pathogenesis. Current evidence suggests that excess cellular levels of ROS cause damage to proteins, playing
an essential role in apoptosis. As expected, the ROS levels were significantly increased in the r-PRRSV-EGFP group at
48 hpi, and CS-SeNPs treatment significantly reduced ROS production induced by r-PRRSV-EGFP in Marc-145 cells
(Figure 5A). There is ample evidence that PRRSV could induce apoptosis during the late stages of infection in Marc-145
cells. Accordingly, we evaluated the effect of CS-SeNPs on apoptosis induced by r-PRRSV-EGFP using Annexin V-PE
fluorescent dye. For the quantitative assessment of apoptosis, Marc-145 cells were infected with r-PRRSV-EGFP (MOI=
0.1) for 1 h and then incubated with or without 10 μM CS-SeNPs for 48 h. As illustrated in Figures 5B and C, the
apoptosis ratio was significantly increased to 34.8 ± 0.6% following infection with r-PRRSV-EGFP, while CS-SeNPs
treatment significantly decreased the apoptosis rate (17.2 ± 0.3%). We further analyzed the protein expression level of
key molecules, including p-JNK, JNK, caspase-3, cleaved-caspase-3, cleaved-PARP, and PRRSV-N by Western blot. As
shown in Figures 5D and E, we found that r-PRRSV-EGFP infection could upregulate the expression of p-JNK, cleaved-

Figure 5 CS-SeNPs inhibit Marc-145 cell apoptosis caused by r-PRRSV-EGFP. Marc-145 cells were infected with r-PRRSV-EGFP (MOI= 0.1) for 1 h and then incubated with
or without 10 μM CS-SeNPs for 24 or 48 h. (A) ROS levels were detected by DHE fluorescence intensity. (B) Flow cytometry analysis of apoptosis rate of Marc-145 cells
stained with Annexin V-PE at 48 hpi. (C) Quantitative analysis of apoptotic cells expressed as the mean ± SD of triplicate experiments. (D) Protein expression of p-JNK,
JNK, caspase-3, cleaved-caspase-3, cleaved-PARP, and PRRSV-N in Marc-145 cells were evaluated by Western blot at 24 and 48 hpi. β-actin was used as the loading control.
(E) Protein expression was quantified by Western blot and expressed as fold change relative to β-actin. All results are represented as the means ± SD of triplicate
experiments. *P<0.05, **P <0.01 compared with mock, #P<0.05, ##P <0.01 compared with r-PRRSV-EGFP infected cells.
Abbreviations: CS-SeNPs, chitosan-coated selenium nanoparticles; DHE, dihydroethidium; hpi, hours post infection; MOI, multiplicity of infection; JNK, reactive oxygen
species; PARP, poly adenosinediphosphate-ribose polymerase; N, nucleocapsid; ROS; reactive oxygen species; SD, standard deviation.
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caspase-3, and cleaved-PARP in Marc-145 cells at 48 hpi. Notably, the protein levels of p-JNK, cleaved-caspase-3, and
cleaved-PARP were significantly reduced when Marc-145 cells were treated with CS-SeNPs for 48 h.

Discussion
It is well-established that SeNPs can be synthesized by physical, chemical, and biological methods.30 A chemical reduction
was used to generate SeNPs in this study. As an abundant natural polysaccharide, CS can interact with SeNPs and prevent
them from aggregating due to their hydrophilic groups.26 Herein, we prepared SeNPs via a one-step method by reducing
Na2SeO3 with ascorbic acid and stabilizing them with CS. The results demonstrated that the synthesized CS-SeNPs were
sub-100 nm monodisperse uniformly spherical nanoparticles stable for approximately 30 days in aqueous solutions. It is
well recognized that SeNPs exhibit anti-tumor,31 anti-oxidant,32 anti-bacterial,33 anti-fungal,34 anti-inflammatory,35 and
anti-viral activities.19 The present study demonstrated that CS-SeNPs could significantly inhibit PRRSV proliferation and
PRRSV-induced oxidative stress in Marc-145 cells, providing compelling evidence of their promising therapeutic potential
against PRRSV infection.

Changes in redox homeostasis are key events that favor virus replication and contribute to the pathogenesis of viral
diseases.36 Overwhelming evidence substantiates that PRRSV induces oxidative stress in Marc-145 cells, PAMs, and
lung tissues of infected pigs.28 Consistently, we found that r-PRRSV-EGFP increased the production of ROS and H2O2

and reduced GSH generation, especially at 48 hpi. As a key ROS, H2O2 is produced endogenously primarily in the
mitochondria.37 Given that excess H2O2 can trigger apoptosis, H2O2 is currently the most widely used apoptosis inducer
due to its broad cytotoxic efficacy against nearly all cell types.38 Interestingly, targeting host cell factors required for viral
infection is another therapeutic approach to fighting viral infections.39 Host-targeted antiviral therapy has emerged as
a new strategy to counter viral resistance and develop broad-spectrum antivirals.9,39 Current evidence suggests that GSH
exhibits antiviral activity by different mechanisms of action, including inhibition of the nuclear factor (NF-κB) signaling
pathway, hindrance of viral entry, and interference with viral protein synthesis and folding.40 Moreover, the efficacy of
GSH and pro-GSH molecules as viral inhibitors has been established.40 This study provided compelling evidence that
CS-SeNPs treatment could effectively counter the r-PRRSV-EGFP-induced decline in GSH concentration and maintain
redox homeostasis. Notably, compared with the control group, the activity of GSH-Px in two CS-SeNPs treatment group
cells was significantly increased at 24 and 48 hpi. GSH-Px is an intracellular antioxidant enzyme that converts reduced
GSH into glutathione disulfide (GSSG).41 Se is a cofactor of GSH-Px, and se-cysteine is the active center of GSH-Px;
there is a well-documented relationship between Se and GSH-Px activity.42 The present study results indicated that CS-
SeNPs could enter cells and synthesize and utilize GSH-Px. Moreover, GSH-Px activity decreased with no significant
changes in PRRSV infected-Marc-145 cells at 24 hpi. The activity of GPX-1, a member of the GSH-Px family, was
reduced in H1N1 infected MDCK cells, and SeNPs treatment increased GPX-1 activity, consistent to a certain extent with
findings reported by Liu et al. In addition to its antioxidant effect, Se plays an important role in immune regulation in the
form of selenoprotein.43 Yao et al reported that Se supplementation could enhance GPX4 expression in T cells, increase
follicular helper T cell numbers and promote antibody responses in immunized mice and young adults after influenza
vaccination.44 Nevertheless, the absorption, bio-transformation, and utilization of CS-SeNPs in mammalian cells remain
poorly understood, warranting further studies.

Moreover, we found that treatment with CS-SeNPs reduced the RNA levels of r-PRRSV-EGFP, while separate
incubation of CS and Na2SeO3 resulted in no significant change in r-PRRSV-EGFP replication levels. Furthermore, RNA
levels and viral titers of r-PRRSV-EGFP and the N protein expression levels of r-PRRSV-EGFP and ZJ-JX/2015 PRRSV
stain were suppressed by CS-SeNPs in Marc-145 cells. Nonetheless, the mechanisms behind these antiviral activities are
largely understudied. Indeed, apoptosis is a programmed cell death defined by characteristic morphological, biochemical,
and molecular changes.45 If properly initiated, apoptosis can limit viral infection by killing virus-infected cells. In
response to these stimuli, many viruses have co-evolved to hijack or manipulate these processes to escape host
immunity.46 Moreover, during the eclipse phase of viral infection, when replication and synthesis of viral proteins are
at their peak, PRRSV can block cellular antiviral defense mechanisms and hijack host apoptosis for dissemination and
infection. Growing evidence corroborates that PRRSV can suppress host apoptosis at an early stage of infection by
activating the PI3K/AKT pathway47,48 and inhibiting the pro-apoptotic protein Bad.49 This study found ROS production
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in Marc-145 cells infected with r-PRRSV-EGFP was significantly altered at 48 hpi, but not at 24 hpi, compared with
control group cells. Besides, the apoptosis rates were significantly increased in response to r-PRRSV-EGFP stimulation at
48 hpi. Furthermore, CS-SeNPs treatment significantly reduced ROS production and apoptosis rate induced by r-PRRSV-
EGFP in Marc-145 cells. Previous studies have shown that ROS generation is a critical mediator in PRRSV-induced
activation of the JNK signaling pathway and apoptosis in Marc-145 cells.50 Importantly, our data demonstrated that the
JNK pathway was activated in r-PRRSV-EGFP infected Marc-145 cells at 48 hpi, leading to significantly increased JNK
phosphorylation and cleaved-caspase 3 and cleaved PARP protein expression levels. Activated caspase-3 cleaves
proteins, including poly (ADP-ribose) polymerase-1 (PARP-1), have been established to be important in DNA repair
and promoting apoptosis.51 In addition, these changes were significantly inhibited by CS-SeNPs treatment. These results
indicated that CS-SeNPs could attenuate PRRSV-induced apoptosis by ROS/JNK-mediated signaling. Consistently, Liu
et al reported that SeNPs could inhibit H1N1 influenza virus-induced apoptosis by ROS-mediated signaling pathways.43

Conclusion
In conclusion, the present study demonstrated that CS-SeNPs synthesized by chemical reduction could enhance
antioxidant capacity and effectively suppress PRRSV-induced apoptosis in Marc-145 cells via the ROS/JNK signaling
pathway, thereby inhibiting PRRSV replication. This is the first report of the antiviral effect of CS-SeNPs against PRRSV
infection, providing the foothold for further studies to develop novel therapeutic approaches.
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