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ABSTRACT

Background: Panax notoginseng saponins (PNS) are bioactive substances extracted from P. 
notoginseng that are widely used to treat cardiovascular and cerebrovascular diseases and 
interstitial diseases. PNS have the functions of scavenging free radicals, anti-inflammation, 
improving blood supply for tissue and so on.
Objectives: The aim of this study was to investigate the effects of PNS on the oxidative stress 
of immune cells induced by porcine circovirus 2 (PCV2) infection in vitro and in vivo.
Methods: Using an oxidative stress model of PCV2 infection in a porcine lung cell line (3D4/2 
cells) and mice, the levels of nitric oxide (NO), reactive oxygen species (ROS), total glutathione 
(T-GSH), reduced glutathione (GSH), and oxidized glutathione (GSSG) and the activities of 
xanthine oxidase (XOD), myeloperoxidase (MPO) and inducible nitric oxide synthetase (iNOS) 
were determined to evaluate the regulatory effects of PNS on oxidative stress.
Results: PNS treatment significantly reduced the levels of NO and ROS, the content of GSSG 
and the activities of XOD, MPO, and iNOS (p < 0.05), while significantly increasing GSH and 
the ratio of GSH/GSSG in infected 3D4/2 cells (p < 0.05).Similarly, in the in vivo study, PNS 
treatment significantly decreased the level of ROS in spleen lymphocytes of infected mice (p 
< 0.05), increased the levels of GSH and T-GSH (p < 0.05), significantly decreased the GSSG 
level (p < 0.05), and decreased the activities of XOD, MPO, and iNOS.
Conclusions: PNS could regulate the oxidative stress of immune cells induced by PCV2 
infection in vitro and in vivo.
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INTRODUCTION

Porcine circovirus 2 (PCV2) has been identified as a main pathogen causing postweaning 
multisystemic wasting syndrome, which has been traced back to 1969 and is clinically 
characterized by progressive emaciation, respiratory distress and jaundice, causing enormous 
economic loss in the pig industry worldwide [1-4]. Vaccine immunization is a routine way 
to prevent PCV2 infection, but the efficacy of vaccine protection is limited because of the 
emergence of new viral strains.
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As a second messenger, reactive oxygen species (ROS) play a vital role in many intracellular 
signaling cascades aimed at maintaining the intracellular environmental balance. In cells, 
the major mechanisms of ROS scavenging include glutathione (GSH), superoxide dismutase 
(SOD), ascorbate peroxidase and catalase. However, oxidative stress arises when excessive 
ROS are not effectively eliminated by antioxidants [5]. The imbalance between oxidation 
and antioxidation causes damage to many important biological molecules, cells and organs, 
leading to various diseases [6,7]. Host phagocytes produced ROS after infection with the 
Sendai virus and the level of GSH in mouse lungs decreased after influenza virus infection, 
so oxidative stress is associated with viral infection [8]. It has been reported that many viral 
infections are accompanied by intracellular redox state changes [9], and the ROS levels in 
porcine kidney 15 (PK-15) cells increased after infection with PCV2; in addition, the increase 
in ROS promotes PCV2 replication [10].

For a long time, antioxidants extracted from natural plants for food and medicine have 
been a hot topic, and the antioxidant mechanisms of traditional Chinese medicine are an 
interesting area. Panax notoginseng is a traditional Chinese medicinal herb used for promoting 
blood circulation and is mainly distributed in Southwest China [11]. P. notoginseng saponins 
(PNS) includes a variety of saponin monomers, such as Rb1, Rg1, Re, Rd, and R1, which 
have the functions of improving cell energy metabolism, scavenging free radicals and 
antioxidant stress, regulating apoptotic signaling pathways, anti-inflammation, balancing 
ion metabolism, improving blood supply for tissue and so on. In the clinic, P. notoginseng and 
Salvia miltiorrhiza are usually combined to treat and prevent cardiovascular diseases, which may 
be based on the complementation of antioxidant mechanisms: the extract of P. notoginseng 
exhibits high ferrous ion chelating activity and strong scavenging activities for hydrogen 
peroxide (H2O2) and hydroxyl radicals, while the extract of S. miltiorrhiza possesses powerful 
reducing ability and high scavenging activities of hydroxyl, superoxide anion and DPPH 
radicals [12]. In addition, antioxidant compounds have been proposed for neuroprotection 
because of improved endogenous antioxidant defenses. It was reported that PNS presented 
neuroprotection on H2O2-induced brain cells by reducing ROS accumulation in vitro [13]. 
In addition, PNS can attenuate platelet aggregation through the peroxisome proliferator-
activated receptor-γ pathway [14]. These data suggest that PNS is an effective antioxidant.

In our previous studies, oxidative stress models induced by PCV2 infection in RAW264.7 
cells, 3D4/2 cells and primary porcine splenic lymphocytes were established. In the present 
study, we aimed to investigate the regulatory effects of PNS on the oxidative stress induced by 
PCV2 in 3D4/2 cells and mice.

MATERIALS AND METHODS

Materials
Dichlorodihydrofluorescein diacetate (DCFH-DA) was purchased from Applygen, China. 
Commercial test kits for xanthine oxidase (XOD), myeloperoxidase (MPO), and inducible 
nitric oxide synthetase (iNOS) were purchased from Nang Jingcheng Bioengineering Institute, 
China. Enhanced chemiluminescence equipment was obtained from Millipore, USA. 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), o-phthalaldehyde (OPA), 
GSH, oxidized glutathione (GSSG), naphthalene ethylene diamine and p-aminobenzene 
sulfonic acid were of analytical grade, and standards Rb1, Rg1, Re, Rd, and R1 were purchased 
from the China National Institute for the Control of Pharmaceutical and Biological Products.
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Preparation of PNS
P. notoginseng was produced in Yunnan Province and was purchased from the Nan Ning Xiang 
Dai chemist shop of the Guangxi Zhuang Autonomous Region in China. PNS was prepared 
using ethanol extracted and purified by macroporous adsorption resin, and the content was 
measured by high-performance liquid chromatography (Waters Alliance e2695; Waters, USA). 
Briefly, the powder of P. notoginseng was soaked in 70% ethanol for 1 h, extracted by the reflux 
method for 2 h, and then the extract was filtered. The residue of the filter was extracted again 
for 1.5 h, the filtrates were mixed and concentrated by vacuum rotary evaporation, and the 
concentrate was freeze-dried to a powder. The powder was then dissolved in methanol and 
immersed in a D-101 resin layer, and the eluate was collected until an adsorption equilibrium 
was reached. Then, the column was washed with distilled water, and the Molish reaction 
was used to judge the end point of washing. Furthermore, elution was carried out with 80% 
ethanol, and the eluate was collected. The eluent was concentrated by a rotary evaporator, 
and the refined PNS was obtained by freeze-drying. The purity of PNS was measured by HPLC 
according to the Pharmacopoeia of the People's Republic of China [15], using standards Rb1, 
Rg1, Re, Rd, and R1 as controls.

Cells and viruses
PK-15 cells and 3D4/2 cells were provided by the Laboratory of Animal Infectious Disease 
at the College of Animal Science and Technology at Guangxi University.PK-15 cells were 
cultured in Dulbecco's Modified Eagle Medium (Gibco, USA) supplemented with 10% 
fetal bovine serum (FBS; Gibco), penicillin (100 IU/mL), and streptomycin (100 mg/mL) at 
37°C in an atmosphere of 5% CO2. 3D4/2 cells were seeded in RPMI-1640 medium (Gibco) 
supplemented with 10% FBS (Gibco), penicillin (100 IU/mL), and streptomycin (100 mg/mL) 
at 37°C in an atmosphere of 5% CO2.

PCV2 was provided by the Key Laboratory of Animal Diseases Diagnostic and Immunology 
of Ministry of Agriculture at Nanjing Agricultural University and amplified using PK-15 cells. 
The viral titer was determined to be 104TCID50/0.1 mL using the Reed-Muench assay.

PCV2 infection of 3D4/2 cells and treatment
3D4/2 cells with a density of 1 × 105 cells/mL were seeded in 24- or 96-well plates and cultured 
for 2 h. Then, the supernatant was removed, and the cells were washed three times with 
0.1 mol/L phosphate-buffered saline (PBS). Except for the negative control, the cells were 
adsorbed with PCV2 at a dilution of 10−1 for 2 h, then the inoculum was removed, and the 
cells were washed three times with 0.1 mol/L PBS. The infected cells were grown in complete 
RPMI-1640 medium supplemented with100 µg/mL, 200 µg/mL, or 400 µg/mL PNS and 
200 µM vitamin C (VC), while the negative and PCV2-infected control cells were cultured in 
complete RPMI-1640 medium.

Animals and treatment
Kunming inbred mice of either sex weighing 20 ± 2 g were purchased from the Experimental 
Animal Center of Guangxi Medical University (animal study approval number: SCXK Gui 
2014-0003).The protocol and procedures employed were ethically reviewed and approved by 
the ethical committee of Guangxi University. The experiments were performed in accordance 
with Guangxi University guidelines and regulations for the care and use of laboratory 
animals. Mice were housed in an environment of 22 ± 2°C, given adequate feed and water ad 
libitum for 5 days before experimentation. Mice were randomly divided into seven groups 
with 12 mice per group according to Table 1. Mice were administered 1 mL of physiological 
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saline (PS, 0.9% sodium chloride solution) or PCV2 for three days via intragastric, intranasal 
dropping or intraperitoneal injection. From the fourth day to the sixth day, the mice were 
administered PS, VC, or PNS by intraperitoneal injection, as shown in Table 1. On the seventh 
day, these mice were weighed and sacrificed according to the rules of animal experimental 
ethics of Guangxi University. Splenic lymphocytes were isolated for experiments. Spleen and 
thymus tissues were collected for further analysis.

Isolation and culture of splenic lymphocytes
After the mice were sacrificed, the spleens were removed from the abdominal cavities and 
washed two times with PBS. Then, each spleen was polished using a plunger and filtered 
through a nylon sieve with a size of 80 μm. The erythrocytes in the suspension were lysed 
using Tris-NH4Cl, and the splenic lymphocytes were resuspended and washed twice with PBS 
and seeded in 24-well plates with 10% FBS-RPMI-1640 medium.

Cell viability assay
After the cells were treated and subcultured for 20 h or 44 h, MTT was added to the cell wells 
at a final concentration of 5 mg/mL for 4 h, and then the medium was replaced with 100 μL 
of dimethyl sulfoxide and incubated for 10 min. The optical density was measured by an 
automatic enzyme-linked immunosorbent assay (ELISA) plate reader at 450 nm.

Nitrite assay
After the cells were treated and subcultured for 4 h, 8 h, 12 h, or 24 h, culture supernatants 
(100 μL) were mixed with 100 μL of Griess reagent (0.5% sulfanilamide,0.05% 
naphthylethylenediamine dihydrochloride, 2.5% phosphoric acid), incubated for 10 min at 
room temperature, and the absorbance was measured at 450 nm using an ELISA plate reader.

DCFH-DA detection for ROS
ROS in 3D4/2 cells and splenic lymphocytes were detected using the fluorescent probe DCFH-
DA (Applygen). Briefly, after 3D4/2 cells were treated and cultured for 4 h,8 h, 12 h, 24 h, or 48 
h, the cultured supernatant was removed, and DCFH-DA (10 µM) was added for incubation 
in the dark at 37°C and 5% CO2 for 30 min. Then, the cells were washed three times with 0.01 
M PBS. Splenic lymphocytes were mixed with 500 µL of DCFH-DA (10 µM) and incubated in a 
dark environment at 37°C and 5% CO2 for 60 min. Then, the supernatant was discarded, and 
the cells were washed three times with 0.01M PBS, and then the pellets were resuspended in 
2,000 μL of PBS. The cells were imaged using a laser scanning confocal microscope (Zeiss 
LSM 510; Carl Zeiss AG, Germany) at a wavelength of 488 nm for excitation and 525 nm for 
emission. Ten random fields of vision were observed for each well. The data are expressed as 
fluorescence values.
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Table 1. Groupings and treatments of mice
Group Day 1–3 Day 4–6
Negative control PS 1 mL/mouse PS 0.02 mL/kg bw
PNS PS 1 mL/mouse PNS 200 mg/kg bw
PCV2 + VC PCV2 1 mL/mouse VC 100 mg/kg bw
PCV2 PCV2 1 mL/mouse PS 0.02 mL/kg bw
PCV2 + PNS 50 PCV2 1 mL/mouse PNS 50 mg/kg bw
PCV2 + PNS 100 PCV2 1 mL/mouse PNS 100 mg/kg bw
PCV2 + PNS 200 PCV2 1 mL/mouse PNS 200 mg/kg bw
PNS, Panax notoginseng saponins; PCV2, porcine circovirus type 2; VC, vitamin C; PS, physiological saline.
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Determination of intracellular GSH and GSSG
The cells were collected and centrifuged after pretreatment for 4 h, 8 h, 12 h, 24 h, and 48 h, 
and the pellets were treated with 0.4 mL of 5% trichloroacetic acid and cracked by ultrasonic 
decomposition for 1 min in an ice water bath. Following centrifugation at 12,000 × g at 4°C 
for 15 min, the supernatant was used for GSH and GSSG detection. The method refers to 
previous report [16]; briefly, for GSH determination, 200 μL of the supernatant was mixed 
with 3.6 mL of PBS-ethylenediaminetetraacetic acid and 200 μL of o-Phthalaldehyde and 
incubated at room temperature for 40 min. The fluorescence of the mixtures was measured 
in a spectrophotometer at excitation and emission wavelengths of 350 nm and 425 nm, 
respectively, and the levels of GSH were calculated according to a standard curve. For the 
GSSG analysis, 100 μL of supernatant was mixed with 40 μL of N-ethylmaleimide (0.04 
mol/L) and incubated at room temperature for 30 min. Then, 1.9 mL of NaOH (0.1 mol/L)
and 100 μL of o-Phthalaldehyde were added, the mixture was incubated at room temperature 
for 15 min, and the fluorescence was measured with a spectrophotometer at excitation and 
emission wavelengths of 337.8 nm and 421.6 nm, respectively. The levels of GSSG were 
calculated according to a standard curve.

Determination of the activity of intracellular XOD, MPO and iNOS
The cells were collected by centrifugation at 2,000 × g for 5 min after pretreatment for 4 
h, 8 h, 12 h, 24 h, and 48 h, and the cell pellets were washed three times with PBS followed 
by 10 min of ultrasonic decomposition. After centrifugation at 10,000 ×g for 10 min, the 
supernatant was used for the XOD, MPO, and iNOS activity assays using commercial test kits 
in accordance with the manufacturer's instructions.

Calculation of the spleen and thymus indices
The spleen and thymus were collected after the mice were sacrificed, and the surface 
moisture of the organs was removed with filter paper. The spleen and thymus indices of the 
mice were measured according to the formulas: spleen or thymus weight (mg)/bodyweight 
(g), respectively [17].

Determination of the contents of total glutathione (T-GSH), GSH, GSSG and 
the activities of XOD, MPO and iNOS
The spleens of the mice were homogenized by adding precooled PS at the ratio of weight 
(g): volume (mL) = 1:10 in a homogenizer tube in an ice water bath. The homogenate was 
centrifuged at 4°C and 5,000 rpm for 10 min, and then the supernatant was collected for 
analysis. The contents of T-GSH, GSH, and GSSG and the activities of XOD, MPO, and iNOS 
were detected according to the instructions of commercial test kits.

Statistical analysis
Statistical analyses were performed using one-way analysis of variance followed by Duncan's 
test and were analyzed with SPSS 21.0 software (IBM Corp., USA). The data are shown as the 
mean ± SD. Bars with different letters are significantly different (p < 0.05).

RESULTS

The content of PNS
From Fig. 1, the constituents of PNS were separated. The standard curves for R1, R1, Rg1, 
Re, Rb1, and Rd were y = 5,421.1x + 1,629.8 (R2 = 0.9996, linear range: 48.6–1.529 μg/mL); y 
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= 6,456.8x + 9,280.1 (R2 = 0.9998, linear range: 42.48–1.229 μg/mL); y = 5,222.1x + 3553.1 (R2 
= 0.9995, linear range: 42.48–1.298 μg/mL); y = 4,744.9x + 4,168.6 (R2 = 0.9999, linear range: 
137.75–4.301 μg/mL); and y = 5,530.9x + 2,051.1 (R2 = 0.9999, linear range: 63.45–1.99 μg/mL), 
respectively, and the contents of R1, Rg1, Re, Rb1, and Rd were determined to be 61.79 mg/g, 
274.61 mg/g, 13.73 mg/g, 343.26 mg/g, 68.65 mg/g, respectively, according to the standard 
curves. The total content of notoginsenoside was 76.205%.

Effect of PNS on 3D4/2 cell viability
After infection with PCV2 for 48 h, the viability of 3D4/2 cells was significantly decreased 
compared with the negative control (p < 0.05), while treatment with VC and PNS attenuated 
the decrease in cell viability, but there was no significant difference compared with the PCV2 
infection group (Fig. 2).

Nitric oxide (NO) contents
PCV2 infection significantly increased the levels of NO in 3D4/2 cells at 4 h, 12 h, and 24 h (p 
< 0.05). PNS at 200 μg/mL significantly decreased the NO level at 4 h and 24 h postinfection 
compared with PCV2 infection alone (p < 0.05), but there was no significant difference 
between the VC treatment group and the infection group (Fig. 3A).
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Fig. 1. HPLC chromatograms of PNS. (A) Mixture of R1, Rg1, Re, Rb1, Rd standards; (B) Analysis of components in 
PNS. Elution peaks: 1, R1; 2, Rg1; 3, Re; 4, Rb1; 5, Rd. 
PNS, Panax notoginseng saponins.
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The production of ROS
As Fig. 3B shows, a dramatically increased ROS level was observed in PCV2-infected cells 
compared to the negative control group (p < 0.05). However, the level of ROS in PCV2-
infected cells was decreased after treatment with different concentrations of PNS, and no 
significant difference was observed compared with the negative control group.

ROS levels in splenic lymphocytes were detected, and the levels were significantly increased 
7 days after PCV2 infection (p < 0.05). Different concentrations of PNS decreased the ROS 
levels, especially at the concentration of 200 mg/kg bw, which significantly decreased the 
ROS level compared with the PCV2-infected group (p < 0.05), and there were no significant 
differences compared with the negative control (Fig. 4A).

Effects of PNS on redox status in vitro and in vivo
Fig. 3C-E shows that PCV2 infection decreased the level of GSH in 3D4/2 cells, and PNS at 
a concentration of 200 μg/mL significantly increased the GSH level compared with PCV2 
infection alone (p < 0.05). GSSG content was significantly increased at 4 h, 12 h, and 24 h 
after PCV2 infection (p < 0.05). Treatment with PNS (200 μg/mL) at 4 h, 12 h, and 24 h after 
PCV2 infection notably decreased the GSSG level (p < 0.05), and the efficacy was similar to 
that of VC. Infection with PCV2 significantly reduced the ratio of GSH/GSSG at 4 h,12 h, and 
24 h after PCV2 infection (p < 0.05), while PNS (200 μg/mL) significantly upregulated the 
ratio of GSH/GSSG compared with PCV2 infection alone (p < 0.05) and with no significant 
difference compared with the VC treatment group.

Changes in T-GSH, GSH, and GSSG in the mouse spleens were also detected. On the 
seventh day after infection, the levels of GSH and T-GSH significantly decreased, and the 
GSSG content was markedly increased (p < 0.05).Different concentrations of PNS promoted 
the levels of GSH and T-GSH, especially PNS at a concentration of 200 mg/kg bw, which 
significantly increased the levels of GSH and T-GSH compared with the PCV2 infection alone 
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NO, nitric oxide; PCV2, porcine circovirus type 2; PNS, Panax notoginseng saponins; VC, vitamin C; ROS, reactive oxygen species; GSH, glutathione; GSSG, 
oxidized glutathione; TCID50, median tissue culture infectious dose.
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group (p < 0.05), but the GSH level was still lower than that of the negative control. PNS at 
concentrations of 200 mg/kg bw and 50 mg/kg bw significantly downregulated the GSSG 
level compared with PCV2 infection alone (p < 0.05) but still significantly exceeded that of the 
negative control (p < 0.05). The levels of T-GSH, GSH and GSSG were not obviously changed 
by treatment with PNS alone (200 mg/kg bw) (Fig. 4B-D).

Effects of PNS on the activities of XOD, MPO and iNOS in vitro and in vivo
The activities of XOD, MPO, and iNOS in 3D4/2 cells was significantly promoted after 
PCV2 infection (p < 0.05), as shown in Fig. 5. PNS at 200 μg/mL, 50 μg/mL, and 100 μg/mL 
(treatment for 8 h) significantly decreased XOD activity (p < 0.05). The cells were treated with 
PNS at concentrations of 200 μg/mL and100 μg/mL for 12 h, and treatment with 200 μg/mL 
PNS for 8 h significantly decreased MPO activity (p < 0.05). iNOS activity was significantly 
downregulated by PNS (200 μg/mL), and PNS (100 μg/mL) significantly decreased iNOS 
activity at 12 h and 24 h after PCV2 infection (p < 0.05).
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In vivo, PCV2 infection increased the activities of XOD, MPO, and iNOS, and the iNOS 
activity was significantly higher than that of the negative control (p < 0.05). VC decreased 
the activities of XOD, MPO, and iNOS in the spleens of PCV2-infected mice, but there were 
no significant differences compared with the negative control, although the iNOS activity 
was significantly lower than that in the PCV2 infection group. Different concentrations of 
PNS decreased the activities of XOD, MPO, and iNOS in infected mice, but no significant 
differences were observed compared with the negative control; however, the iNOS activity 
in the group treated with 200 mg/kg bw PNS was significantly lower than that in the PCV2 
infection group. The activities of XOD, MPO, and iNOS were not obviously changed by 
treatment with 200 mg/kg bw PNS alone (Fig. 6).

Effects of PNS on the spleen and thymus indices of PCV2-infected mice
On the seventh day postinfection with PCV2, the mouse spleen index, but not the thymus 
index, significantly decreased. To some extent, different concentrations of PNS increased the 
spleen and thymus indices but no significant differences were observed compared with the 
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PCV2-infected group. Treatment with 200 mg/kg bw PNS alone without infection significantly 
increased the spleen and thymus indices compared with the PCV2-infected group (p < 0.05), 
and there were no differences compared with the negative control group (Fig. 7).

DISCUSSION

PCV2 is a virus that causes immune suppression in animals and oxidative damage to cells. 
Moreover, intracellular redox status could influence the replication of PCV2. Studies have 
shown that PCV2 infection reduces the proliferative activity of RAW264.7 cells or splenic 
T and B lymphocytes [16,18]. GSH and SOD concentrations decreased and the MDA 
concentration increased after PCV2 infection, and the replication of PCV2 in PK15 cells was 
impaired after increasing intracellular GSH; in contrast, PCV2 replication was promoted 
after the reduction of GSH [19]. Under normal physiological conditions, intracellular ROS 
are used as a second messenger to regulate gene expression, activate receptors and nuclear 
transcription factors, and induce an adaptive response. However, once endogenous or 
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exogenous ROS reaches an excessive level, it will lead to damage to cell membranes, tissues 
and enzymes, resulting in disorders of body function and inducing diseases [20]. In the early 
stage of viral infection, viruses induce oxidative stress in host cells and release large amounts 
of ROS. On the one hand, production of the superoxide anion (O2

·−) effectively kills invasive 
microorganisms to resist infection; on the other hand, the strong oxidative activity of ROS 
causes oxidative damage to cells. Furthermore, ROS, as a second messenger, promote viral 
replication [21].As some studies have shown, ROS production is increased when animals or 
animal cells are infected by a virus in vitro or in vivo, and the accumulation of ROS promotes viral 
replication, leading to immune suppression [22-25]. Therefore, some compounds that affect 
the excessive production of ROS can inhibit the replication of viruses in cells, such as taurine 
attenuating PCV2 replication by blocking ROS-dependent autophagy [26] and selenizing 
astragalus polysaccharide attenuating the PCV2 replication enhancement caused by oxidative 
stress [27]. In our study, the results showed that 50 µg/mL, 100 µg/mL, and 200 µg/mL PNS and 
200 µM vitamin C significantly increased the proliferative activity of PCV2-infected 3D4/2 cells; 
ROS levels of 3D4/2 cells and splenic lymphocytes in mice increased after infection with PCV2. 
This result was consistent with the report that PCV2 infection increased ROS levels in PK-15 
cells [28]. After treatment with PNS, the ROS levels in 3D4/2 cells infected by PCV2 significantly 
decreased, and the effects were similar to the action of vitamin C; in addition, PNS significantly 
reduced the increase in ROS levels in spleen lymphocytes from mice induced by PCV2 infection, 
and the antioxidant effects were dose-dependent with the concentration of PNS. These results 
suggested that PNS reduced the oxidative stress induced by PCV2 infection and increased the 
activity of immune cells, restoring the redox state of cells by reducing the production of ROS.

NO is an important regulating mediator in cells, which is not only an antimicrobial, 
tumoricidal, and tissue-damaging effector molecule working in the innate immune system 
but also an effective molecule for the adaptive immune response and cytoprotection [29]. 
NO is synthesized by nitric oxide synthase (NOS) from nicotinamide adenine dinucleotide 
phosphate, L-arginine, and oxygen. In immune cells, NO is mainly synthesized by iNOS 
under stimulation by pathogenic microorganisms and inflammation [30]. It was observed 
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that NOS expression was upregulated and the NO level increased in models of influenza A 
virus H3N2-infected mice or human respiratory epithelial cells [31-33]. In our study, PCV2 
significantly increased the activity of iNOS in 3D4/2 cells and mouse spleen lymphocytes 
and increased the level of NO in 3D4/2 cells. PNS downregulated the activity of iNOS and 
inhibited the over secretion of NO. In particular, a PNS concentration of 200 mg/kg bw was 
the most effective in the PCV2-infected mouse group. The results show that PNS regulated 
NO secretion to enhance cellular immune activity.

As one of the most important and abundant endogenous antioxidants in mammalian cells, 
reduced GSH is a nonenzymatic antioxidant that regulates physiological processes in many 
cells under normal physiological conditions, and the concentration of GSH in cells is an 
important index to measure the degree of oxidative stress in cells [34,35]. The decrease 
in GSH concentration is one of the manifestations of oxidative stress [36]. Under normal 
physiological conditions, the contents of GSH and GSSG are in a dynamic equilibrium 
state. When cells are in a state of peroxidation, the GSSG concentration increases or the 
GSH/GSSG ratio decreases. Therefore, the GSH/GSSG value is often used as an important 
indicator to evaluate the dynamic equilibrium between oxidants and antioxidants. In our 
experiment, PCV2 significantly increased the level of GSSG in 3D4/2 cells and decreased 
both the level of GSH and the value of GSH/GSSG. PNS downregulated the GSSG level and 
upregulated the GSH level, indicating that PNS improves the redox status of cells. Moreover, 
after infection with PCV2, the GSH, and T-GSH levels of splenic lymphocytes from mice were 
significantly decreased, and the GSSG level significantly increased, consistent with human 
immunodeficiency viruses infection significantly reducing intracellular T-GSH levels [37], 
indicating that the antioxidant capacity of splenic lymphocytes from mice was significantly 
decreased under oxidative stress. In addition, treatment with PNS significantly antagonized 
the increase in GSSG levels and the decrease in GSH and T-GSH levels in the spleen of mice 
infected with PCV2; in particular, the 100 mg/kg bw dose of PNS had the best antioxidant 
effects. This result suggests that PNS exerted antioxidant activity by promoting the synthesis 
of T-GSH and enhancing the free radical-scavenging capacity of reduced GSH.

MPO is a cationic protein that is mainly secreted by neutrophils and monocytes and catalyzes 
H2O2 to produce hypochlorous acid and other deleterious ROS that kill pathogens during 
infections [38,39]. However, MPO and MPO-derived oxidants are also thought to promote 
inflammation and cause tissue damage [40]. XOD is a molybdenum iron–sulfur flavin 
hydroxylase that catalyzes the oxidation of hypoxanthine to xanthine and then to uric acid 
and plays an important role in purine catabolism in the body [41]. During XOD reoxidation, 
endogenous ROS, including H2O2 species and superoxide radicals, are generated, causing 
oxidative damage to living tissues. In this study, PCV2 significantly increased the activity of 
MPO and XOD in 3D4/2 cells and in spleen lymphocytes of mice, resulting in oxidative stress. 
PNS significantly decreased the activity of MPO and XOD, particularly PNS at 200 mg/kg bw. 
The results showed that PNS effectively regulated oxidative stress induced by the PCV2 virus 
and resisted viral infection.

The immune organ index is often used to evaluate animal immune function. In this 
experiment, the thymus and spleen indices of the mice were significantly reduced after PCV2 
infection for 7 days, and treatment with PNS increased the indices but they were still lower 
than those of the negative control group. The results show that PNS can improve the immune 
deficiency caused by PCV2 infection, but the immune function was not completely recovered, 
which may be related to the short duration of PNS treatment.
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In conclusion, we concluded that PNS could regulate oxidative stress in immune cells 
induced by PCV2 in vitro and in vivo by decreasing the levels of ROS, NO, GSSG, and H2O2 and 
the activity of XOD, MPO, and iNOS, increasing the GSH level and the value of GSH/GSSG, 
promoting the capacity to inhibit ·OH and resist O2

·−, and decreasing the production of free 
radicals or eliminating free radicals.
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