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Abstract: Oxysophocarpine (OSC) has various pharmacological effects. This study was designed to investigate 
whether OSC confers protection against respiratory syncytial virus (RSV) infection-induced lung injury. Here, we 
found that OSC inhibited RSV replication and increased the viability of RSV-infected lung epithelial A549 cells. 
OSC suppressed the RSV-increased production and release of pro-inflammatory cytokines and chemokines [tumor 
necrosis factor-α, interleukin-6 (IL-6), IL-8, regulated on activation in normal T-cell expressed and secreted, mac-
rophage inflammatory protein-1α; and monocyte chemoattractant protein-1] in A549 cells. OSC also reduced the 
formation of reactive oxygen species and enhanced the activities of antioxidant enzymes in RSV-infected cells. The 
anti-oxidative effect of OSC on RSV-infected cells was dependent on NF-E2-related factor 2 activation. In vivo, OSC 
significantly alleviated RSV-triggered mouse lung injury. Overall, these results indicated that OSC attenuates RSV-
enhanced pulmonary damage by inhibiting oxidative stress and inflammation.
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Introduction

Respiratory syncytial virus (RSV) is a non-seg-
mented, negative-sense, single-stranded RNA 
virus belonging to the Paramyxoviridae family. 
RSV is the leading cause of severe lower respi-
ratory tract infections in children as well as in 
elderly and immune-suppressed individuals 
worldwide [1, 2]. Despite the significant impact 
of RSV infection-mediated lung injury on 
patient’s morbidity and mortality, treatment 
options remain largely limited [3]. Therefore, 
exploring effective and safe drugs to treat RSV-
induced airway diseases is very important and 
urgent. 

Extensive inflammation plays an essential role 
in RSV-leading airway damage. Following RSV 
infection, airway epithelial cells produce a vari-
ety of immunologically active molecules, such 
as cytokines, chemokines, and adhesion mole-
cules [4]. Oxidative stress also contributes to 
pathogenesis of both acute and chronic lung 
inflammatory diseases, such as asthma, fibro-
sis, and chronic obstructive pulmonary disease 
[5-7]. Reactive oxygen species (ROS) is highly 
involved in RSV-enhanced lung epithelial cell 

activation [8, 9]. RSV infection induces ROS  
formation, which triggers the expression of pro-
inflammatory molecules, such as tumor necro-
sis factor-α (TNF-α), interleukin (IL)-6, IL-8, regu-
lated on activation in normal T-cell expressed 
and secreted (RANTES)/CCL5, macrophage in- 
flammatory protein-1α (MIP-1α)/CCL3, and 
monocyte chemoattratctant protein-1 (MCP-1) 
[6, 7]. A previous study has established that 
RSV-mediated inhibition of antioxidant enzy- 
mes (AOEs) contributes to the pathogenesis of 
severe bronchiolitis [9]. AOEs, such as superox-
ide dismutase (SOD), catalase (CAT), glutathi-
one peroxidase (GPx), and glutathione S-trans- 
ferase (GST), can either directly decompose 
ROS (e.g., SOD and CAT) or facilitate their anti-
oxidant reactions (e.g., GPx) [10]. Transcriptional 
activation of AOEs mainly occurs through bind-
ing of NF-E2-related factor 2 (Nrf2) to the cis-
acting antioxidant response elements (AREs) 
[10]. This element has been identified in the 
regulatory regions of genes encoding many 
AOEs, including SOD, CAT, hemeoxygenase 1, 
and GST [11]. The protective role of the Nrf2-
ARE pathway has been proven in several experi-
mental models of pulmonary disorders, includ-
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ing RSV-triggered lung injury [12-16]. Thus, tar-
geting of inflammation and oxidative stress is a 
potential therapeutic strategy for RSV-induced 
lung damage.

Oxysophocarpine (OSC, Figure 1) is a quinoli-
zidine alkaloid extracted from Sophora flaves-
cens Ait., S. alopecuroides Linn., and other 
leguminous plants of Robinia. OSC has been 
utilized as traditional Chinese medicine owing 
to its neuroprotective, cardioprotective, analge-
sic, anti-inflammatory, anti-tumor, anti-nocicep-
tive, and anti-viral activities [17-20]. OSC pos-
sessed significant anti-HBV activity, showing 
inhibitory potency against HBsAg secretion 
[21], and also reduced the mortality of enter- 
ovirus 71-infected mice [22]. However, whether 
OSC exerts protective effects against RSV-
initiated pulmonary injury is unclear.

This study evaluated the protective effects of 
OSC on RSV-infected A549 cells and mouse 
lungs. We found that OSC reduced the RSV-
decreased cell viability, replication of RSV, 
release of pro-inflammatory cytokines and che-

mokines, and production of ROS but enhanced 
the activities of AOEs in A549 cells. Moreover, 
the anti-oxidative effect of OSC on RSV-infected 
cells was dependent on Nrf2 activation. In vivo 
studies on RSV-infected mice were consistent 
with in vitro findings. Overall, the results pre-
sented here suggest that OSC protects against 
RSV-induced lung injury by inhibiting inflamma-
tory responses and oxidative stress.

Materials and methods

RSV preparation

The RSV A2 strain was obtained from American 
Type Culture Collection (ATCC; Manassas, VA, 
USA), grown in Hep-2 cells (ATCC), and purified 
through polyethylene glycol precipitation fol-
lowed by centrifugation on discontinuous 
sucrose gradients as previously described [23]. 
The virus titer of the purified RSV pools was 2 × 
107 plaque-forming units (PFU)/mL as deter-
mined by using methylcellulose plaque assay. 
Virus pools were aliquoted, quickly frozen, and 
stored at -80°C before use. Sucrose-purified 
extracts from uninfected Hep-2 cells were also 
generated under the same conditions.

Cell culture and treatment

A549 cell (ATCC), a human alveolar type II-like 
epithelial cell line, was cultured in F12K medi-
um (AppliChem, Darmstadt, Germany) contain-
ing 10% fetal bovine serum (FBS; Gibco, BRL, 
UK), 10 mM glutamine, 100 IU/mL penicillin, 
and 100 mg/mL streptomycin (all from Sigma-
Aldrich, St. Louis, MO, USA). At approximately 
80% to 90% confluence, cell monolayers were 
infected with RSV at a multiplicity of infection 
(MOI) of 0.3 for 24 h. For OSC (Zi Jin Hua 
Pharmaceutical Co., Yinchuan, Ningxia, China) 
treatment, OSC (0, 1, 2, and 5 μM) was added 
into the cells and cultured for 1 h prior to RSV 
infection. The cells with neither RSV infection 
nor OSC treatment were used as control.

Animal protocols

6- to 8-week-old female BALB/c mice (Labo- 
ratory Animal Center of Henan Province, 
Zhengzhou, Henan, China) were housed in spe-
cific pathogen-free conditions under a 12 h 
light/dark cycle and maintained at 22°C to 
24°C. All studies were approved by the Ex- 
perimental Animal Committee of Henan Uni- 

Figure 1. The chemical 
structure of OSC.
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versity. Under light anesthesia, the mice (n = 5/
group) were inoculated intranasally with 2 × 107 
PFU of RSV, which was diluted in sterile phos-
phate-buffered saline (PBS) for a total of 20 μL 
inoculation volume. To determine the effects of 
OSC treatment on RSV infection and related 
pulmonary damage, we administered intraperi-
toneal injection of OSC, prepared by dissolving 
in normal saline, once daily for 7 days at a dose 
of 80 mg/kg body weight (BW) prior to RSV 
infection. The mice with neither RSV infection 
nor OSC treatment were used as control. For all 
mice, BW was recorded daily before and after 
RSV challenge. 

Sample collection

All of the mice were anesthetized and sacrificed 
5 days after RSV infection. The lower lobe of 
the right lung was ligated prior to bronchoalveo-
lar lavage (BAL) and harvested for Western blot 
and histopathological analyses. BAL was per-
formed as previously described [24]. Briefly, 
after anesthetization, the trachea was exposed 
and cannulated with a 22-G intravenous can-
nula. PBS (0.8 mL) was injected and withdrawn 
for the first lavage. The lavage procedure was 
performed thrice. BAL fluid (BALF) samples 
were centrifuged at 1000 × g for 8 min at 4°C 
and subsequently stored at -80°C for the sub-
sequent experiments.

Lung histopathology

The lung tissue was fixed in 10% formalin for 24 
h, embedded in paraffin, cut into 4 μm-thick 
sections, and stained with hematoxylin and 
eosin (H&E, Sigma). The tissues were subse-
quently mounted and covered with coverslips 
using Dako-mounting medium (Dakocytoma- 
tion, Denmark, CA, USA). The infiltration degree 
of airway inflammatory cells was scored in a 
double-blind screening by two independent 
pathologists. Peribronchiole and perivascular 
inflammation were evaluated using a scoring 
system of 0-4, where 0 represents no cells; 1 
indicates few cells; 2 indicates a ring of inflam-
matory cells 1 cell layer deep; 3 indicates a ring 
of inflammatory cells 2-4 cell layers deep; and 
4 indicates a ring of inflammatory cells > 4 cell 
layers deep.

Lung wet/dry (W/D) weight ratio 

Mice were sacrificed 5 days after RSV infection. 
After being harvested, the lungs were weighed, 

dehydrated at 80°C for 24 h, and then weigh- 
ed again when dried. The severity of pulmonary 
edema was measured using the lung W/D 
weight ratio.

Cell viability assay

Cell viability was determined using the 3- 
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoli-
um bromide (MTT; Sigma) assay. Briefly, 24 h 
after RSV infection, MTT (20 µL; 5 mg/mL) was 
added into the cell plate and then incubated for 
4 h. The medium was subsequently removed, 
and the cells were dissolved in dimethyl sulfox-
ide (150 µL) at 37°C for 30 min. The formation 
of formazan was measured spectrophotometri-
cally at 490 nm using an enzyme-linked immu-
nosorbent assay (ELISA) reader (EL × 800 uv, 
Bio Tek Instruments, Winooski, VT, USA). Cell 
viability was expressed as a percentage of the 
control cells without RSV infection.

Viral titer

Viral titers in the supernatants of the cells and 
the lung homogenates were measured by using 
the plaque assay as previously described [25]. 
Briefly, Hep-2 cells were cultured as monolay-
ers in 24-well plates and then infected with 
serial 10-fold dilutions of viral suspension in 
DMEM/F12 (1:1). The overlay was prepared 
with agar (Sigma-Aldrich) at a final concentra-
tion of 1% DMEM/F12: 1% FBS (1:1). After 5 
days at 37°C and under 5% CO2, the plaques 
were stained with crystal violet and then count-
ed. Viral titers were calculated and expressed 
as PFU/mL or PFU/g of lung tissue.

ELISAs

To assess the production of cytokines and  
chemokines, we harvested the supernatants of 
the cells and the BALFs at indicated time points 
after infection. The samples were tested for 
TNF-α, IL-6, IL-8 (KC in mice), RANTES, MIP-1α, 
and MCP-1 levels by using the commercial 
ELISA kits obtained from Bio-Rad Laboratories 
(Hercules, CA, USA) according to the manufac-
turer’s instructions. The absorbance was read 
at 490 nm on an ELISA plate scanner. 

Intracellular ROS measurement

The change in fluorescence resulting from the 
oxidation of the fluorescent probe 2’,7’-dic- 
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hlorofluorescein diacetate (DCFH-DA; Nanjing 
Jiancheng Bioengineering Inst., Nanjing, Jiang- 
su, China) was used to evaluate the levels of 
intracellular ROS. Briefly, after RSV or OSC 
treatment, the cells or the lung homogenates 
were incubated with 10 μM of DCFH-DA for 30 
min at 37°C in the dark. The intensity of fluores-
cence was detected at an excitation and emis-
sion of 485 and 525 nm, respectively, by using 
a fluorescence microplate reader (Molecular 
Devices Corp., Sunnyvale, CA, USA). 

Measurement of SOD, CAT, GPx, and GST 

SOD, CAT, GPx, and GST activities in the super-
natants of the cells and the lung homogenates 
were determined by using specific biochemical 
assays (Cayman Chemical, Ann Arbor, MI, USA) 
according to the manufacturer’s instructions. 
SOD activity was determined by using tetrazoli-
um salt to detect superoxide radicals generat-
ed by xanthine oxidase and hypoxanthine. One 
unit of SOD is defined as the amount of enzyme 
needed to achieve 50% dismutation of the 
superoxide radical. The SOD activity was 
expressed as U/mg protein. The CAT activity 
was quantified based on the reaction of the 
enzyme with methanol in the presence of an 
optimal H2O2 concentration. The CAT activity 
was expressed as nM/mg protein. GPx activity 
was determined through an indirect coupled 
reaction with glutathione reductase. This meth-
od depends on the ability of the enzyme to oxi-
dize GSH, which was monitored by recording 
the reduction in absorbance of NADPH at 340 
nm. The GPx activity was expressed as nM/mg 
protein. The total GST activity was quantified by 

China), and 100 mM siRNAs or Ctrl were trans-
fected the cells using liposome 2000 (Invi- 
trogen) according to the manufacturer’s 
instruction.

Western blot analysis 

Nuclear and cytoplasmic extracts of lung tis-
sues or uninfected or infected A549 cells were 
prepared using NE-PER Nuclear and Cyto- 
plasmic Extraction Kits (Thermo Scientific, 
Grand Island, NY, USA). Equal amounts of pro-
teins were separated by electrophoresis on 
sodium dodecyl sulfate polyacrylamide gel  
and transferred onto polyvinylidene difluoride 
membrane (Millipore, Billerica, MA, USA). Non- 
specific binding was blocked by immersing the 
membrane in Tris-buffered saline-Tween 20 
(TBST) blocking solution containing 5% non-fat 
milk powder. After washing in TBST thrice, the 
membranes were incubated with specific anti-
bodies against Nrf2 (Abcam, Cambridge, UK), 
SOD, CAT, and GST (all obtained from Santa 
Cruz Biotechnology, Dallas, TX, USA), as well as 
anti-lamin B and anti-β-actin (both obtained 
from Sigma) overnight at 4°C, followed by incu-
bation with the appropriate horseradish-peroxi-
dase-conjugated secondary antibodies diluted 
in TBST for 1 h at room temperature. Proteins 
were detected using enhanced-chemilumines-
cence reagents (Pierce, Rockford, IL, USA). 
Protein bands were quantified using Quantity 
One software (BioRad, USA).

Statistical analysis

All data, except for the histopathological sco- 
res, are presented as mean ± standard deriva-

Figure 2. The effect of OSC on RSV replication and RSV-infected A549 cell 
viability. A549 cells were pretreated with OSC (0, 1, 2, and 5 μM) for 1 h, 
followed by 0.3 MOI of RSV infection for 24 h. A. RSV replication was mea-
sured by using the plaque assay. B. The viability of A549 cells was assessed 
by MTT assay. Values were presented as mean ± SD of three independent 
experiments. *P < 0.05, **P < 0.01 vs. Ctrl group; #P < 0.05, ##P < 0.01 vs. 
RSV alone group. 

measuring the conjugation  
of 1-chloro-2,4-dinitrobenze- 
ne with reduced glutathione. 
This conjugation is accompa-
nied by an increase in absor-
bance at 340 nm. And the 
rate of increase is directly 
proportional to GST activity, 
which was expressed as nM/
mg protein.

Nrf2 knockdown by siRNA

Two Nrf2 siRNAs (non-over-
lapping sequences) or negati- 
ve control (Ctrl) were design- 
ed and synthesized by Shang- 
hai Kaiji Biotech. (Shanghai, 
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tion (SD). Histopathological scores were ob- 
tained using the nonparametric Kruskal-Wallis 
method. One-way ANOVA followed by Dunnett’s 
multiple comparison tests was performed to 
analyze the intergroup differences. All statisti-
cal analyses were performed using GraphPad 
Prism software (ver. 5.0; San Diego, CA, USA). P 
< 0.05 was considered statistically significant. 

Results 

OSC inhibits RSV replication and improves 
RSV-infected A549 cell viability  

We first investigated the effect of OSC on RSV 
replication in A549 cells. We found that OSC 
inhibited RSV replication in A549 cells in a 
dose-dependent manner (Figure 2A). The 
effects of OSC on the viability of RSV-infected 
A549 cells were evaluated by using MTT assay. 
Figure 2B shows that RSV infection significantly 
reduced the viability of A549 cells. However, 
this reduction was attenuated by OSC (1, 2, and 
5 μM) pretreatment in a dose-dependent man-
ner. Moreover, the pro-survival and anti-viral 
effects of the two high doses (2 and 5 μM) of 
OSC showed no significant difference. There- 
fore, 2 μM of OSC was selected for subsequent 
experiments. These results indicated that OSC 
reduces RSV replication and increases RSV-
infected A549 cell viability.

OSC reduces RSV-induced production of pro-
inflammatory cytokine and chemokine in A549 
cells

RSV infection is accompanied by local produc-
tion of numerous cytokines and chemokines. 
To analyze the anti-inflammatory effects of OSC 
on RSV-infected A549 cells, we measured the 
release of pro-inflammatory cytokines and che-
mokines in the supernatants of the cells  
by using ELISAs. We found that RSV-infected 
A549 cells significantly increased the levels of 
TNF-α (Figure 3A), IL-6 (Figure 3B), IL-8 (Figure 
3C), RANTES (Figure 3D), MIP-1α (Figure 3E), 
and MCP-1 (Figure 3F) compared with the Ctrl 
cells. By contrast, OSC attenuated the increase 
in release of the above-mentioned cytokines 
and chemokines in RSV-infected A549 cells 
(Figure 3A-F). These data suggested that OSC 
inhibits the RSV infection-induced production 
of inflammatory cytokines and chemokines in 
A549 cells.

OSC inhibits oxidative stress induced by RSV in 
A549 cells

Oxidative stress is involved in RSV infection 
and correlated with release of inflammatory 
mediators from epithelial cells [8]. To investi-
gate whether OSC has an effect on RSV-induced 
oxidative stress, we determined ROS produc-
tion and AOE activities in RSV-challenged A549 

Figure 3. OSC reduced the release of pro-inflammatory cytokines and chemokines in RSV-infected A549 cells. The 
A549 cells were pretreated with 2 μM of OSC for 1 h followed by 0.3 MOI of RSV infection for 24 h. (A-F) The release 
of TNF-α (A), IL-6 (B), IL-8 (C), RANTES (D), MIP-1α (E), and MCP-1 (F) in the supernatants of the cells was measured 
by ELISAs. Values were presented as mean ± SD of three independent experiments. *P < 0.05, **P < 0.01 vs. Ctrl 
group; #P < 0.05 vs. RSV group. 
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cells. As shown in Figure 4A, RSV infection sig-
nificantly enhanced ROS formation in A549 
cells. However, OSC markedly reduced the RSV 
infection-induced ROS generation. Moreover, 
we observed a significant reduction in all AOE 
activities, including SOD (Figure 4B), CAT 
(Figure 4C), GPx (Figure 4D), and GST (Figure 
4E) in A549 cells. By contrast, OSC increased 
the activities of the above-mentioned AOEs. 
These results demonstrated that OSC inhibits 
RSV-induced oxidative stress in A549 cells.

OSC-mediated anti-oxidative effects on RSV-
infected A549 cells is dependent on Nrf2 
activation 

Nrf2 is a crucial transcription factor that binds 
to ARE sequences and regulates expression  
of antioxidant (e.g., HO-1, NQO-1, SOD, CAT, and 
GST) and phase II metabolizing enzymes in 
response to oxidative stress [11]. To investigate 
the effect of OSC on Nrf2 activation, we detect-
ed the protein levels of Nrf2 in the nuclei of 
RSV-infected A549 cells. Figure 5A and 5B 
show that nuclear abundance of Nrf2 in RSV-
infected A549 cells significantly decreased 
compared with that in the Ctrl cells. However, 
this reduction was markedly attenuated by OSC 
treatment. To confirm the role of Nrf2 in OSC-
mediated anti-oxidative effects, we used two 
siRNAs to knockdown Nrf2 in A549 cells. The 
siRNA that caused more potent inhibition of 

Nrf2 (siNrf2-2) was used in subsequent experi-
ments (Figure 5C and 5D). Nrf2 depletion in- 
hibited the expression of SOD, CAT, and GST in 
A549 cells infected or uninfected with RSV 
(Figure 5E and 5F). These results indicated 
that OSC promotes Nrf2 activation to increase 
AOE activities in RSV-infected A549 cells.

OSC provides protection against RSV-induced 
mouse lung injury in vivo

Next, we investigated the potential role of OSC 
in conferring protection against RSV-induced 
mouse lung injury. At the indicated time points 
after RSV infection, the BW of RSV-infected 
mice significantly decreased compared to that 
of the Ctrl mice. By contrast, OSC remarkably 
reduced RSV-induced BW loss (Figure 6A). The 
RSV-infected mice with OSC pretreatment 
exhibited only mild lung injuries, whereas 
severe histopathological damages, including 
fragmentation of alveolar walls and infiltration 
of lymphocytes, were observed in RSV-treated 
mice (Figure 6B and 6C). Moreover, lung 
edema, defined by lung W/D weight ratio, was 
significantly increased in RSV-infected mice 
than in Ctrl mice and attenuated by OSC treat-
ment (Figure 6D). Consistent with these find-
ings, viral titers were significantly lower in the 
lung tissue of RSV-infected mice with OSC pre-
treatment than in RSV-infected mice (Figure 
6E). OSC pretreatment also considerably 

Figure 4. OSC inhibited ROS generation and enhanced AOE activities in RSV-infected A549 cells. A549 cells were 
pretreated with 2 μM of OSC for 1 h followed by 0.3 MOI of RSV infection for 24 h. (A) ROS formation was determined 
by staining with the fluorescent probe DCFHDA. (B-E) The activities of SOD (B), CAT (C), GPx (D), and GST (E) were as-
sessed using specific biochemical assays. Values were presented as mean ± SD of three independent experiments. 
*P < 0.05 vs. Ctrl group; #P < 0.05 vs. RSV group. 
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Figure 5. Inhibitory effect of OSC on oxidative stress was mediated by Nrf2 activation in RSV-infected A549 cells. A and B. A549 cells were pretreated with 2 μM of 
OSC for 1 h followed by 0.3 MOI of RSV infection for 24 h. (A) Nuclear amounts of Nrf2 protein were determined by using Western blot analysis. Lamin B was used as 
loading control. (B) Quantification of Nrf2 expression in (A). (C and D) A549 cells were transfected with negative control (Ctrl) or siNrf2-1/-2 for 24 h. The expression 
of Nrf2 was determined by Western blot analysis. (E and F) Ctrl or siNrf2-2-transfected A549 cells were infected with RSV for 24 h. Western blot was performed to de-
tect the expression of SOD, CAT, and GST. Values were presented as mean ± SD of three independent experiments. *P < 0.05 vs. Ctrl group; #P < 0.05 vs. RSV group. 
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Figure 6. OSC prevented RSV-induced mouse lung injury in vivo. Mice were treated with OSC (80 mg/kg) once daily for 7 days prior to infection with 2 × 107 PFU of 
RSV. 5 days post-RSV infection, the mice were anesthetized and sacrificed. (A) BW changes were measured once a day. (B) H&E staining of lung sections of the mice 
5 days after RSV infection. (C) Score of H&E staining in (B). (D) W/D weight ratio of the mice. (E) Lung viral titers of the mice. (F) Release of pro-inflammatory cyto-
kines and chemokines in the BALFs of mice was measured by ELISAs. (G) ROS production in the lungs of the mice. (H) SOD activity in the lung was assessed using 
specific biochemical assay. (I and J) Nuclear Nrf2 expression in the lung was detected by Western blot. Values were presented as mean ± SD of three independent 
experiments. *P < 0.05, **P < 0.01 vs. Ctrl group; #P < 0.05 vs. RSV group. 
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reduced the release of pro-inflammatory cyto-
kines and chemokines (TNF-α, IL-6, KC, 
RANTES, MIP-1α, and MCP-1) in the BLAFs of 
RSV-infected mice (Figure 6F). RSV-elevated 
ROS production in the lung of mice was mark-
edly reduced by OSC treatment (Figure 6G), 
whereas reduction in RSV-induced SOD activity 
was counteracted by OSC (Figure 6H). In addi-
tion, OSC promoted Nrf2 activation in the lung 
of RSV-infected mouse (Figure 6I and 6J). 
These results suggested that OSC protects 
against RSV-induced mouse lung injury. 

Discussion

In this study, we found that OSC significantly 
inhibited RSV-induced lung injury in vitro and in 
vivo. The key findings were as follows. First, 
OSC reduced RSV replication and improved 
RSV-infected A549 cell viability. Second, OSC 
hampered the release of pro-inflammatory 
cytokines and chemokines in RSV-infected 
A549 cells. Third, OSC suppressed RSV-induced 
ROS formation but enhanced AOE activities in 
A549 cells. Fourth, OSC exerted anti-oxidative 
effect in RSV-infected A549 cells in an Nrf2-
dependent manner. Last, the protective effects 
of OSC against RSV-induced mouse lung injury 
in vivo were highly consistent with the findings 
in vitro. 

Previous studies have shown that pro-inflam-
matory cytokines and chemokines are pro-
duced during RSV infection, which play a cen-
tral role in the pathogenesis of RSV-induced 
lung disease [27]. These effects have been 
associated to the activation of mitogen-activat-
ed protein kinase and transcription factor 
nuclear factor-κB, which are responsible for the 
transcription of inflammatory mediators [28]. 
Here, we found that OSC treatment partially 
increased the viability of RSV-infected A549 
cells and markedly reduced RSV-induced pro-
duction of pro-inflammatory cytokines and che-
mokines in vitro and in vivo, suggesting that 
OSC exerted anti-inflammatory effect on RSV-
induced lung injury. 

Oxidative stress has been implicated in the 
pathogenesis of several acute and chronic air-
way diseases, such as asthma and chronic 
obstructive pulmonary disease [29]. ROS can 
be induced by a variety of stimulators and cer-
tain viruses, such as influenza, hepatitis B, rhi-
novirus, and HIV [30]. Specifically, studies have 

shown that RSV infection induces ROS pro- 
duction in airway epithelial cells and that in- 
hibition of ROS generation by antioxidant 
administration significantly blocks transcription 
factor activation and chemokine gene expres-
sion in vitro [6, 7], as well as ameliorates RSV-
induced lung injury in vivo [24]. Moreover, the 
expression and activity of AOEs involved in 
maintaining cellular oxidant/antioxidant bal-
ance were reduced by RSV infection in vitro and 
in vivo [8, 9, 24]. The present study demon-
strated that RSV increased ROS formation and 
reduced AOE activities in vitro and in vivo, which 
were reversed by OSC treatment.

AOE genes were transcribed by Nrf2 by its bind-
ing to the ARE site located in promoters [10]. 
Several viruses, such as hepatitis B and C 
viruses and human cytomegalovirus, induce 
ARE-dependent responses by activating Nrf2 
[31-33]. A recent study has shown that the 
Nrf2-ARE pathway plays a protective role 
against RSV-induced injury and oxidative stress 
in murine airways [16]. Komaravelli et al. [34] 
demonstrated that RSV infection induces a pro-
gressive reduction in nuclear and total cellular 
levels of Nrf2, resulting in reduced binding to 
the AOE gene promoters and decreased AOE 
expression. Pretreatment with an Nrf2 inducer 
significantly limited lung RSV replication and 
RSV-induced inflammation in Nrf2+/+ but not in 
Nrf2-/- mice, suggesting the antiviral activity of 
Nrf2 in a mouse model of RSV disease [16]. 
This study showed that Nrf2 in nuclei was 
reduced in RSV-infected A549 cells and mouse 
lung; however, OSC attenuated this reduction, 
suggesting that the anti-oxidative effect of OSC 
on RSV-induced lung damage in vitro and in 
vivo was dependent on Nrf2 activation.

In summary, OSC is a potential suppressor of 
lung inflammation and oxidative stress associ-
ated with RSV infection in vitro and in vivo. We 
found that OSC reduces the RSV-induced lung 
injury by activating Nrf2-ARE signaling pathway, 
suggesting the beneficial effects in prevention 
of RSV infec tion and/or reduction of severity of 
RSV-induced lung disease.
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