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Abstract 

Oxidative damage and inflammation are closely associated with the pathogenesis of acute lung 
injury (ALI). Thus, we explored the protective effect of isovitexin (IV), a glycosylflavonoid, in the 
context of ALI. To accomplish this, we created in vitro and in vivo models by respectively exposing 
macrophages to lipopolysaccharide (LPS) and using LPS to induce ALI in mice. In vitro, our results 
showed that IV treatment reduced LPS-induced pro-inflammatory cytokine secretion, iNOS and 
COX-2 expression and decreased the generation of ROS. Consistent findings were obtained in 
vivo. Additionally, IV inhibited H2O2-induced cytotoxicity and apoptosis. However, these effects 
were partially reversed following the use of an HO-1 inhibitor in vitro. Further studies revealed 
that IV significantly inhibited MAPK phosphorylation, reduced NF-κB nuclear translocation, and 
upregulated nuclear factor erythroid 2-related factor 2 (Nrf2) and heme oxygenase 1 (HO-1) 
expression in RAW 264.7 cells. In vivo, pretreatment with IV attenuated histopathological changes, 
infiltration of polymorphonuclear granulocytes and endothelial activation, decreased the expres-
sion of ICAM-1 and VCAM-1, reduced the levels of MPO and MDA, and increased the content of 
GSH and SOD in ALI. Furthermore, IV treatment effectively increased Nrf2 and HO-1 expression 
in lung tissues. Therefore, IV may offer a protective role against LPS-induced ALI by inhibiting 
MAPK and NF-κB and activating HO-1/Nrf2 pathways. 
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Introduction 
Oxidative damage and inflammation are associ-

ated with the pathogenesis of various diseases, in-
cluding acute lung injury (ALI) [1, 2]. Both ALI and its 
more serious form, acute respiratory distress syn-
drome (ARDS), are severe and acute respiratory dys-
functions. Both conditions present with overwhelm-
ing lung inflammation and cause high mortality rates 
worldwide [3, 4]. Furthermore, oxidative stress, which 
is present in many animal models of ALI and in ALI 

patients themselves, plays an essential role in regu-
lating lung injury. For example, the antioxidant 
N-acetylcysteine attenuates pulmonary function in 
ARDS patients [5, 6]. Lipopolysaccharide (LPS), a 
pathogenic endotoxin present in the outer membranes 
of Gram-negative bacteria, enhances the formation of 
reactive oxygen species (ROS) and inflammatory me-
diators and is commonly used to induce pharmaco-
logical research models of ALI [7, 8].  
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Accumulating evidence suggests that LPS can 
activate nuclear factor-kappa B (NF-κB) and three 
mitogen-activated protein kinase (MAPK) pathways, 
inculding the c-Jun NH2-terminal kinase (JNK), ex-
tracellular signal-regulated kinase (ERK), and p38 
pathways, which result in the overexpression of in-
flammatory mediators such as tumor necrosis factor-α 
(TNF-α), interleukin-6 (IL-6), NO and prostaglandin 
(PG) E2. Cyclooxygenase-2 (COX-2) and inducible 
nitric oxide synthase (iNOS) are responsible for the 
production of PGE2 and NO, respectively [9, 10]. On 
one hand, activation of inflammatory signaling re-
sulted in increasing adhesion molecules expressions, 
including intercellular adhesion molecule (ICAM)-1 
and vascular cell adhesion molecule (VCAM)-1, 
which play significant roles in cell adhesion and mi-
gration [11, 12]. On the other hand, these 
pro-inflammatory cytokines lead to further damage of 
epithelial and endothelial cells in the lung. This 
damage leads to the activation of peripheral poly-
morphonuclear neutrophils (PMNs). Subsequently, 
over-activation of PMNs can regulate inflammatory 
responses and induce tissue damage through oxida-
tive stress [13], the primary source of which is respir-
atory burst and degranulation. Oxidative stress can 
increase the production of ROS, myeloperoxidase 
(MPO) and malondialdehyde (MDA) and decrease 
the production of anti-oxidative enzymes, including 
reduced glutathione (GSH), superoxide dismutase 
(SOD), and heme oxygenase (HO)-1, which collec-
tively protect lung tissues against oxidative damage 
in vivo [14]. These anti-oxidative enzymes are medi-
ated by nuclear factor-erythroid 2-related factor 2 
(Nrf2) [15, 16]. Nrf2 plays an essential role in protect-
ing cells against various inflammatory- and oxidative 
stress-induced diseases, including age-related macu-
lar degeneration (AMD), chronic obstructive pulmo-
nary disease (COPD) and asthma [17, 18]. Under un-
stressed conditions, Nrf2 is located in the cytoplasm 
in association with its repressor protein, Kelch-like 
ECH-associated protein 1 (Keap1). Under stress con-
ditions, Nrf2 dissociates from Keap1, translocates into 
the nucleus and binds to the antioxidant response 
element (ARE). This interaction leads to the induction 
of phase II detoxifying enzymes and cytoprotective 
genes, such as HO-1 [19]. HO-1 is the major an-
ti-inflammatory and anti-oxidative enzyme among 
the genes that are mediated by Nrf2 activation [20]. 
Several reports have suggested that the activation of 
HO-1 counteracts the inflammatory and oxidative 
damage that occurs in LPS-induced ALI [21]. There-
fore, suppressing inflammation and oxidative stress 
may be an effective method of preventing and treating 
ALI. 

Flavonoids exhibit a series of pharmaceutical ac-

tivities, including anti-inflammatory and antioxidant 
activities, which may play a key role in the prevention 
of various diseases, including AMD, cancer and dia-
betes [22, 23]. The glycosylflavonoid isovitexin (IV) 
(Fig. 1A), extracted from rice hulls of Oryza sativa, 
possesses various biological activities, including an-
ti-inflammatory and antioxidant activities [24]. 
However, the protective effect of IV against 
LPS-induced damage has not yet been demonstrated 
in vitro or in vivo. In the present study, we evaluated 
the protective effect of IV and the mechanisms related 
to inflammation and oxidative stress in RAW 264.7 
cells exposed to LPS and in an LPS-induced ALI 
mouse model.  

Materials and Methods  
Reagents and chemicals 

Isovitexin (IV) with a purity >98% was pur-
chased from the National Institute for the Control of 
Pharmaceutical and Biological Products (Jilin, China). 
LPS (Escherichia coli 055:B5) and dimethyl sulfoxide 
(DMSO) were purchased from Sigma-Aldrich (St. 
Louis, MO, USA). Antibodies against p-(ERK1/2), 
ERK1/2, p-(JNK1/2), JNK1/2, p-p38, p38, p65, IκB, 
p-IκB, Nrf2, HO-1, Lamin B and β-actin were pur-
chased from Cell Signaling (Boston, MA, USA). 
SP600125, SB203580, and U0126 (specific inhibitors of 
the JNK1/2, p38, and ERK1/2, respectively) were 
purchased from Sigma-Aldrich (St. Louis, MO). 
ICAM-1 and VCAM-1 polyclonal antibody were 
purchased from ABclonal (MA, USA). The tin proto-
porphyrin IX (SnPP IX, HO-1 inhibitor) was pur-
chased from Calbiochem (La Jolla, CA, USA). Control 
siRNA and Nrf2 siRNA were purchased from Santa 
Cruz Biotechnology (Santa Cruz, CA, USA). A 
Prime-Script RT-PCR kit was purchased from Takara 
(Dalian, China). In addition, GSH, MDA, SOD and 
MPO test kits were obtained from Nanjing Jiancheng 
Bioengineering Institute (Nanjing, China). Total 
ROS/Superoxide Detection Kit was purchased from 
Enzo Life Sciences Inc (Farmingdale, NY, USA). All 
other chemicals, unless specifically stated elsewhere, 
were purchased from Sigma-Aldrich (St. Louis, MO, 
USA). 

Animals 
Male BALB/c mice, 6-8 weeks old and weighing 

approximately 18-20 g, were obtained from Liaoning 
Changsheng Technology Industrial Co., LTD (Certif-
icate SCXK2010-0001; Liaoning, China). All animals 
were housed in a room kept at a temperature of 24 ± 1 
°C under a 12 h light-dark cycle with a relative hu-
midity of approximately 40-80%. The animals were 
allowed free access to tap water and normal food after 
feeding for several days. All studies were performed 
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in accordance with the International Guiding Princi-
ples for Biomedical Research Involving Animals, 
which was published by the Council for the Interna-
tional Organizations of Medical Sciences.  

Cell culture and MTT assay 
The RAW 264.7 mouse macrophage cell line was 

purchased from the China Cell Line Bank (Beijing 
China). The RAW 264.7 cells were maintained in 
DMEM medium supplemented with 3 mM glutamine, 
10% fetal bovine serum (FBS), 100 U/ml of penicillin 
and 100 U/ml of streptomycin at 37 °C in a humidi-
fied atmosphere containing 5% CO2.  

Cell viability was determined by an MTT assay 
following the manufacturer’s instructions. RAW 264.7 
cells were plated in 96-well plates (1 × 104 cells/well) 
and incubated with various concentrations of IV (final 
concentration: 0-200 μg/ml) and LPS (2 μg/ml) for 24 
h. In addition, the cells were pretreated with IV (25 or 
50 μg/ml) for 1 h, followed by the addition of H2O2 
(300 μM). After 24 h, MTT (5 mg/ml) was added to 
the cells, which were then incubated for another 4 h.  

Endothelial cell culture studies 
Human pulmonary artery endothelial cells 

(HPAECs) were obtained from ATCC and grown in 
complete endothelial cell growth media. Cells were 
pretreated for 1 h with IV at 0, 25, or 50 μg/ml. Fol-
lowing pretreatment, cells were exposed to either PBS 
or LPS at 100 ng/ml for 24 h, and then supernatant 
was collected for cytokine analysis.  

Experimental protocol to create an in vivo ALI 
model  

To create an ALI model, mice were randomly 
divided into six groups: control (saline), IV only (100 
mg/kg, dissolved in 0.5% DMSO), LPS only (0.5 
mg/kg, dissolved in saline), LPS (0.5 mg/kg) + IV (50 
or 100 mg/kg), and LPS (0.5 mg/kg) + dexame-
thasone (Dex, 5 mg/kg dissolved in saline). IV (50 or 
100 mg/kg) or Dex (5 mg/kg) were administered in-
traperitoneally. After exposure to IV or Dex for 1 h, 
the mice were anesthetized with diethyl ether, and 
LPS was administered intranasally (i.n.) to induce 
lung injury. After LPS administration for 12 h, the 
animals were euthanized. Accordingly, bronchoalve-
olar lavage fluid (BALF) and lung tissue samples were 
harvested to measure cytokine levels; ROS generation; 
SOD, GSH, MDA and MPO activity; and COX-2, iN-
OS, HO-1, and Nrf2 protein expression. 

Detection of ROS levels 
To measure ROS production, RAW 264.7 cells 

were grown in 24-well plates (1 × 105 cells/well) for 24 
h and then in serum-free DMEM for 6 h. The cells 
were then pre-incubated with IV (25 or 50 μg/ml) for 

1 h, after which LPS (2 μg/ml) was added to the 
treatment group of plates for an additional 24 h. Next, 
the cells were stained with 100 μl of ROS/Superoxide 
detection reagent for 1 h to detect ROS generation. 
Absorbance was measured in a multi-detection reader 
(Bio-Tek Instruments Inc.) at excitation and emission 
wavelengths of 488 nm and 520 nm, respectively.  

Flow cytometry assay  
H2O2, a type of ROS, can cause various types of 

cellular injury. Therefore, to further assess the role of 
IV pretreatment in ROS-induced cell damage, RAW 
264.7 cells were grown in 12-well plates (5 × 105 
cells/well) for 24 h and were then treated with dif-
ferent concentrations of IV for 1 h, after which H2O2 
(300 μM) was added for an additional 24 h. The cells 
were then washed twice with ice-cold PBS and col-
lected by centrifugation at 1,500 rpm/min for 5 min at 
4 °C. Next, the cells were subjected to Hoechst 33342 
and propidium iodide staining, and percentages of 
apoptosis and necrosis were determined using flow 
cytometry (LSR II Flow Cytometer; BD Biosciences, 
San Jose, CA, USA). 

ELISA assay 
RAW 264.7 cells were seeded into 24-well plates 

(2.5 × 105 cells/well) and then IV (25 or 50 μg/ml) 
plus LPS (2 μg/ml) were added to the treatment 
group of plates. Either IV (50 μg/ml) or LPS alone was 
added to the control group of plates. After stimulation 
with LPS for 24 h, cell-free supernatants were col-
lected and assayed to determine TNF-α and IL-6 lev-
els. In addition, each recovered BALF sample was 
centrifuged to detect TNF-α and IL-6 levels using an 
enzyme-linked immunosorbent assay (ELISA) kit in 
accordance with the manufacturer's instructions (Bi-
oLegend, Inc., CA, USA). The optical density of each 
well was read at 450 nm. 

Total RNA extraction and qPCR 
Total RNA was isolated from cells using Trizol 

reagent according to the procedure described by the 
manufacturer. After the concentration of RNA was 
determined using a spectrophotometer, 1 μg of RNA 
was transformed into cDNA using a Prime-Script 
RT-PCR kit (Takara). The following PCR primer se-
quences (forward and reverse, respectively) were 
used: iNOS: 5′-ACA TCG ACC CGT CCA CAG 
TAT-3′ and 5′-CAG AGG GGT AGG CTT GTC TC-3′; 
COX2: 5′-ACA CAC TCT ATC ACT GGC ACC-3′ and 
5′-TTC AGG GCG AAG CGT TTGC-3′; β-actin: 5′-TCT 
GTG TGG ATT GTG GCT CTA-3′ and 5′-CTG CTT 
GCT GAT CCA CAT CTG-3′.  

Isolation of nuclear and cytosolic fractions 
Cytoplasmic and nuclear extracts were prepared 
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using an NE-PER Nuclear and Cytoplasmic Extraction 
Reagents kit (Pierce Biotechnology, Rockford, IL, 
USA), following the manufacturer’s instructions. All 
steps were performed either on ice or at 4 °C. 

Nrf2-siRNA transfection  
For Nrf2-siRNA transfection, RAW 264.7 cells 

were grown in 6-well plates (2 × 105 cells/well) and 
allowed to reach 40%-60% confluence. The cells were 
then subjected to transient transfection with either 
Nrf2-negative control siRNA or Nrf2-siRNA using the 
siRNA transfection reagent LipofectamineTM 2000 
following the manufacturer’s protocol. After 6 h, the 
transfected cells were exposed to IV for 18 h, followed 
by lysis buffer for Western blot analysis. 

Histopathological evaluation 
The left lungs of the mice were excised at 12 h 

after the LPS challenge. Histopathological examina-
tions were performed on the mice that were not sub-
jected to BALF collection. The collected lung tissues 
were immersed in normal 10% neutral buffered for-
malin, fixed for 48 h, dehydrated in a series of graded 
ethanol, embedded in paraffin wax, and cut into 
5-μm-thick sections. The paraffin-embedded sections 
were stained with hematoxylin and eosin (H & E) for 
pathological analysis.  

Cell counting in BALF  
After the administration of LPS for 12 h, all mice 

were euthanized prior to BALF collection. The BALF 
samples were centrifuged to pellet cells. The sedi-
mented cells were resuspended in PBS to obtain total 
counts of cells, neutrophils and macrophages, which 
were counted using a hemocytometer. The 
Wright-Giemsa staining method was used for cyto-
sine staining.  

(ROS)/superoxide detection in BALF 
Intracellular ROS levels were measured by Flu-

orence microplate reader or flow cytometry using the 
Total ROS/Superoxide Detection Kit (Enzo Life Sci-
ences Inc., Farmingdale, NY, USA), according to the 
manufacturer's instructions. Moreover, BALF cells 
were washed with 200 μl of washing buffer and 
loaded with 100 μl of ROS/Superoxide detection re-
agent, prior to incubation at 37 °C in the dark for 30 
min. Absorbance was read at a wavelength of 520 nm 
after excitation at 488 nm. ROS production was de-
termined based on the increase of relative fluores-
cence intensity. Thus, in order to further measure ROS 
levels in alveolar macrophage, BALF cells were 
stained with SIGLEC-F, which be used for identifica-
tion of alveolar macrophage in mice. After staining, 
the cells were washed with 200 μl of washing buffer 
and loaded with 100 μl of ROS/Superoxide detection 

reagent, prior to incubation at 37 °C in the dark for 30 
min. Finally, the cells were resuspended with 0.4 ml of 
washing buffer and analyzed by flow cytometry (LSR 
II Flow Cytometer; BD Biosciences, San Jose, CA, 
USA). 

Measurements of MPO, MDA, GSH and SOD 
and IL-6 in lung tissues  

All of the mice were sacrificed using diethyl 
ether anesthesia, and their right lungs were excised 
after 12 h of LPS administration. The lung tissues 
were homogenized and dissolved in extraction buffer 
to analyze MPO, MDA, SOD, GSH and IL-6 levels. To 
examine the accumulation of neutrophils, level of 
lipid peroxidation and endothelial barrier function in 
the lung tissues, MPO, MDA and IL-6 content were 
assessed using commercially available assay kits in 
accordance with the manufacturer's instructions. 
Furthermore, to measure antioxidative enzyme activ-
ities in the lung tissue, SOD and GSH levels were de-
tected according to the manufacturer’s instructions. 

Western blot analysis 
Cells and lung tissue samples were lysed in 

RIPA with protease and phosphatase inhibitors for 30 
min. Protein concentrations were measured using a 
BCA protein assay kit (Beyotime, China), and a 40 μg 
protein sample was electrophoretically transferred 
onto a PVDF membrane following separation on a 
10% SDS-polyacrylamide gel. The membrane was 
blocked with blocking solution (5% (w/v) nonfat dry 
milk) for 2 h, followed by an overnight incubation at 4 
°C with a specific primary antibody. On the following 
day, the membrane was incubated for an additional 1 
h with HRP-conjugated secondary antibody (1:5000 
dilution) at room temperature after thoroughly 
washing three times with TBST. Bands were detected 
by ECL (Amersham Pharmacia Biotech, Piscataway, 
NJ), and band intensities were quantified using Image 
J gel analysis software. All experiments were per-
formed in triplicate.  

Statistical analysis 
All of the above-referenced data were expressed 

as mean ± SEM and analyzed using SPSS19.0 (IBM). 
Comparisons between experimental groups were 
conducted using one-way ANOVA, while multiple 
comparisons were made using the LSD method. Sta-
tistical significance was defined as p<0.05 or p<0.01. 

Results 
Effects of IV on cell viability and LPS-induced 
ROS generation in RAW 264.7 cells 

The effects of different concentrations of IV and 
LPS (2 μg/ml) on cell viability were assessed using an 
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MTT assay. The results indicated that LPS (2 μg/ml) 
and up to 100 μg/ml IV were not toxic to RAW 264.7 
cells, but treatment with 200 μg/ml IV caused signif-
icant cytotoxicity (Fig. 1B). Additionally, because LPS 
enhances ROS production, leading to oxidative injury, 
we determined that IV protected against LPS-induced 
oxidative damage by suppressing intracellular ROS 
generation in RAW 264.7 cells. In the present study, 
LPS exposure significantly increased ROS production, 
which was suppressed by IV treatment (Fig. 1C). 
Furthermore, the addition of H2O2 markedly reduced 
cell viability and induced apoptosis, which were at-
tenuated by IV exposure at 25 and 50 μg/ml (Fig. 

1D-E). 

Effects of IV treatment on LPS-induced in-
creases in TNF-α, IL-6, iNOS, and COX-2 lev-
els in RAW 264.7 cells 

Treatment of RAW 264.7 cells with LPS alone 
significantly increased cytokine production, whereas 
IV treatment considerably inhibited production of the 
cytokines TNF-α and IL-6 (Fig. 2A-B). Moreover, LPS 
exposure clearly induced iNOS and COX-2 mRNA 
and protein expression, which were suppressed by IV 
treatment in RAW 264.7 cells (Fig. 2C-F).  

 

 
Fig. 1 Effects of IV on LPS-induced and H2O2-stimulated damage in RAW 264.7 cells. (A) The chemical structure of isovitexin (IV). (B) Cells were pre-treated with 
various concentrations of IV for 1 h, and subsequently exposed to LPS (2 μg/ml) for an additional 24 h. Cell viability after LPS exposure was analyzed by an MTT assay. (C) Cells 
were exposed to IV (25 or 50 μg/ml) for 1 h and then subjected to LPS (2 μg/ml) for 24 h. Then, the LPS-stimulated ROS generation was measured as describes in the Ex-
perimental Section. Additionally, cells were exposed to IV (25 or 50 μg/ml) for 1 h and then subjected to H2O2 (300 μM) for 24 h. (D) Cell viability after H2O2 exposure was 
analyzed by an MTT assay. (E) The percentage of cell apoptosis and necrosis was determined using flow cytometry. “a” and “b” show necrosis and apoptosis, respectively. All data 
were expressed as means ± SEM of three independent experiments. ##p<0.01 vs the control group; **p<0.01 vs the LPS group; $$p<0.01 vs the H2O2 group. 
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Fig. 2 Effects of IV treatment on LPS-induced the levels of TNF-α, IL-6, iNOS, and COX-2 in RAW 264.7 cells. RAW 264.7 cells were pretreated with or without 
IV for 1 h, and were then subjected to LPS for an additional 24 h. (A, B) The effect of IV on LPS-induced TNF-α and IL-6 production in RAW 264.7 cells. (C, D) Effects of IV on 
LPS-induced iNOS and COX-2 mRNA expression. Total RNA was extracted from RAW 264.7 cells and gene expression was quantified using real-time PCR. (E, F) Effects of IV 
on LPS-induced iNOS and COX-2 protein expression. All data were presented as means ± SEM of three independent experiments. ##p<0.01 vs the control group; *p<0.05 and 
**p<0.01 vs the LPS group. 

 

Effects of IV treatment on LPS-induced acti-
vation of the MAPK and NF-κB signaling 
pathways in RAW 264.7 cells 

Because the MAPK and NF-κB signaling path-
ways are two typical inflammatory pathways, we 
analyzed the effects of IV treatment on 
LPS-stimulated MAPK and NF-κB activation. The 
results showed that the levels of JNK1/2, ERK1/2 and 
p38 phosphorylation dramatically increased in RAW 
264.7 cells exposed to LPS, whereas the phosphoryla-
tion of these proteins clearly decreased following IV 
pretreatment (Fig. 3A-C). Furthermore, IV pretreat-
ment effectively blocked IκBα phosphorylation and 
degradation, which was induced by LPS (Fig. 3D). 
NF-κB (p65) levels were further evaluated by Western 
blot analysis of cytoplasmic and nuclear extracts from 
the macrophages. The results suggested that pre-
treatment with 50 μg/ml IV significantly reduced 
nuclear levels of NF-κB (p65), whereas pretreatment 
with 25 μg/ml IV did not induce this effect (Fig. 3E). 
Because recent reports showed that MAPKs are re-
sponsible for the activation of NF-κB pathway, we 
treated cells with LPS and MAPK inhibitors (ERK1/2, 
p38 and JNK1/2 inhibitor) to investigate which in-
hibitor abrogated LPS-induced NF-κB pathway acti-
vation by evaluating IκBα and p-IκBα protein expres-
sion. The results suggested that pretreated with 

JNK1/2 inhibitor alone blocked IκBα phosphorylation 
and degradation, which was consistent with IV 
treatment (Fig. 3F-G).  

Effects of IV treatment on HO-1 protein ex-
pression and Nrf2 nuclear translocation in 
RAW 264.7 cells 

Because Nrf2 and HO-1 protein expression was 
upregulated by excessive accumulation of intracellu-
lar ROS, which was likely the result of high doses of 
LPS, we first investigated the effects of different con-
centrations of LPS on Nrf2 and HO-1 protein expres-
sion. Our results demonstrated that a 2 μg/ml dose of 
LPS alone has almost no effect on Nrf2 transcription 
and HO-1 protein expression in RAW264.7 cells (Fig. 
4A-B). In addition, to examine IV-induced HO-1 pro-
tein expression, the cells were exposed to different 
concentrations of IV for varying periods of time. Our 
results showed that exposure to 50 μg/ml IV for 18 h 
markedly increased HO-1 protein expression in RAW 
264.7 cells. Because Nrf2 is essential for the transcrip-
tional regulation of HO-1 expression, we further de-
termined whether IV treatment enhanced the in-
volvement of Nrf2 activation in HO-1 up-regulation. 
The results showed that IV treatment increased nu-
clear levels of Nrf2 and concomitantly decreased cy-
toplasmic Nrf2 levels in RAW264.7 cells (Fig. 4C-F). 
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Fig. 3 Effects of IV treatment on LPS-activated MAPK and NF-κB signaling pathways in RAW 264.7 cells. Cells were pre-treated with IV (25 or 50 μg/ml) 18 h 
prior to exposure to LPS for 1 h. The protein levels were analyzed by Western blot. Quantification of relative expression of (A) P-JNK1/2/T-JNK1/2, (B) P-ERK1/2/T-ERK1/2, and 
(C) P-p38/T-p38. (D) Quantification of P-IκBα and IκBα expression were normalized to that of β-actin. Cells were pre-treated with IV (25 or 50 μg/ml) 18 h prior to expose LPS 
for 2 h, and the nuclear protein of NF-κB (p65) was analyzed by Western blot. (E) Quantification of NF-κB (p65) expression was normalized as Lamin B. Additionally, (F) Cells 
were pretreated with or without SP600125 (JNK1/2 inhibitor, 20 μM), U0126 (ERK1/2 inhibitor, 10 μM), and SB203580 (p38 inhibitor, 10 μM) for 18 h, and were then subjected 
to LPS for an additional 1 h; (G) Cells were pretreated with or without SP600125 (20 μM) for 1 h, and were then subjected to IV (50 μg/ml) for 18 h, and followed by exposure 
to LPS for an additional 1 h. Quantification of P-IκBα and IκBα expression were normalized to that of β-actin. Similar data were repeated in three independent experiments, and 
one of three representative experiments is shown. ##p<0.01 vs the control group; *p<0.05 and **p<0.01 vs the LPS group. 
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Fig. 4 Effects of IV treatment on HO-1 protein expression and Nrf2 nuclear translocation in RAW 264.7 cells. (A, B) Cells were subjected to LPS (1, 2, 5 or 10 
μg/ml) for 24 h, and then the total expressed HO-1 protein and the nuclear expressed Nrf2 protein were analyzed by Western blot. (C, D) Cells were treated with IV (50 μg/ml) 
for the indicated time periods, and subjected to various concentrations of IV (12.5, 25 or 50 μg/ml) for 18 h. The total protein was then analyzed by Western blot. (E, F) Cells 
were treated with IV (50 μg/ml) for the indicated time periods, and the nuclear and cytoplasmic levels of Nrf2 were analyzed by Western blot. The β-actin and Lamin B were acted 
as an internal control, respectively. All data were presented as means ± SEM of three independent experiments. #p<0.05 and ##p<0.01 vs the control group. 

 
 

Effects of Nrf2-siRNA transfection and SnPP 
on IV-induced HO-1 protein expression in 
RAW 264.7 cells 

To further investigate the role of Nrf2 in 
IV-induced HO-1 protein expression, we used siRNA 
to knockdown Nrf2 in RAW 264.7 cells. The cells were 
subjected to transient transfection with either control 
or Nrf2 siRNA. Western blot analysis indicated that 
the Nrf2 siRNA reduced total Nrf2 and HO-1 protein 
expression compared to the negative control (Fig. 5A). 
Moreover, we investigated whether Nrf2 siRNA 
transfection inhibited IV-induced HO-1 protein ex-
pression. Our experiments demonstrated that 
IV-mediated enhancements in HO-1 protein expres-
sion were markedly reduced in Nrf2 siR-
NA-transfected cells versus cells transfected with 

nonspecific control siRNA (Fig. 5B). These results 
provide further evidence that the transcriptional ac-
tivator Nrf2 can modulate HO-1 gene expression. In 
addition, SnPP, a HO-1 inhibitor, significantly inhib-
ited IV-enhanced HO-1 protein expression (Fig. 5C). 

Effects of SnPP on IV-mediated decreases in 
ROS, TNF-α and IL-6 levels and on iNOS and 
COX-2 protein expression in RAW 264.7 cells 

Increasing evidence has indicated that HO-1 
plays an essential role in suppressing oxidative stress 
and inflammatory responses. We therefore utilized 
SnPP to determine whether the anti-oxidant and an-
ti-inflammatory activities of IV were associated with 
increasing HO-1 expression. To accomplish this, RAW 
264.7 cells were pretreated with either 25 or 50 μg/ml 
IV for 1 h with or without SnPP (40 μM), followed by 
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LPS (2 μg/ml) for 24 h. Our results demonstrated 
SnPP partially counteracted the inhibitory effects of 

IV on LPS-induced ROS, TNF-α, and IL-6 production 
and iNOS and COX-2 protein expression (Fig. 6).  

 
Fig. 5 Effects of Nrf2-siRNA transfection and SnPP on IV-induced HO-1 protein expression in RAW 264.7 cells. (A) Cells were subjected to a transient trans-
fection with Nrf2-negative control siRNA or Nrf2-siRNA. (B) Nrf2 mediates IV-enhanced HO-1 protein expression. Nrf2-siRNA or Nrf2-negative control siRNA were 
transfected into cells for 6 h followed by treatment with IV (50 μg/ml) for 18 h, and proteins were analyzed by Western blot. (C) Cells were exposed to SnPP (40 μM) for 1 h 
and then treated with IV (50 μg/ml) for 18 h, and proteins were analyzed by Western blot. All data were presented as means ± SEM of three independent experiments. ##p<0.01 
vs the control group; ++p<0.01 vs the IV group. 

 
Fig. 6 Effects of SnPP on IV-inhibited ROS, TNF-α and IL-6 levels as well as iNOS and COX-2 expression protein in RAW 264.7 cells. Cells were exposed to 
SnPP (40 μM) for 1 h followed by treatment with IV (50 μg/ml) or LPS (2 μg/ml) for 24 h. (A, B) Effects of SnPP on IV-inhibited TNF-α and IL-6 production. (C, D) Effects of SnPP 
on IV-inhibited iNOS and COX-2 protein expression. (E) The LPS-stimulated ROS generation was measured as described in the Experimental Section. All data were presented 
as means ± SEM of three independent experiments. ##p<0.01 vs the control group; **p<0.01 vs the LPS group; ++p<0.01 vs the IV group. 
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Effects of IV treatment on histological changes 
and inflammatory cell count in LPS-induced 
ALI mice 

Normal pulmonary histology was observed in 
the control group (Fig. 7a). Conversely, the lung tis-
sues of the mice administered LPS alone showed 
marked damage, including inflammatory cell infiltra-
tion and alveolar hemorrhage, whereas pretreatment 
with IV alone did not induce lung tissue damage (Fig. 
7b). Furthermore, less severe histopathological 
changes were observed in the lung sections taken 
from the IV (50 and 100 mg/kg) (Fig. 7d-e) and Dex 
groups (Fig. 7f) than in those taken from the LPS 
group (Fig. 7c); these changes were evaluated by cal-
culating a lung injury score, as shown in Fig. 7B. Ad-
ditionally, as illustrated in Fig. 7C, the BALF taken 
from mice exposed to LPS contained more total cells, 
neutrophils and macrophages compared to the un-
challenged group. Nevertheless, compared with LPS 
exposure, exposure to both IV and Dex significantly 
reduced the number of total cells, neutrophils and 
macrophages in BALF.  

Effects of IV treatment on inflammation and 
oxidative damage in LPS-induced ALI mice  

Based on the above outcome, we further inves-
tigated the potential protective effects of IV against 
inflammation and oxidative damage in LPS-induced 
ALI mice. Therefore, the levels of TNF-α and IL-6 in 
BALF were measured by ELISA; the levels ROS in 
BALF were detected by Fluorence microplate reader 
or flow cytometry. Additionally, analyses of MPO, 
MDA, SOD and GSH activities in the lung tissues 
were performed following manufacturer's instruc-
tions. iNOS and COX-2 protein expression in lung 
tissues was analyzed by Western blot. Our results 
indicated that IV pretreatment dramatically decreased 
TNF-α and IL-6 production, ROS generation, and 
MPO and MDA content, while it obviously increased 
SOD and GSH levels and effectively inhibited the 
protein expression of iNOS and COX-2, which play a 
key role in protecting against LPS-induced inflamma-
tion and oxidative stress in LPS-induced ALI mice 
(Fig. 8). 

 

 
Fig. 7 Effects of IV treatment on histological changes and inflammatory cell count in LPS-induced ALI mice. IV (50 or 100 mg/kg) or Dex (5 mg/kg) was 
administered intraperitoneally to mice 1 h before LPS pretreatment. (A) Lungs (n = 5) from each experimental group were processed for histological evaluation at 12 h after the 
LPS challenge: (a) control, (b) IV group, (c) LPS group, (d) LPS + IV (50 mg/kg), (e) LPS + IV (100 mg/kg), (f) LPS + Dex (5 mg/kg). (B) The lung injury score was determined 
following a five-point scale from 0 to 4 as follows: 0, l, 2, 3, and 4 represent no damage, mild damage, moderate damage, severe damage, and very severe damage, respectively. 
Representative histological sections of the lungs were stained with hematoxylin and eosin (H & E staining, magnification ×100). (C) The BALF was collected 12 h after LPS 
challenge to measure the number of total cells, neutrophils and macrophages. All data were presented as means ± SEM (n = 5 in each group). ##p<0.01 vs. control group, *p<0.05 
and **p<0.01 vs LPS group. 
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Fig. 8 Effects of IV treatment on inflammation and oxidative damage in LPS-induced ALI mice. IV (50 or 100 mg/kg) or Dex (5 mg/kg) was administered intra-
peritoneally to mice 1 h before LPS pretreatment. (A, B) Effects of IV on the TNF-α and IL-6 production in the BALF. (C) Effects of IV on the iNOS and COX-2 protein expression 
in the lungs. (D, E, F and G) Effects of IV on the MPO, MDA, SOD and GSH activity in lung homogenates. (H) ROS generation in the BALF was measured by Fluorence microplate 
reader. (I) ROS production in alveolar macrophage was determined using flow cytometry. Images show the gated siglec-f high cell separated by ROS and superoxide. All data were 
presented as means ± SEM of three independent experiments. #p<0.05 and ##p<0.01 vs the control group; *p<0.05 and **p<0.01 vs the LPS group. 

 

Effects of IV treatment on endothelial activa-
tion, neutrophils adhesion and endothelial 
barrier functions 

To evaluate IV’s ability to suppress endothelial 
cell activation of LPS, HPAECs were pretreated with 
IV (25 or 50 μg/ml) for 24 h. The state of endothelial 
cell activation was determined by measuring IL-6 
concentration in supernatants after exposure to LPS 
for 24 h. IV suppressed LPS-induced IL-6 production 
in lung endothelial cells in a dose-dependent manner 
(Fig. 9A). LPS activated inflammatory signaling and 

led to increased expression of adhesion molecules 
ICAM1 and VCAM1, which were suppressed by IV 
(Fig. 9B). In addition, lung IL-6 concentration and 
BALF protein concentration decreased in IV-treated 
mice, which suggested that IV can improve endothe-
lial barrier function (Fig. 9C-D). 

Effects of IV treatment on HO-1 protein ex-
pression and Nrf2 nuclear translocation in lung 
tissues of mice with LPS-induced ALI 

Several previous studies have suggested that 
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up-regulation of Nrf2/HO-1 plays a protective role in 
the devolvement and progression of ALI. In the pre-
sent study, we found that IV alone clearly increased 
HO-1 total protein levels and Nrf2 nuclear protein 
levels, while reducing its cytoplasmic levels, in mice 
with LPS-induced ALI. These results were consistent 
with those obtained following IV treatment of RAW 
246.7 cells. In addition, while LPS exposure remarka-

bly induced HO-1 expression, IV further increased 
LPS-induced HO-1 expression compared with that 
observed in the control group (Fig. 10). Together, 
these findings suggest that the ability of IV to inhibit 
inflammation and oxidative stress in mice with 
LPS-induced ALI may be associated with the 
up-regulation of HO-1 protein expression and activa-
tion of Nrf2 nuclear translocation.  

 

 
Fig. 9 Effects of IV treatment on endothelial activation, neutrophils adhesion and endothelial barrier functions. HPAECs were pretreated with or without IV for 
1 h, and were then subjected to LPS for an additional 24 h. (A) Supernatant was collected for measurement of IL-6 concentration using ELISA. IV (50 or 100 mg/kg) was 
administered intraperitoneally to mice 1 h before LPS pretreatment. The homogenates of whole and nuclear lung tissues were analyzed by Western blot. (B) Effects of IV on 
ICAM1 and VCAM1 protein expression in the homogenates of whole lung tissues from LPS-induced ALI mice. (C) Effects of IV on IL-6 concentration in the homogenates of whole 
lung tissues from LPS-induced ALI mice. The protein concentrations in BALF were measured using a protein assay kit. (D) Effects of IV on protein concentrations in BALF from 
LPS-induced ALI mice. All data were presented as means ± SEM of three independent experiments. ##p<0.01 vs the control group; *p<0.05 and **p<0.01 vs the LPS group. 

 
Fig. 10 Effects of IV treatment on the HO-1 protein expression and Nrf2 nuclear translocation in the lung tissues of mice with LPS-induced ALI. IV (50 or 
100 mg/kg) or Dex (5 mg/kg) was administered intraperitoneally to mice 1 h before LPS pretreatment. The homogenates of whole and nuclear lung tissues were analyzed by 
Western blot. (A) Effects of IV on HO-1 protein expression in the homogenates of whole lung tissues from LPS-induced ALI mice. (B) Effects of IV on Nrf2 nuclear translocation 
in the homogenates of nuclear lung tissues with LPS-induced ALI mice. All data were presented as means ± SEM of three independent experiments. #p<0.05 and ##p<0.01 vs the 
control group; *p<0.05 and **p<0.01 vs the LPS group. 
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Discussion and conclusion 
Inflammation stimulates the generation of ROS, 

and oxidative stress also induces inflammatory re-
sponses [17]. Oxidative stress and inflammation are 
recognized as interrelated biological events that to-
gether are involved in the pathogenesis of ALI [25, 
26]. Previous reports have suggested that LPS ad-
ministration could trigger the release of excessive cy-
tokines, chemokines and ROS, thus inducing an ALI 
model with similar pathological features to ALI in 
humans [27, 28]. Moreover, increasing evidence has 
shown that macrophages play an essential role in the 
regulation of inflammation responses and that acti-
vated macrophages mostly enhance oxygen depletion, 
which causes the overproduction of ROS [29, 30]. 
Therefore, any approach that inhibits oxidative stress 
and inflammation in vitro and in vivo may potentially 
have an effect on the prevention or treatment of ALI. 
IV has been shown to possess a variety of biological 
properties, including antioxidant and an-
ti-inflammatory activities [31, 32]. However, it re-
mains unclear whether these activities of IV serve a 
mechanistic role in LPS-induced macrophages and 
ALI mice. 

Previous reports have shown that the duration of 
sustained inflammation is positively and directly as-
sociated with the risk of developing inflammatory 
diseases, including ALI [33, 34]. TNF-α and IL-6, both 
early inflammatory cytokines, are associated with 
lung injury severity [35]. Moreover, In contrast, in 
many inflammatory conditions, inhibition of media-
tors of NO and PGE2, regulated by iNOS and COX-2, 
respectively, may have a crucial effect on the preven-
tion of inflammatory responses [36]. In our studies, 
we found that pretreatment with IV significantly de-
creased TNF-α and IL-6 levels and inhibited COX-2 
and iNOS expression in LPS-induced RAW cells and 
ALI mice. Importantly, NF-κB, an essential transcrip-
tion factor, is a key molecule in inflammation. Under 
normal physiological conditions, NF-κB remains in 
the cytoplasm linked to the inhibitor of alpha (IκBα) 
protein, but specific stimulants, such as LPS, lead to 
the release of NF-κB through phosphorylation and 
degradation of IκBα [37, 38]. IκB detaches from 
NF-κB, enabling NF-κB dimers to enter the nucleus 
and induce the expression of various inflammatory 
genes, such as those encoding inflammatory cyto-
kines, iNOS, COX-2, and chemokines [39]. Moreover, 
MAPKs, including JNK1/2, ERK1/2 and p38, also 
regulate the expression of iNOS, COX-2 and inflam-
matory cytokines in various cells [40, 41]. The present 
study demonstrated that IV exposure clearly sup-
pressed MAPK phosphorylation, and blocked IκBα 
phosphorylation and degradation, which resulted in a 
decrease in NF-κB (p65) nuclear translocation in 

LPS-induced RAW 264.7 cells. Intriguingly, recent 
reports showed that MAPKs are responsible for the 
activation of NF-κB pathway [42]. In our study, we 
found that IV suppressed the activation of NF-κB 
pathway via inhibiting JNK1/2 phosphorylation. 
Therefore, the IV-inhibited JNK1/2-NF-κB and 
MAPKs activation may potentially serve as therapeu-
tic targets in inflammatory diseases. 

Numerous reports have shown that instillation 
of LPS into the lungs can lead to overproduction of 
ROS. This overproduction may exacerbate inflamma-
tion and contribute to the pathogenesis of ALI/ARDS 
[43]. Moreover, H2O2, a type of ROS, can cause vari-
ous types of cellular injury [44]. Hence, in the present 
study, we found that LPS treatment significantly in-
creased ROS generation in RAW 264.7 cells and ALI 
mice; this was effectively counteracted with IV pre-
treatment. Furthermore, the addition of H2O2 clearly 
reduced cell viability and induced cell apoptosis, 
whereas IV ameliorated H2O2-induced cytotoxicity 
and cell apoptosis. These observations indicated that 
IV is capable of inhibiting LPS-stimulated ROS pro-
duction in vitro and in vivo and can counteract 
ROS-induced oxidative damage in RAW 264.7 cells. 
Interestingly, several recent reports have suggested 
that HO-1 commonly acts to protect against inflam-
mation and oxidative tissue injury. HO-1 exerts its 
protective effect by inhibiting cytokine production, 
iNOS and COX-2 expression, and ROS generation [45, 
46]. Thus, we hypothesized that IV inhibits the induc-
tion of TNF-α, IL-6, iNOS, COX-2, and ROS through 
IV-mediated HO-1 expression. Our observations 
suggested that IV had an inhibitory effect on the 
production of the above molecules in RAW 264.7 cells; 
this effect was partially reversed by SnPP, an HO-1 
inhibitor. Nrf2, a critical transcription factor, plays a 
key role in transcriptionally activating HO-1 gene 
expression [47]. However, a recent report showed that 
high-dose LPS exposure could activate HO-1 and Nrf2 
expression [30]. Therefore, it is possible that LPS in-
duced Nrf2 and HO-1 expression in our experiment. 
The results showed that LPS had no effect on the ex-
pression levels of Nrf2 or HO-1. In addition, we found 
that IV treatment remarkably increased HO-1 expres-
sion and reduced Nrf2 expression in the cytoplasm, 
which was directly associated with an increased Nrf2 
level in the nucleus. However, transfection of Nrf2 
siRNA partially abolished IV-induced HO-1 expres-
sion. This result indicated that IV induces HO-1 pro-
tein expression via Nrf2 activation in RAW 264.7 cells. 
In general, IV could play an essential role in inhibiting 
LPS-induced inflammation and oxidative stress via 
the up-regulation of Nrf2/HO-1 signaling in cases 
where LPS does not activate Nrf2 and HO-1 expres-
sion.  
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Based on the above outcome, we further inves-
tigated whether the role played by IV in mice with 
LPS-induced ALI was protective. ALI, or ARDS, is 
characterized by inflammatory mediator release, lung 
edema, endothelial and epithelial cell integrity loss, 
and extensive neutrophil infiltration [48]. To assess 
histological changes after IV pretreatment in 
LPS-induced mice, lung sections were evaluated us-
ing hematoxylin and eosin staining. We determined 
that both IV and Dex could ameliorate LPS-induced 
damage in lung tissues, including inflammatory cell 
infiltration and alveolar hemorrhage. On the other 
hand, recent report has suggested that the decreased 
BAL protein concentration and lung IL-6 secretion 
was related to the improvement of endothelial barrier 
function in LPS-induced ALI mice, and that the sup-
pression of endothelial cell activation was associated 
with the inhibition of IL-6 in LPS-induced HPAECs 
[49]. Moreover, expression of ICAM-1 and VCAM-1, 
which are adhesion molecules, are essential for neu-
trophil adhesion, migration and infiltration [50]. In 
this study, we demonstrated that IV reduced BAL 
protein concentration and lung IL-6 secretion, inhib-
ited the LPS-induced IL-6 secretion in HPAECs and 
mice, and decreased the ICAM-1 and VCAM-1 pro-
tein expression in the lung. Taken together, these 
findings illustrated that IV is a potential therapeutic 
role in ameliorating neutrophils adhesion and endo-
thelial activation and endothelial barrier functions 
during ALI. Additionally, ALI leads to excessive 
macrophage activation and massive neutrophil ac-
cumulation in the lungs; together, these responses can 
promote inflammatory cytokine release and enhance 
ROS generation [27, 51]. In the present study, IV and 
Dex both effectively decreased the numbers of total 
cells, neutrophils and macrophages in BALF. MPO, an 
enzyme that exists in azurophilic granules of naive 
PMNs, produces excess oxidants, resulting in tissue 
damage [52]. Furthermore, LPS instillation into the 
lungs can induce massive accumulation of ROS, in-
creasing MDA levels. MDA is an end-product of lipid 
oxidation and therefore can serve to indicate cell 
membrane damage and destruction [53]. Our data 
illustrated that IV markedly decreased MPO and 
MDA levels in lung tissues exposed to LPS. Under 
unstressed conditions, this amelioration of oxidative 
injury is derived from the activities of antioxidative 
enzymes, including SOD and GSH. SOD can convert 
superoxide anions into hydrogen peroxide, which is 
then metabolized to water by CAT or GSH [54]. In our 
experiments, IV increased the activities of SOD and 
GSH in mice with LPS-induced ALI. Importantly, 
many recent studies have suggested that Nrf2 is es-
sential for regulating oxidative stress and inflamma-
tion in mice with LPS-induced ALI [55]. Moreover, 

HO-1, an antioxidative enzyme that is regulated by 
the Nrf2 pathway, also plays a protective role in 
LPS-induced ALI rats [56]. Our findings demonstrat-
ed that IV enhanced Nrf2 and HO-1 expression in 
LPS-induced ALI mice. These observations indicated 
that IV can improve severe lung damage by 
up-regulating the Nrf2/HO-1 signaling pathway. 

In conclusion, IV effectively protected against 
LPS-induced damage, oxidative stress and inflamma-
tion in vitro and in vivo. These beneficial effects may 
be the result of suppression of ROS generation, de-
creased the TNF-α and IL-6 secretion, and inhibition 
of COX-2 and iNOS expression, reduced ICAM-1 and 
VCAM-1 protein expression. Moreover, IV signifi-
cantly decreased MPO and MDA levels and increased 
GSH and SOD content in LPS-induced ALI mice. The 
underlying mechanisms of these findings may be 
closely associated with inhibition of MAPK and 
NF-κB and activation of the HO-1/Nrf2 pathways. 
The components of these pathways may therefore 
represent potential targets for the prevention and 
treatment of ALI. 
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