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A B S T R A C T

Background: Acteoside, a water-soluble active constituent of diverse valuable medicinal vegetation, has shown
strong anti-inflammatory property. However, studies on the anti-inflammatory property of acteoside in
complement-induced acute lung injury (ALI) are limited. Therefore, this study aims to evaluate the anti-
inflammatory activity of acteoside in cobra venom factor (CVF)-stimulated human microvascular endothelial
cells (HMEC) and in ALI mice model.
Methods: In this study, we investigated the effects of acteoside (20, 10, and 5 μg/mL) in vitro in CVF induced
HMECs and the activity of acteoside (100, 50, and 20 mg/kg/day bodyweight) in vivo in CVF induced ALI mice.
Each eight male mice were orally administered acteoside or the positive drug PDTC (100 mg/kg/day) for 7 days
before CVF (35 μg/kg) injection. After injection for 1 h, the pharmacological effects of acteoside were investigated
by spectrophotometry, pathological examination, enzyme-linked immunosorbent assay, and
immunohistochemistry.
Results: In vitro, acteoside (20, 10, and 5 μg/mL) reduced the protein expression of adhesion molecules and pro-
inflammatory cytokines and transcriptional activity of NF-κB (P < 0.01). In vivo studies showed that acteoside
dose-dependently alleviated lung histopathologic lesion, inhibited the production of the protein content of BALF,
leukocyte cell number, lung MPO activity, and expression levels of IL-6, TNF-α, and ICAM-1, and suppressed the
C5b-9 deposition and NF-κB activation in CVF-induced acute lung inflammation in mice (P < 0.05, 0.01).
Conclusion: This study demonstrates that acteoside exerts strong anti-inflammatory activities in the CVF-induced
acute lung inflammation model and suggests that acteoside is a potential therapeutic agent for complement-
related inflammatory diseases.
1. Introduction

Acute lung injury (ALI) is a clinically acute respiratory disease with
high mortality, which seriously threatens the survival and life quality of
patients [1]. Despite the rapid development of critical care medicine, the
treatment of ALI remains unknown. ALI is a respiratory disorder with
acute inflammation characterized by the injury of pulmonary
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microvascular endothelial cells and pulmonary edema [2]. The patho-
genesis of ALI is complex and diverse. It is accepted that high levels of
inflammatory cytokines (e.g., IL-1β, IL-6, IL-8, TNF-α) are consistently
associated with ALI similar to other respiratory syndromes such as sepsis
or viral respiratory infections including SARS-CoV-2, SARS-CoV, H5N1
influenza, and MERS-CoV [3, 4]. In addition, considerable evidence has
demonstrated that the complement system which is an evolutionarily
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conserved component of innate immunity plays a crucial role in the
pathophysiological processes of ALI for several decades [5]. Complement
is a major component of innate immunity in host defense activated via
three pathways, namely, the classical, alternative, and lectin pathways
[6]. In general, the complement system is activated in response to foreign
pathogens to perform its physiological function. However, excessive
activation of complement could cause tissue/organ damage [7, 8],
particularly the over-activation of the alternative pathway, which plays
an important role in a series of disorders [9]. The activation of these three
pathways requires engagement of the alternative pathway through
“amplification loop” to induce tissue injury in vivo [9]. ALI is a disorder
with disruption of the lung microvascular endothelium [2]. Endothelium
damage increases capillary permeability and allows an influx of
protein-rich fluid into the alveolar space [10]. It has been reported that
intravascular systemic activation of complement can lead to ALI, with the
main site of injury being vascular endothelial cells [6, 15]. The patho-
genesis of this damage is related to stimulation of neutrophils, seques-
tration within capillaries of activated leukocytes promoting the release of
several toxic meditators such as pro-inflammatory cytokines, and sub-
sequent damage of microvasculature endothelial cells [11]. Therefore,
exaggerated activation of complement is responsible for ALI and this
injury is apparently related to damage of endothelial cells caused by the
generation from neutrophils of toxic products.

Cobra venom factor (CVF), a specific complement alternative
pathway activator, is a protein purified from cobra venom [12]. CVF can
be used as an experimental tool to study the pathogenesis of diseases in
laboratory animals. Several studies have shown that intravenous injec-
tion of CVF can trigger a systemic complement activation, resulting in
acute inflammation response and changes in lung function and
morphology, which are characterized by increased permeability between
pulmonary capillary endothelial cells and alveolar epithelial cells, and
the accumulation of a large amount of edema fluid in the alveolar space,
which is rich in a variety of inflammatory cells dominated by neutrophils
to increase ALI [13, 14, 15, 16]. Previously, we also have successfully
constructed ALI mouse model using CVF as reflected by increases in in-
flammatory mediators in the lung and morphological evidence of lung
damage [13]. Thus, the CVF-mediated ALI model could be used in
exploring the pathological changes and effective medications of lung
injury.

Acteoside, a water-soluble phenylethanol glycoside compound, is the
major active component of many valuable medicinal plants such as Lig-
ustrum purpurascens (kudingcha tea), Rehmannia glutinosa, Scrophularia
ningpoensis, and Cistanche deserticola, which are widely used as traditional
folk medicines in Asia [17, 18]. Some studies confirm that acteoside
exhibits antioxidative, anti-inflammatory, and neuroprotective effects
[19]. Based on previous reports, acteoside can exert protective effects
against ALI induced by lipopolysaccharide by regulating the nuclear
factor-kappa B (NF-κB) pathway and reducing the levels of
pro-inflammatory mediators [1]. Complement has been involved in the
various models of ALI [13]. However, the role of acteoside on
complement-related ALI has not been reported. It is unknown whether
acteoside is also effective in ALI induced by complement activation and
how acteoside may function to protect this delicate tissue. Therefore, this
study aims to characterize the therapeutic effects of acteoside in a
CVF-induced model of acute lung inflammation.

2. Materials and methods

2.1. Reagents

CVF was self-prepared by our laboratory group as described previ-
ously [20]. In brief, the crude venom of Naja atra was isolated by
sequential column chromatography (SP Sephadex C-25, Q Sepharose HP,
and Sephacryl S-200). The purified CVF was homogeneous under
nonreducing SDS-polyacrylamide gel electrophoresis. The purified CVF
was separated in aliquots and stored at -80 �C until use.
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Pyrrolidinedithiocarbamic acid (PDTC) was obtained from Beyotime
Biotechnology Co., Ltd. (Cat. No. S1809, Shanghai, China). Acteoside
was obtained from Chengdu Alpha Biotechnology Co. Ltd. (Cat. No.
AF8060401, Chengdu, China).

2.2. Cell culture and treatments

Immortalized human microvascular endothelial cells (HMEC) were
presented by Dr. Jin Yang, who worked in Kunming Institute of Zoology
in Chinese Academy of Sciences (Kunming, China) [21]. The cells were
cultured in RPMI 1640 medium (Gibco), supplemented with 10% fetal
bovine serum (FBS, Gibco) and 1% penicillin/streptomycin (Gibco) at 37
�C with 5% CO2 and 100% humidity. Cells were placed into 96-well
plates (Corning) at 1 � 105 cells per well overnight. When grown to
70%–80% density, the cells were washed three times with Ca2þ and
Mg2þ-free phosphate-buffered solution (PBS) and then supplemented
with 90 μL of RPMI 1640 medium and pre-incubated with 10 μL of
different concentrations of acteoside or warm PBS for 2 h; 30 μL of cell
supernatants was then removed, and 30 μL of CVF-activated complement
(CAC) products was added. The incubation products of CVF and inacti-
vated normal human serum (INHS) were set as the control group. The
final concentration of acteoside was adjusted to 20, 10, and 5 μg/mL
based on the pre-experiment cytotoxicity test. After 6 h of incubation
with CAC [23], culture supernatants and cell lysates were collected for
biochemical assay of intercellular cell adhesion molecule-1 (ICAM-1, Cat.
No. EK0370), vascular cell adhesion molecule-1 (VCAM-1, Cat. No.
EK0537), and E-selectin (Cat. No. EK0501) using enzyme-linked immu-
nosorbent assay (ELISA) kits (Boster Biological Technology Co., Ltd.,
Wuhan, China) according to the manufacturer's recommendation.

In measuring interleukin-6 (IL-6) and tumor necrosis factor-α (TNF-α)
concentrations, the washed cells maintained in 180 μL of RPMI 1640
medium were pre-treated with 20 μL of different concentrations of
acteoside. After pre-incubation for 2 h, 30 μL of CAC stimulation was
added and incubated for 48 h. After incubation with CAC for 48 h [22],
the levels of IL-6 (Cat. No. EK0410) and TNF-α (Cat. No. EK0525) in the
medium were measured using ELISA kits.

2.3. Preparation of complement alternative activation products

CVF (6.5� 104 U/L) was mixed with NHS in a 1:1 ratio and incubated
in a 37 �C water bath for 30 min to prepare CAC products. The solution
was prepared before cell treatment. The mixed incubates of CVF and
INHS (incubated for 30 min at 56 �C) were set as the negative control.

2.4. Effects of acteoside on the transcriptional activity of NF-κB after
exposure of HMEC to CAC

2.4.1. Plasmid preparation
Fifty microliters of DH5α (Cat. No. CW0808, CoWin Biosciences,

Beijing, China) was added with 1 ng of NF-κB plasmid (Cat. No. N1111,
Promega, USA) and internal reference recombinant plasmid. The tubes
were placed on an ice water bath for 30 min and immediately transferred
to a hot water bath (42 �C) for 90 s. Afterward, the tubes were placed on
the ice water bath for 3 min. Then, 950 μL of Luria-Bertani (LB) broth
without ampicillin was added and mixed by shaking gently for 1 h. The
mixture was centrifuged immediately at 2000 rpm for 5 min at 4 �C. The
supernatant was removed from the tubes; the bacterial pellet was
resuspended in 0.35 mL of freshly prepared LB broth and placed on plates
overnight at 37 �C in an incubator. Individual colonies of the transformed
Escherichia coli strain were selected, and 3 mL of LB broth supplemented
with 25 mg/mL of ampicillin was inoculated for amplification. The
expression of the NF-κB plasmid and internal reference recombinant
plasmid was extracted using the plasmid extraction kit (Cat. No. D0029,
Beyotime Biotechnology Co., Ltd., Shanghai, China) according to the
manufacturer's recommendation. The concentration was detected by
Nanodrop (Thermo Scientific, USA).
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2.4.2. Relative transcriptional activity of NF-κB by dual-luciferase reporter
assay

Cells were seeded into black 96-well plates at a density of 1�105 cells
per well for overnight growth. Cells were then washed three times with
warm serum-free RPMI 1640 medium and then supplemented with 90 μL
of RPMI 1640 containing 10% FBS and transfected according to the in-
structions of the Liposome Transfection Kit (Cat. No. C0526, Beyotime
Biotechnology Co., Ltd., Shanghai, China). Ten microliters of the trans-
fection mixture containing 88 ng of NF-κB expression plasmid, 45 ng of
internal reference plasmid, and 0.2 μL of liposome reagent was added to
each well for 16 h. Then, the supernatant was removed, 90 μL of RPMI
1640 medium and 10 μL of different concentrations of acteoside or warm
PBS was added for 2 h. Thirty microliters of cell supernatants was
removed, and 30 μL of CAC stimulation was added for 4 h [22]. The
mixed incubates of CVF and INHS were set as the negative control.
Fluorescence intensity was detected by the Dual-Luciferase® Reporter
Assay System (Cat. No. E1910, Promega, USA), and the relative nuclear
transcription activity (Ra) was calculated according to the following
formula:

Ra ¼ (R1treat/R2 treat) / (R1control/R2 control) � 100

where R1 is the value of Firefly luciferase, and R2 is the value of Renilla
luciferase.

2.5. Animals

Four-week-old Kunming male mice were obtained from the Animal
Resources Center of Third Military Medical University (Chongqing,
China). Filter top cages were used with four mice in each cage and kept in
a barrier animal facility with a climate-controlled environment with 12 h
light/dark cycles. All mice were fed chow provided by the Guizhou
Laboratory Animal Engineering Technology Center (Guizhou Medical
University, Guiyang, China).

2.6. Induction of ALI in mice and treatment protocol

Forty-eight mice were randomly divided into six groups (n ¼ 8 per
group): the control group (Control), CVF group (CVF), acteoside 100 mg/
kgþ CVF group (acteoside 100mg/kg), acteoside 50mg/kgþ CVF group
(acteoside 50 mg/kg), acteoside 20 mg/kg þ CVF group (acteoside 20
mg/kg), and PDTC 100mg/kgþ CVF group (PDTC, as a positive control).
The mice were subjected to a tail vein injection of CVF (35 μg/kg body
weight, dissolved in sterile PBS with PH 7.4) to specifically activate the
complement alternative pathway [13, 23] and establish the ALI model in
mice. The control mice were injected with sterile PBS. Before inducing
the model, the animals were orally pretreated with acteoside prepared in
0.2% carboxymethylcellulose sodium (CMC-Na, Shanghai Aladdin
Biochemical Technology Corp., Shanghai, China) for 7 days. The
vehicle-treated control group received equal volume of 0.2% CMC-Na.
On the seventh day, mice were anesthetized by an intraperitoneal (i.p.)
injection of pentobarbital sodium (50 mg/kg) 1 h after CVF or PBS
challenge. The serum, bronchoalveolar lavage fluid (BALF), and lung
tissues in each group were collected for analysis as described previously
[13].

2.7. Inflammatory cell counting and protein concentration determination
in BALF

The BALF was centrifuged at 2000 rpm and 4 �C for 10 min to pellet
the cells. The BALF supernatant was thoroughly mixed, and the total
protein concentration was tested using the BCA assay kit (Beyotime
Biotechnology Co., Ltd., Shanghai, China).The cell pellets were resus-
pended in ice-cold PBS. After excluding the dead cells by trypan blue
staining, the total number of inflammatory cells in BALF was determined
using a hemocytometer (Beckman Coulter, Inc.).
3

2.8. MPO assay and ELISA of BALF and serum

The superior and middle lobes of the right lung were collected and
homogenized for the detection of myeloperoxidase (MPO) activity (an
indicator of neutrophil accumulation) [24, 31] following a test kit pro-
tocol (Cat. No. A044-1-1, Nanjing Jiancheng Bioengineering Institute,
Nanjing, China). Cytokines in BALF and serum were determined with
mouse ELISA kits (Boster Biological Technology Co., Ltd., Wuhan, China)
for IL-6 (Cat. No. EK0411), TNF-α (Cat. No. EK0527), and ICAM-1 (Cat.
No. EK0371).

2.9. Histopathology and immunohistochemistry

The lower lobe of the right lung was fixed in 4% paraformaldehyde,
dehydrated, and embedded for histopathologic detection with
hematoxylin-eosin staining and the protein examination of C5b-9 and
phosphorylated NF-κB p65 with immunohistochemical method. The lung
injury score was performed as reported previously [13, 25]. The primary
mouse monoclonal C5b-9 (dilution 1:200; Cat. No. sc-66190, Santa Cruz
Biotechnology, Paso Robles, CA, USA) and phospho–NF–κB p65 anti-
bodies (dilution 1:500; Cat. No. sc-135769, Santa Cruz Biotechnology)
were used to assess the protein expression of C5b-9 and phosphorylated
NF-κB p65 in the lung tissue. The phosphorylation of NF-κB p65 was
measured semi quantitatively by detecting the total positive area under
the microscope with Image-Pro plus image analysis software. The C5b-9
deposition score range was 0–4 points: 0 represented no staining, and 1,
2, 3, and 4 denoted low, moderate, high, and very high staining,
respectively.

2.10. Statistical analysis

Data were expressed as the mean� standard error of the mean (SEM).
Differences between groups were evaluated by analyses of variance (one-
way ANOVA) followed by the LSD's test as post-hoc comparison of means
in SPSS 18.0. Statistical differences were considered to be significant at P
< 0.05. The graphing were performed using the GraphPad Prism 8
Software (San Diego, CA, USA).

3. Results

3.1. Acteoside reduces the release of adhesion molecules in HMEC induced
by CAC

Endothelial cells that undergo stimulation with complement are
characterized by the elevated expression of intercellular adhesion mol-
ecules such as VCAM-1, ICAM-1, and E-selectin [26, 27, 28]. Our previ-
ous studies showed that the peak concentrations of the above adhesion
molecules in the cell supernatant occurred at 6 h after HMEC incubated
with CAC [23, 30]. Thus we pretreated HMEC with various concentra-
tions of acteoside for 2 h and then stimulated cells with CAC for 6 h to
evaluate the potential anti-inflammatory effects of acteoside on ICAM-1,
VCAM-1, and E-selectin production in CAC-stimulated HMEC. As shown
in Figures 1A-C, CAC-induced release of adhesion molecule markedly
increased (P < 0.01). Acteoside could significantly decrease
CAC-induced production of ICAM-1 (Figure 1A), VCAM-1 (Figure 1B),
and E-selectin (Figure 1C) in HMEC in a concentration-dependent
manner (P < 0.01).

3.2. Acteoside inhibits the inflammatory mediator expressions of HMEC
induced by CAC

The increased expression of adhesion molecules can promote the
adherence of the inflammatory cells such as IL-6 and TNF-α, which are
the main components of inflammation. Our previous studies showed that
the peak concentrations of the inflammatory cytokines in the cell su-
pernatant occurred at 48 h after HMEC incubated with CAC [22, 29].
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Therefore, we tested the inhibitory effects of acteoside on the protein
expression of IL-6 and TNF-α in CAC-induced HMEC for 48 h by ELISA. As
shown in Figures 2A and B, the incubation of CAC-induced HMEC sta-
tistically and significantly increased IL-6 and TNF-α release. Acteoside
downregulated the levels of IL-6 (Figure 2A) and TNF-α (Figure 2B) in
HMEC in a dose-dependent manner (P < 0.01), which showed a trend
similar to the release of adhesive molecules. These data indicated the
effect of acteoside on reducing inflammatory response in endothelial cell.

3.3. Effects of acteoside on the transcriptional activity of NF-κB after
exposure of HMEC to CAC

Nuclear factor-κB (NF-κB) serves as a transcriptional factor to regulate
pro-inflammatory mediators in activated endothelial cell and plays a
pivotal role in inflammatory diseases [30]. Therefore, HMEC were
incubated with CAC for 4 h to investigate the mechanism of impaired
lung-protective ability by acteoside, and the transcriptional activity of
NF-κB was detected by Dual-Luciferase Reporter Assay. As shown in
Figure 3, pretreatment with different concentrations of acteoside resulted
in a significant (�29.5%) decrease in NF-κB translocation compared with
PBS-pretreated HMEC (P < 0.01), which indicated that the transcription
of NF-κB was inhibited by acteoside in the stimulated endothelial cells.

3.4. Acteoside decreases CVF-induced protein level increase, inflammatory
cell extravasation in BALF, and pulmonary MPO activity

Given that acteoside exerted anti-inflammatory activities in micro-
vascular endothelial cells, studies were extended to determine whether
acteoside could affect CVF-induced inflammation in animal model of ALI.
The BALF protein concentration is a commonly used indicator of pul-
monary vascular permeability, which is an important characteristic of
ALI. As shown in Figure 4A, CVF-challenged mice showed a significant
increase of 22.9% in the BALF protein concentration when compared
with CVF-challenged mice, and the level was significantly (P < 0.05,
0.01) decreased by acteoside pretreatment at a concentration of 100 mg/
kg (15.7% reduction) and PDTC (20.9% reduction). No significant dif-
ferences (P< 0.05) were observed in mice pretreated with 50 and 20mg/
kg of acteoside compared with CVF-challenged mice (Figure 4A).

We also detected amounts of total leucocytes in BALF and pulmonary
MPO activity (an indicator of neutrophil infiltration [24, 31]). Compared
with control mice, after 1 h of vein injection of CVF to mice, the counts of
leucocytes (Figure 4B) and pulmonary MPO activity (Figure 4C)
evidently increased, which indicated the presence of inflammatory cells
and neutrophils recruitment in the lung. Compared with the
CVF-challenged mice, mice pretreated with acteoside (100, 50, and 20
Figure 1. Effects of different concentrations of acteoside on the adhesion molecule
concentrations (20, 10, and 5 μg/mL) of acteoside for 2 h and then incubated with 3
The levels of intercellular adhesion molecule-1 (A, ICAM-1), vascular cell adhesion m
using enzyme-linked immunosorbent assay (ELISA). Values represented the means �
*P < 0.05 and **P < 0.01 were compared with the CVF group.
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mg/kg) or 100 mg/kg of PDTC showed a significant (P < 0.01) reduction
in leucocyte counts by 58.2%, 41.3%, 22.1%, and 43.9%, respectively
(Figure 4B), and inhibition of CVF-induced MPO activity in mouse lungs
by 23.7%, 17.8%, 11.1%, and 52%, respectively (Figure 4C). These re-
sults suggested that acteoside could attenuate lung edema and inflam-
mation in a dose-dependent manner in CVF-challenged ALI mice.

3.5. Acteoside reduces the high-level of CVF-induced inflammatory
cytokines and adhesion molecules in serum and mouse BLAF

We detected the levels of IL-6, TNF-α, and ICAM-1 in serum and BALF
by ELISA to evaluate the anti-inflammatory effect of acteoside on CVF-
induced ALI. IL-6 and TNF-α are two of the most important cytokines
at the early stage of inflammation, which play a vital role in ALI [32],
while ICAM-1 participates in leukocyte recruitment into areas of
inflammation [28]. As shown in Figures 5A-F, we found that the levels of
pro-inflammatory cytokines (IL-6, TNF-α, and ICAM-1) in the serum and
BALF of mice 1 h after CVF challenge were significantly increased (P <

0.01). Pretreatment with acteoside or PDTC evidently (P < 0.05, 0.01)
down-regulated the CVF-induced IL-6, TNF-α, the ICAM-1 levels in
mouse serum (Figures 5A-C) and BALF (Figures 5D-F). These data sug-
gested that acteoside could reduce the expression of pro-inflammatory
cytokines and adhesion molecules in the serum of CVF-challenged mice
in a dose-dependent manner.

3.6. Acteoside attenuates CVF-induced lung pulmonary histopathological
injury in mice

We next investigated the effects of acteoside on lung histopathology
in mice challenged with CVF by complement activation. The lung tissues
were harvested 1 h after CVF stimulation for pulmonary morphological
observation (Figure 6A). Significant pathological changes, including
pulmonary interstitial edema, inflammatory cell infiltration, and alveolar
wall thickening, were observed in the lung tissues of CVF-challenged
mice (P < 0.01) (Figures 6A and B). As expected, PDTC as positive
control showed a significant reduction in the total score compared with
CVF-challenged mice (Figure 6B). Pretreatment with acteoside (100 and
50 mg/kg) resulted in marked (P < 0.05, 0.01) reductions in the path-
ological score (Figure 6B). The data indicated the idea that acteoside was
effective in suppressing CVF-induced lung injury.

3.7. Acteoside inhibits the pulmonary C5b-9 deposition induced by CVF

Excessive activation of the alternative pathway of complement acti-
vation may lead to harmful amounts of the complement terminal
expression of HMEC induced by CAC. HMEC were pre-treated with different
0 μL of cobra venom factor (CVF)-activated complement (CAC) products for 6 h.
olecule-1 (B, VCAM-1), and E-selectin (C) in the medium were determined by

SEM (n ¼ 3). #P < 0.05 and ##P < 0.01 were compared with the control group;



Figure 2. Effects of different concentrations of
acteoside on the inflammatory mediator expression
of HMEC induced by CAC. HMEC were pre-treated
with different concentrations (20, 10 and 5 μg/mL)
of acteoside for 2 h and then incubated with 30 μL of
cobra venom factor (CVF)-activated complement
(CAC) products for 48 h. Interleukin-6 (A, IL-6) and
tumor necrosis factor-α (B, TNF-α) in the medium
were determined by enzyme-linked immunosorbent
assay (ELISA). Values represented the means � SEM
(n ¼ 3). #P < 0.05 and ##P < 0.01 were compared
with the control group; *P < 0.05 and **P < 0.01
were compared with the CVF group.

Figure 3. Effects of different concentrations of acteoside on the transcriptional
activity of NF-κB after exposure of HMEC to CAC. HMEC were plated in 96-well
plates overnight and then transfected with the NF-κB expression plasmid and
liposome reagent. Then, the cells were pre-treated with different concentrations
(20, 10, and 5 μg/mL) of acteoside for 2 h and incubated with 30 μL of cobra
venom factor (CVF)-activated complement (CAC) products for 4 h. The lucif-
erase activity was measured by the dual-luciferase reporter assay system. Values
represented the means � SEM (n ¼ 3). #P < 0.05 and ##P < 0.01 were
compared with the control group; *P < 0.05 and **P < 0.01 were compared
with the CVF group.
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component C5b-9, a potent activation product [33]. In the current
experiment, the C5b-9 deposition in the lung tissue was examined to
evaluate whether complement alternative pathway was overactivated.
The results in Figures 7A and B showed that the C5b-9 deposition
significantly increased in lung from CVF-treated mice (P < 0.01).
Compared with mice challenged with CVF, pretreated with 100 mg/kg of
acteoside and PDTC showedmarked (P< 0.05) reductions of 29.01% and
33.96% in C5b-9 deposition, respectively (Figures 7A and B).
3.8. Acteoside suppresses the pulmonary NF-κB activation induced by CVF

Previous studies have shown that CVF could activate the expression of
NF-κB in mouse lung tissue and lead to phosphorylation of NF-κB p65
[13]. Consistent with our previous result, CVF significantly increased the
phospho–NF–κB p65 protein expression to 40.3% compared with control
mice (P < 0.01) by immunohistochemistry (Figures 8A and B). Mice
pretreated with 100 and 50 mg/kg of acteoside developed significantly
less expression with 24.97% and 20.31% decrease, respectively,
5

compared with mice challenged with CVF (P < 0.05, 0.01) (Figures 8A
and B). As a positive drug, PDTC (100 mg/kg) significantly reduced
CVF-triggered phosphorylation of NF-κB p65 with a 34.3% decrease (P <

0.01) (Figures 8A and B).

4. Discussion

In this study, we have demonstrated that acteoside improved
complement-induced lung injury and inhibited neutrophil infiltration
and the release of inflammatory mediators in the lung. Moreover, the
results indicated that the protective effect of acteoside on the ALI is
highly related to the inhibition of NF-κB signaling activation.

ALI is an acute respiratory disorder characterized by acute pulmonary
microvascular endothelial inflammation and intimal injury [2, 13],
which are associated with inflammatory cascade reaction and a variety of
inflammatory mediators and effector cells. In general, despite frequent
exposure to invading pathogens, the lung is free of infection and
inflammation primarily because of various defense systems such as
complement system, which locally promotes pathogen clearance [34]. As
an innate immune defense system, the complement system can be acti-
vated through three major pathways, namely, classical, lectin, and
alternative, to protect the host from pathogenic challenge when an insult
occurs in the lung [34]. However, inappropriate activation of comple-
ment may contribute to inflammatory response and tissue damage [12,
35]. The symptoms of ALI include excessive transepithelial neutrophil
migration and the release of pro-inflammatory, cytotoxic mediators [10].
Exaggerated activation of complement can lead to neutrophil activation,
sequestration, and adhesion to the pulmonary capillary endothelium,
which results in damage of vascular endothelial cells and ALI [11]. The
complement system has been proven to be extensively involved in
various models of ALI [36, 37, 38, 39, 40]. Experimental and clinical
evidence suggests that the activation of complement plays a pivotal role
in the development of ALI [41].

CVF, a complement alternative-activating protein purified from
cobra venom, can be used as an experimental tool to study the patho-
genesis of ALI in laboratory animals. It can bind to factor B to form the
CVF,B pro-convertase, which activates the complement alternative
pathway and generates complement activation products, such as C3a,
C5a, and C5b-9 (complement terminal component) [12], to induce ALI.
The complement-activating pattern of CVF in the mouse model has a
close resemblance to the observed complement activation in the path-
ological conditions of humans [13]. In addition, given that the
engagement of the alternative pathway is necessary for these three
activation pathways to induce lung tissue injury, we used CVF to study
the mechanism of acteoside in preventing acute lung inflammation
model induced by the activation of the complement alternative pathway
in mice.



Figure 4. Acteoside suppresses the protein concentration and cell counts in BALF and inhibits neutrophil infiltration in lung tissues. Mice were orally pretreated with
different concentrations (100, 50, and 20 mg/kg/day) of acteoside or PDTC (100 mg/kg/day) or vehicle for 7 days. On the seventh day, CVF (35 μg/kg) was
administered via tail vein injection for 1 h, and lung tissues and BALF were then collected. The total protein concentration (A) and cell counts (B) in BALF were
assessed. The superior and middle lobe of the right lung was excised to detect lung MPO activity (C). Results were presented as mean � SEM (n ¼ 8). ##P < 0.01 was
compared with the control group; *P < 0.05 and **P < 0.01 were compared with the CVF group. BALF, bronchoalveolar lavage fluid; PDTC, pyrrolidinedithiocarbamic
acid; CVF, cobra venom factor; MPO, myeloperoxidase; SEM, standard error of the mean.

Figure 5. Acteoside reduces inflammatory mediators and adhesion molecules in serum and BALF of ALI mice. Before administration with CVF to induced ALI, mice
were orally pretreated with different concentrations (100, 50, and 20 mg/kg/day) of acteoside or PDTC (100 mg/kg/day) or vehicle for 7 days. Serum and BALF were
collected 1 h after CVF (35 μg/kg) i.v. injection for the ELISA detection. A–C: IL-6, TNF-α, and ICAM-1 levels in serum; D–F: IL-6, TNF-α, and ICAM-1 in BALF. Results
were presented as mean � SEM (n ¼ 8). #P < 0.05 and ##P < 0.01 were compared with the control group; *P < 0.05 and **P < 0.01 were compared with the CVF
group. ALI, acute injury lung; CVF, cobra venom factor; PDTC, pyrrolidinedithiocarbamic acid; IL-6, interleukin-6; TNF-α, tumor necrosis factor-α; ICAM-1, intra-
cellular adhesion molecule; SEM, standard error of the mean.
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Figure 6. Histological examination of the lung tissue. (A) Mice were orally pretreated with different concentrations (100, 50, and 20 mg/kg/day) of acteoside or PDTC
(as positive control, 100 mg/kg/day) or vehicle for 7 days. CVF (35 μg/kg) was then administered via tail vein injection for 1 h, and lung tissues were collected and
subjected to H&E staining for histological evaluation (10�). (B) Lung injury score was graded from 0 (normal) to 4 (maximal damage) based on the severity of each
indication, including alveolar congestion, hemorrhage, infiltration of leukocytes in the lung tissue, and thickness of the alveolar wall/hyaline membrane formation.
Results were presented as mean � SEM (n ¼ 8). #P < 0.05 and ##P < 0.01 were compared with the control group; *P < 0.05 and **P < 0.01 were compared with the
CVF group. BALF, bronchoalveolar lavage fluid; ALI, acute injury lung; CVF, cobra venom factor; PDTC, pyrrolidinedithiocarbamic acid; H&E, hematoxylin and eosin;
SEM, standard error of the mean.
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Intravascular activation of complement with CVF results in ALI,
which has been quantitated on the basis of the stimulation of neu-
trophils, sequestration within capillaries of activated leukocytes, and
subsequent damage of endothelial cells [15]. There is an increase in
the permeability of the alveolar-capillary barrier in the early phase of
ALI, which allows for an influx of fluid into the alveoli. Endothelium
injury can increase capillary permeability, allow an influx of
protein-rich fluid into the alveolar space, and promote the formation of
pulmonary oedema [10]. Therefore, vascular endothelial cells are the
chief target of injury for the activation of the complement system in
acute lung inflammation processes [15]. As endothelial cells can ex-
press complement factors, regulators, and their receptors [42, 43], the
endothelium may be markedly affected to produce complement
deposition, leading to cell activation, expression of adhesion molecules
(e.g., ICAM-1, VCAM-1, and E-selectin), and release of cytokines (e.g.,
TNF-α, IL-1, and IL-6) [44]. During the process, NF-κB is activated, and
NF-κB p65 triggers translocation to the nucleus to induce the expres-
sion of genes encoding for adhesion molecules and inflammatory cy-
tokines on the activated endothelium [45]. Our previous study showed
that the NF-κB signaling pathway was activated after CVF incubation
7

products were added to microvascular endothelial cells, which were
manifested by the upregulation of nuclear transcriptional activity,
followed by changes in adhesion molecule expression and a series of
inflammatory cytokines [22]. Therefore, based on the important role
of microvascular endothelial cells in the pathogenesis of ALI, we first
used HMEC in vitro to conduct the effects of acteoside on the inflam-
matory response and nuclear transcriptional activity caused by com-
plement activation products (Figures 1, 2, and 3). The results showed
that endothelial cells stimulated by CAC products could induce the
upregulation of ICAM-1, VCAM-1, and E-selectin (Figures 1A-C) and
the release of IL-6 and TNF-α (Figures 2A and B). Acteoside at different
concentrations could significantly inhibit the upregulation of nuclear
transcription activity (Figure 3) and the expression of adhesion mol-
ecules (Figures 1A-C) and inflammatory mediators (Figures 2A and B)
in vitro. These results suggest that acteoside can down-regulate the
expression of inflammatory cytokines by inhibiting the transcriptional
activation of NF-κB, and further inhibit or reduce the inflammatory
response, which indicates that acteoside has a certain intervention
effect on the inflammatory response of HMEC induced by complement
activation.



Figure 7. Acteoside inhibits the C5b-9 deposition in lung tissue. The C5b-9 deposition was determined by immunohistochemistry, and the positive cells were marked
by tan or brown (20�) (A). The scores was shown as mean � SEM (n ¼ 7–8) (B). ##P < 0.01 was compared with the control group; *P < 0.05 was compared with the
CVF group. CVF, cobra venom factor; SEM, standard error of the mean.
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Based on the anti-inflammatory activities of acteoside in in vitro HMEC
stimulated by CVF, the CVF-induced ALI model in mice was used to
examine whether acteoside affected inflammation of ALI induced by
complement activation accompanied with the high expression of com-
plement terminal component C5b-9 deposition. In the present study, our
data showed that acteoside significantly inhibited IL-6, TNF-α, and ICAM-
1 production in serum and BALF (Figures 5A-F) as well as the inflamma-
tory protein cell extravasation into BALF and MPO activity (Figures 4A-C)
in lung tissue of mice in a dose-dependent manner. Meanwhile, acteoside
markedly alleviated inflammatory infiltration and pathological changes
(Figures 6A and B) and the C5b-9 deposition (Figures 7A and B) in lung
tissue of mice. These results demonstrate that the inhibitory activity of
acteoside against lung pulmonary histopathological injury induced by
complement activation attributables to the suppression of inflammatory
cytokines and adhesion molecule expression.

The transcription factor NF-κB is upstream of the synthesis of acute
phase pro-inflammatory mediators [31]. In resting cells, NF-κB is
located in the cytoplasm, and it is bound with IκBα. When cells are
stimulated by extracellular pro-inflammatory cytokines, NF-κB is
released from the cytoplasm and then translocated into the nucleus,
resulting in the expression of inflammatory genes such as adhesion
8

molecules (ICAM-1, VCAM-1, and E-selectin) and cytokines (TNF-α and
IL-6) [46]. Wang et al. reported that pretreatment or after-treatment
with acteoside significantly inhibited phosphorylation of NF-κB p65 in
the lung tissues in LPS-induced ALI mice [1]. In the present study,
consistent with the inhibition of NF-κB activation by acteoside in
LPS-induced ALI mice, we found that pretreatment with acteoside could
also significantly decrease the phosphorylation level of NF-κB p65 in the
nucleus in CVF-stimulated ALI mice (Figure 8 A and B). These data
indicated that the inhibition of inflammatory mediators and cytokines
by acteoside might be mediated by blocking the NF-κB in
CVF-stimulated ALI mice. The Janus tyrosine kinase 2 (JAK2) signaling
pathway is an important pathway activated by inflammation, which
participates in many physiological processes [47]. The activation of the
JAK2 pathway has been observed in ALI [47, 48]. It has been reported
that JAK2 can be activated to a peak at 2 min after HMEC exposed to
CAC [49]. AG490 is a well-known JAK2 inhibitor. The strong inhibitory
effect of AG490 on the JAK2 pathway resulted in the inhibition of NF-κB
p65 phosphorylation in HMEC exposed to CAC in vitro [50], which
illustrated JAK2 may be an upstream regulatory site in the NF-κB and
JAK2 regulatory network involved in inflammatory responses to com-
plement activation stimulated HMEC. In addition, Qiao et al. [51]



Figure 8. Acteoside inhibits the expression of phosphorylated NF-κB p65 in lung tissue. NF-κB p65 phosphorylation was checked by immunohistochemistry, and the
positive cells were presented by tan or brown (40�) (A). Results were quantified and presented as mean � SEM (n ¼ 8) (B). #P < 0.05 and ##P < 0.01 were compared
with the control group; *P < 0.05 and **P < 0.01 were compared with the CVF group. CVF, cobra venom factor; SEM, standard error of the mean.
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reported that acteoside was able to inhibit inflammatory response via
JAK/STAT signaling pathway. Therefore, we speculate that JAK2 may
be a more important regulatory locus for acteoside in CVF-induced ALI.
It is no doubt that the detailed protective mechanism of acteoside for
complement activated ALI needs to be further investigated.

5. Conclusion

The study confirmed the anti-inflammatory property of acteoside in
complement-stimulated HMEC and complement-induced ALI in the
mouse model. The protective effect of acteoside against ALI may be
related to the inhibition of CVF-induced NF-κB activation, the decrease of
pro-inflammatory cytokines and adhesion molecules and inflammatory
cell infiltration, and the improvement of tissue impairment. Collectively,
our study enriches the anti-inflammatory mechanism of acteoside and
potentially has clinical application for ALI and other complement-driven
inflammatory diseases.
9
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