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P-selectin-mediated  adhesion  between  endothelium  and neutrophils  is  a crucial  process  leading  to acute
inflammatory  injure.  Thus,  P-selectin  has  been  considered  as promising  target  for  therapeutics  of  acute
inflammatory-related  diseases.  In  the  present  study,  the  water-soluble  polysaccharides  (BCPs)  were  iso-
lated from  Bupleurum  chinense,  and  we  evaluated  their  therapeutical  effects  on  acute  inflammatory
injure  and  antagonistic  function  against  P-selectin-mediated  neutrophil  adhesion.  Our  results  showed
that  BCPs  significantly  impaired  the  leukocyte  infiltration  and  relieve  lung  injury  in LPS-induced  acute
upleurum chinense
olysaccharide
cute inflammation
-selectin
eutrophil adhesion

pneumonia  model.  BCPs  significantly  blocked  the  binding  of  P-selectin  to neutrophils  and  inhibited  P-
selectin-mediated  neutrophils  rolling  along  CHO-P  cell  monolayer.  The  result  from  in  vitro  protein  binding
assay showed  a direct  evidence  indicating  that  BCPs-treatment  significantly  eliminated  the  interaction
between  rhP-Fc  and its physiological  ligand  PSGL-1  at protein  level.  Together,  these  results  provide  a novel
therapeutical  strategy  for amelioration  of  inflammation-related  disease  processes  by  polysaccharides
from  B.  chinense.

© 2014  Elsevier  Ltd.  All rights  reserved.
. Introduction

Most bacteria are detected and destroyed within hours of enter-
ng the host by the defense mechanism of acute inflammation
nown as innate immunity (Nathan, 2006). Polymorphonuclear
eutrophils (PMNs) are the predominant cell type involved in the
cute inflammation after infection. Since excessive inflammation is
armful to normal tissues, once the pathogen has been removed the
cute inflammation response is terminated (Yoshikai, 2001). How-
ver, under some special pathological circumstances, the improper
ecruitment and activation of neutrophils during acute inflamma-
ory response contribute to organ dysfunction, serious tissue injury,
nd inflammation-related diseases, and a poorly controlled acute
nflammatory response even leads to death (Grommes & Soehnlein,
011; Segel, Halterman, & Lichtman, 2011; Tanya, George, &
aotake, 2009). Thus, the restriction of neutrophil recruitment into
issue compartments has been considered as an effective strategy
n amelioration of the acute inflammatory response-related injure
rocess (Ulbrich, Eriksson, & Lindbom, 2003).

∗ Corresponding author. Tel.: +86 432 64608351; fax: +86 432 64608350.
E-mail address: tonghaibin@gmail.com (H. Tong).

144-8617/$ – see front matter © 2014 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2014.01.039
The recruitment of neutrophils from blood to infected tissue
is an important step of acute inflammation response, which is a
dynamic and coordinated multi-step process regulated by a variety
of adhesion molecules (Kelly, Hwang, & Kubes, 2007; Kubes & Ward,
2006; Simon & Green, 2005). P-selectin on activated endothelial
cells, as a member of the selectin family of cell adhesion molecule,
plays a key role in neutrophil recruitment during acute inflam-
matory response, and its main function is to regulate the initial
attachment of neutrophil with the vessel endothelial cells (Geng,
Chen, & Chou, 2004; Somers, Tang, Shaw, & Camphausen, 2000).
Therefore, P-selectin has been considered as a promising therapeu-
tic target for interfering and controlling acute inflammation-related
pathological processes, and researchers focus on searching for high
affinity glycoconjugate ligands from natural products for antago-
nists of P-selectin-mediated neutrophil initial recruitment (Barthel,
Gavino, Descheny, & Dimitroff, 2007; Hackert, Büchler, & Werner,
2010; Woollard & Chin-Dusting, 2010). Among various natural car-
bohydrate compounds, polysaccharide extracted from medicinal
herbs might prove to be one of the promising candidates in search-
ing for high affinity natural products with antagonistic function

against P-selectin (Fei et al., 2008; Tong et al., 2011).

In our previous study, we  reported the physicochemical
properties and structural characterization of the water-soluble
polysaccharide from B. chinense, which is a heteropolysaccharide

dx.doi.org/10.1016/j.carbpol.2014.01.039
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2014.01.039&domain=pdf
mailto:tonghaibin@gmail.com
dx.doi.org/10.1016/j.carbpol.2014.01.039
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ainly composed of arabinose; galactose; glucose with a molar
atio of 2.1:2.5:1 (Sun et al., 2010). According to FT-IR, partial acid
ydrolysis, periodate oxidation and Smith degradation, methyl-
tion and GC–MS analysis, we found this polysaccharide had a
ackbone of (1→5)-linked arabinose, (1→4)-linked galactose and
1→3)-linked galactose residues with occasionally branches at O-
, and the branches were composed of (1→4)-linked glucose, and
erminated with galactose residues. In the present study, we  fur-
her evaluated the effects of water-soluble polysaccharides from B.
hinense on acute inflammation and antagonistic activity against
-selectin-mediated function by in vivo and in vitro model. Here,
e identify a novel anti-P-selectin-mediated cell adhesion agent,

nd the previous finding and our present results provide theoretical
upport for those polysaccharides as anti-inflammatory drugs.

. Materials and methods

.1. Materials and chemicals

The water-soluble B. chinense polysaccharides (BCPs) were iso-
ated and characterized as previously described (Tong et al., 2013).
ecombinant human P-selectin/Fc chimera protein (rhP-Fc) and
locking mAb  to P-selectin (9E1) were obtained from R&D Systems
Minneapolis, MN,  USA). The monoclonal antibodies for P-selectin
P8G6) and PSGL-1 (PL1) were obtained from Santa Cruz Biotech-
ology. A non-blocking mAb  to P-selectin (AC1.2) was purchased

rom BD PharMingen (Franklin Lakes, New Jersey, USA). Goat anti-
uman fluorescein-isothiocyanate (FITC)-labeled immunoglobulin

 (IgG) and goat anti-mouse IgG were purchased from Jackson
mmuno-Research Laboratories (West Grove, Pennsylvania, USA).
he negative isotype controls, depending on the species and sub-
lasses of the primary antibodies used, were obtained from Santa
ruz Biotechnology. Calcein acetoxymethylester (Calcein-AM) was
urchased from Invitrogen. All other chemical reagents used were
nalytical grade.

CHO cells were obtained from the Cell Bank of Type Cul-
ure Collection of Chinese Academy of Science (Shanghai, China).
HO-P cells stably expressing human P-selectin were obtained by
ransfecting full-length human P-selectin vector into CHO cells.
ll cells were grown in IMDM (Gibco) supplemented with 10%
eat-inactivated fetal bovine serum, 100 units/ml penicillin and
00 �g/ml streptomycin in a humidified atmosphere containing 5%
O2 at 37 ◦C.

.2. Neutrophil isolation

Human neutrophils were freshly isolated from whole blood
rom healthy human volunteers using the density gradient tech-
ique (Filippi, Szczur, Harris, & Berclaz, 2007; Nauseef, 2007).
emaining erythrocytes were removed by hypotonic lysis. More
hat 95% of the cells isolated were neutrophils as assessed by

right-Giemsa staining, and the viability was determined to be
95% by trypan blue exclusion test. The isolated neutrophils were
ept on ice and used within 4 h.

.3. LPS-induced acute pneumonia model and HE staining

Male BALB/c mice (18–22 g) were purchased from Animal Exper-
mental Center of Jilin University. The mice were housed in plastic
ages and kept under standardized conditions at a temperature
f 22–24 ◦C, and 20% humidity with a 12 h light/dark cycle, and
ree access to tap water and food. They were allowed to accli-
atize for 3 days before the experiments started. Mice were
ntravenously administrated saline solution with or without BCPs
50 and 200 mg/kg). 30 min  after BCPs administration, LPS was
dministered intranasal for pulmonary delivery. The animals were
lymers 105 (2014) 20–25 21

suspended vertically. LPS (50 �g in 50 �l saline) was  instilled into
the nares. The mice were maintained in vertical orientation for
5 min  to allow full penetration of the LPS into the lungs. 4 h after
LPS treatment, the mice were anesthetized with isoflurane and the
lungs were removed for further histologic analysis. Normal control
mice were produced with the treatment of saline.

For HE staining, lung tissues were perfused with a fixative solu-
tion containing 4% paraformaldehyde in 0.1 M phosphate-buffered
saline (PBS; pH 7.0), and incubated overnight at 4 ◦C. After washing
three times, the tissues were processed in preparation for paraf-
fin embedding and cut into 5-�m-thick sections. Sections were
air-dried on gelatin-coated slides, immersed in hematoxylin for
5 min  and checked for complete staining in tap water. Eosin stain-
ing was performed for 3 min. Sections were dehydrated through
a graded series of alcohols (70–100% ethanol, 3 min each), cleared
in xylene and mounted on coverslips. The stained sections were
photographed using a Nikon microscope. Five sections from each
sample were evaluated.

2.4. Flow cytometry

For the cell surface P-selectin binding assay, neutrophils were
washed twice with PBS, then incubated with 2 �g/ml recombinant
human P-selectin/Fc chimera protein (rhP-Fc) or human IgG at 4 ◦C
for 30 min. After washing, the cells were suspended in 100 �l PBS
containing FITC-labeled goat anti-human IgG (2 �g/ml) and incu-
bated at 4 ◦C for 30 min. Cells were washed twice and 10 000 cells
were counted by flow cytometric analysis with a Beckman FACScan.
For inhibition assay of P-selectin binding, rhP-Fc was pre-incubated
with mAb  9E1 (positive control) or AC 1.2 (negative control), or
various concentrations of BCPs at 37 ◦C for 30 min.

2.5. Static adhesion assay

CHO-P or CHO cells were seeded in 24-well plates overnight to
form monolayers. For inhibition experiments, CHO-P monolayers
were pre-incubated with mAb  9E1 or AC 1.2, or various concentra-
tions of BCPs at 37 ◦C for 30 min. Neutrophils were fluorescently
labeled with 5 �M Calcein-AM for 30 min  at 37 ◦C in IMDM. The
fluorescently labeled neutrophils were added to CHO-P or CHO
monolayers at room temperature for 1 h. After gently washing with
PBS, fluorescence was measured by a Molecule Devicer CytoFluor II
plate reader using 485 nm excitation and 530 nm emission filters.

2.6. Parallel-plate flow chamber assay

Dynamic interaction between neutrophils and CHO-P cell
monolayers were analyzed in a parallel plate flow chamber as
described (Tong et al., 2011). CHO and CHO-P cells were seeded
in 35 mm culture dishes, respectively, and incubated overnight
to form cell monolayers. Blocking mAb  (9E1), non-blocking mAb
(AC1.2) and BCPs were added onto the cell monolayers, respec-
tively, then incubated at 37 ◦C for 30 min. The culture dishes were
assembled in a parallel-plate flow chamber (GlycoTech, Rochville,
MD, USA) and mounted onto an inverted microscope. After wash-
ing with PBS, 2 × 106 cells/ml neutrophils were perfused through
the flow chamber at the shear stress of 1.2 dyn/cm2 driven by a
syringe pump. The observation fields were randomly selected and

recorded for 3 min  via a CCD-camera (Panasonic, Yokohama, Japan).
The number of neutrophils rolling on CHO or CHO-P cells and the
relative rolling speed were calculated by NIH ImageJ software from
three independent experiments.
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Fig. 2. Inhibitory effects of BCPs on P-selectin-mediated-binding to neutrophils
ig. 1. Effects of BCPs on LPS-induced lung histopathogic changes. (a) Control mice
dministered with 50 or 200 mg/kg BCPs, respectively.

.7. In vitro protein binding assay between P-selectin and its
ative ligands PSGL-1

Recombinant human P-selectin/Fc chimera protein (rhP-Fc,
 �g) was incubated with 20 �l of Protein G-Sepharose beads (50%
lurry) for 1 h at 4 ◦C, and then the beads were washed three
imes. Neutrophils (1 × 107 per sample) were lysed in lysis buffer
50 mM Tris (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1%
onidet P-40, 2.5 mM sodium pyrophosphate, 1 mM  NaF, 1 mM
a3VO4, 1 mM  �-glycerophosphate, 20 �g/ml aprotin/leupeptin,
nd 1 mM  PMSF) on ice for 15 min. After centrifuged at 15000 rpm
or 25 min, the supernatants of cell lysates were incubated with
0 �l Protein G-Sepharose beads coated with rhP-Fc for 2 h. The
eads were collected by centrifugation and washed four times
ith ice-cold lysis buffer. After boiling in Laemmli sample buffer,

he binding proteins, PSGL-1, were detected by immunoblotting.
hemiluminescent detection was performed by using ECL Plus
estern blotting reagents according to the manufacturer’s proto-

ol (Amersham Pharmacia Biotech). Quantification was performed
sing the ImageJ software.

.8. Statistical analysis

Data shown represent mean ± SEM. Statistical significance was
etermined by Student’s t-test. Statistical analysis was performed
sing SPSS version 13.0. p < 0.05 was considered statistically signif-

cant.

. Results

.1. BCPs impaired the in vivo leukocyte infiltration

Severe systemic acute inflammation can be induced and per-
etuated by diverse insults, such as the administration of toxic
acterial products (e.g., lipopolysaccharide, LPS) (Chow et al., 2005).

n the present study, we first probe whether BCPs, the water-soluble
olysaccharide from B. chinense, inhibited in vivo leukocyte infiltra-
ion in LPS-induced acute pneumonia model. As shown in Fig. 1, the
E staining of the lung sections from LPS-induced acute pneumo-
ia mice showed interstitial thickening, alveolar hemorrhage, and
arked augmentation of leukocyte infiltration in both interstitial

nd alveolar compartments, as compared to saline-treated normal
ontrol mice. BCPs pretreatment significantly decreased all of these
arkers of lung injury with a concentration-dependent manner.

.2. BCPs inhibit the interaction between P-selectin and
ndogenous ligands
Flow cytometry was performed to evaluate the inhibitory effect
n P-selectin binding to endogenous ligands on neutrophils. As
hown in Fig. 2, the binding specificity was confirmed by using
-selectin antibodies, 9E1 (P-selectin blocking mAb) significantly
evaluated by flow cytometry. The inhibition values of P-selectin binding to neu-
trophils were indicated in each histogram. Data were representative of three
independent experiments.

reduced the binding of P-selectin to neutrophils, while AC1.2 (non-
blocking P-selectin mAb) did not impact the binding. Compared
with the positive control group, the BCPs-treatment significantly
reduced the percentage of neutrophils binding to P-selectin by
64.8% and 92.3%, respectively, at the concentrations of 50 and
200 �g/ml.

3.3. BCPs inhibit P-selectin-mediated adhesion under static
conditions

BCPs were tested for their ability in inhibiting the adhesion of
neutrophils to CHO-P cells (CHO cells stably transfected with P-
selectin) under static condition. CHO-P or CHO cells were seeded
in 24-well plates to form monolayers, and then pre-incubated with
mAb  9E1, AC 1.2, or BCPs. Calcein-AM fluorescently labeled neu-
trophils were added onto CHO-P or CHO monolayers incubated for
1 h. After gentle washing, fluorescence intensity of each well was
measured by Molecule Devicer CytoFluor II plate reader. As shown

in Fig. 3, BCPs markedly blocked the adhesion between neutrophils
and CHO-P cells at the concentration of 50 and 200 �g/ml, and the
inhibitory rates reached 49.3% and 85.0%, respectively. However,
P-selectin blocking mAb  (9E1) showed a more marked inhibitory
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Fig. 4. BCPs inhibit the interaction between neutrophils and CHO-P cells evalu-
ated by parallel plate flow chamber. (A) The relative percent of rolling neutrophils
on  CHO-P cell monolayers. (B) The relative rolling speed of neutrophil on CHO-P
cell  monolayers. All results are representative of three independent experiments.
**p < 0.01; ***p < 0.001; ns, non-significant.
ig. 3. BCPs inhibit the adhesion of neutrophils to CHO-P cells under static condi-
ions. Values were calculated as percentage of the positive control. All results were
epresentative of three independent experiments. **p  < 0.01; ***p < 0.001.

ffect, and the inhibitory rate reached 92.4%, significantly better
han that of BCPs (p < 0.05).

.4. P-selectin-mediated adhesion was blocked by BCPs under
ow conditions

Next, we investigated the inhibitory capacity of BCPs in block-
ng P-selectin mediated neutrophils adhesion to CHO-P cells under
ynamic condition by parallel plate flow chamber assay. The ini-
ial adhesion and rolling of neutrophils on CHO-P cells were
bserved and recorded under an inverted microscope with CCD-
amera, when the neutrophils run through the surface of CHO-P
onolayers. As shown in Fig. 4A, BCPs-treatment significantly

educed the percentage of neutrophil rolling on CHO-P cell mono-
ayers compared with the positive control group by 51.7% and
0.0%, respectively, at the concentrations of 50 and 200 �g/ml. The

nhibitory effect of BCPs at 200 �g/ml was similar to that treated
ith P-selectin blocking mAb  9E1 (p > 0.05). In addition, the rel-

tive rolling speed of neutrophil was calculated with NIH ImageJ
oftware (Fig. 4B). Due to the inhibition of initial adhesion and
olling of neutrophils to CHO-P cell monolayers, the relative rolling
peed of neutrophils treated with BCPs was significantly increased
ompared with positive control group.

.5. BCPs directly blocked the interaction between P-selectin and
SGL-1

P-selectin glycoprotein ligand-1 (PSGL-1), a heavily glycosy-
ated sialomucin specifically expressed on leukocytes, is a vital
nd high affinity ligand for P-selectin mediated initial adhesion
nd rolling of leukocyte on the endothelium (Bernimoulin et al.,
003; Carlow et al., 2009; Zarbock, Ley, McEver, & Hidalgo, 2011).

n order to provide the direct evidence which BCPs block the bind-
ng of P-selectin and its physiological ligand PSGL-1, an in vitro
rotein binding assay was carried out to evaluate the blocking
ffects. The Protein G-Sepharose beads were coated with rhP-
c. After treated with or without BCPs, the coated beads were
ncubated with lysates of neutrophils. Then the binding protein
SGL-1 was detected by immunoblotting. As shown in Fig. 5, rhP-Fc
howed a high affinity to PSGL-1, however, BCPs-treatment signif-
cantly eliminated the interaction between rhP-Fc and PSGL-1, the

locking effects reached 75% and 85%, respectively, at the concen-
rations of 50 and 200 �g/ml. Those results suggest BCPs inhibit
-selectin-mediated neutrophil adhesion through directly blocking
he interaction between P-selectin and PSGL-1.
Fig. 5. BCPs inhibit the in vitro protein binding between P-selectin and its native
ligands PSGL-1. Data were representative of three independent experiments.

4. Discussion

The rapid recruitment of neutrophils from the peripheral blood
into infected tissues is essential for the development of acute
inflammatory response. However, under certain pathological con-
ditions, the excessive and improper recruitment of neutrophils

often leads to serious tissue damages (Geng, 2001). Therefore, the
recruitment of neutrophils into tissue compartments should be
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ightly controlled, and that has been considered as an effective
trategy in relieving those disease processes (Tong et al., 2013).

Polysaccharides have been proved to be promising candidates
ith significant anti-inflammatory effect (Ramberg, Nelson, &

innott, 2010). Some natural polysaccharides downregulate the
xpression of pro-inflammatory cytokines, such as IL-1�, IL-6,
NF-� and INF-�, whereas the expression of anti-inflammatory
ytokine, such as IL-10 and MIP-1�,  was markedly upgraded,
uggesting that the anti-inflammatory potential of polysaccharides
ight be via modulating pro-/anti-inflammatory cytokine secre-

ion profiles (Liu & Lin, 2012; Ostergaard et al., 2000). Sulfated
olysaccharide fraction from Ecklonia cava significantly inhibited
he production of NO and prostaglandin-E2 (PGE2), and suppressed
nducible iNOS and COX-2 expression in LPS-stimulated RAW 264.7
ells (Kang et al., 2011). Polysaccharides from Padina tetrastro-
atica significantly reduced the activity of lipoxygenases (LOX)

nd cyclooxygenase (COX), and inhibited the nitric oxide synthase
iNOS) and COX-2 expression in peripheral blood mononuclear cells
PBMC), whereas the concentration of serum ceruloplasmin and

yeloperoxidase (MPO) was markedly increased (Mohsin & Kurup,
011). Therefore, natural polysaccharides affect multiple targets in
he inflammatory progression. Recently, one of the interests in nat-
ral polysaccharides deemed as anti-inflammatory agents is more
nd more evidence illustrating their ability to interfere with the
igration of leukocytes to inflammatory sites (Jiao, Yu, Zhang, &

wart, 2011). As an important cell adhesion molecule, P-selectin
s involved in neutrophil initial attachment and rolling on acti-
ated vascular endothelial cells, and it plays a critical role in the
evelopment of acute inflammatory diseases. Therefore, interven-
ion in P-selectin-mediated adhesion is an attractive therapeutic
trategy for acute inflammation (Woollard & Chin-Dusting, 2010).
he binding of P-selectin to its ligands on leukocyte could be
locked by several natural carbohydrates, for example, PPS-2 (a
olysaccharide fraction from Physalis alkekengi), p-PGBL (purified
olysaccharides from Ginkgo biloba leaves), and fucoidan (sulfated
olysaccharide found mainly in various species of brown algae and
rown seaweed), they effectively reduce leukocyte recruitment
o peritoneum in a model of acute peritoneal inflammation (Fei
t al., 2008; Preobrazhenskaya et al., 1997; Tong et al., 2011), and
he authors presumed that these anti-inflammatory activity were
scribed to the polysaccharides that mimic  the selectin ligands to
lock the interaction of P-selectin and its native ligands.

In the present study, we found BCPs, the polysaccharide from
. chinense, inhibited in vivo leukocyte infiltration and relieve

ung injury in LPS-induced acute pneumonia model. We  further
valuated the inhibitory capacity of BCPs in P-selectin-mediated
eutrophil adhesion by flow cytometry, static adhesion assay and

aminar flow assay. These findings from flow cytometry and static
dhesion assay indicated that BCPs exhibited significant and dose-
ependent blocking capacity on the interaction between P-selectin
nd its native ligands under static conditions. In addition, the
esults from laminar flow assay suggest that the interruption of
he P-selectin-mediated interaction between neutrophils and CHO-

 cells by BCPs may  suffice to dissociate neutrophil from CHO-P
onolayers, and BCPs can act as an effective P-selectin antag-

nist, which markedly inhibited P-selectin-mediated neutrophil
olling and adhesion under physiological condition. Furthermore,
e established an in vitro protein binding assay based on amelio-

ated method of co-immunoprecipitation, compared with previous
ndings, we obtained direct evidence that BCPs block the inter-
ction of P-selectin and its native ligand PSGL-1 at the protein
evel. Given in vivo and in vitro data, it showed that BCPs impacted

he recruitment of neutrophil during acute inflammatory response
hrough antagonism of P-selectin-mediated neutrophil adhesion.

Recently, more and more evidences show that BCPs are the
ey factors in B. chinense for anti-inflammatory activity. Xie et al.
lymers 105 (2014) 20–25

(2012) found BCPs could attenuate LPS-induced acute lung injury
(ALI) in mice, and the effect of BCPs against ALI might be related
with inhibitory effect on excessive activation of complement and
on the production of pro-inflammatory mediators, such as MOP,
TNF-�, and NO. In addition, our previous study found that BCPs
impact the recruitment and migration of neutrophils via blocking
fMLP chemoattractant receptor-mediated functions, including reg-
ulation of affinity and avidity of �2 integrin, actin polymerization,
and Vav1 and Rac1 activation (Tong et al., 2013). Taken together,
those results indicate BCPs posses anti-inflammatory effects with
distinct mechanism, they block the inflammatory response during
different stage.

Although NSAIDs (Nonsteroidal anti-inflammatory drugs) have
been widely used for treating inflammation diseases, they exhib-
ited strong side-effects (Varas-Lorenzo et al., 2011). As natural,
non-toxic substance, BCPs have been demonstrated their effects in
inhibiting neutrophil transmigration and inflammatory response.
More importantly, BCPs could be considered as promising candi-
date for amelioration of the acute inflammation-related disease
with higher efficiency and lower side-effects.
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