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a  b  s  t  r  a  c  t

Angiogenesis  plays  an  essential  role  in tumor  development.  Blocking  angiogenesis  in tumor  has  become
a promising  tactic  in limiting  cancer  progression.  Here,  an  arabinogalactan  polysaccharide,  RN1  was  iso-
lated  from  flowers  of  Panax  notoginseng.  Its  structure  was  determined  to possess  a  backbone  of  1,6-linked
Galp  branched  at C3  by  side  1,3-linked  Galp,  with  branches  attached  at position  O-3  of  it. The  branches
mainly  contained  1,5-linked,  1,3,5-linked,  terminal  Arabinose  and  terminal  Galactose.  RN1  could  inhibit
eywords:
rabinogalactan
anax notoginseng
ntiangiogenesis
MP2

microvessel  formation  in  the BxPC-3  pancreatic  cancer  cell  xenograft  tumor  in  nude  mice.  The  antiangio-
genesis  assay  showed  that  RN1  could  reduce  the  migratory  activity  of  endothelial  cells  and  their  ability
of  tube  formation  on  matrigel,  but no effect  on  endothelial  cells growth.  Further  studies  revealed  that
RN1  could  inhibit  BMP2/Smad1/5/8/Id1  signaling.  All  those  data  indicated  the  RN1  had  an  antiangiogenic
effect  via BMP2  signaling  and  could  be  a potential  novel  inhibitor  of  angiogenesis.

© 2014  Elsevier  Ltd.  All  rights  reserved.
. Introduction

Angiogenesis is a physiological process involving the growth of
ew blood vessels from existing vessels. It is now widely recognized
s one of the hallmarks of cancer, a crucial step in the transition of
umors from a dormant state to a malignant state, and playing an
ssential role in tumor growth, invasion and metastasis (Folkman &
hing, 1992; Hanahan & Weinberg, 2011). Due to its essential roles
n tumor, controlling tumor-associated angiogenesis has become a
romising tactic in limiting cancer progression (Weis & Cheresh,
011).

Our group has been actively involved in the search for new mod-
lators of angiogenesis from natural products. We  have reported
hat sulfate polysaccharide WSS25 (Qiu, Yang, Pei, Zhang, & Ding,

010) inhibited angiogenesis by binding to bone morphogenetic
rotein 2 (BMP2), a pro-angiogenesis protein. However, in the ani-
al  safety experiment, we found that WSS25 could increase the

∗ Corresponding author at: State Key Laboratory of Natural Medicines, China Phar-
aceutical University, No. 24 Tongjia Lane, Nanjing 210009, China.

el.: +86 25 83271379; fax: +86 25 83271379.
∗∗ Corresponding author at: Glycochemistry & Glycobiology Lab, Shanghai Institute
f  Materia Medicca, Chinese Academy of Sciences, 555 Zu Chong Zhi Road, Pudong,
hanghai 201203, China. Tel.: +86 21 50806928; fax: +86 21 50806928.

E-mail addresses: liping2004@126.com (P. Li), dingkan@simm.ac.cn (K. Ding).
1 Contributed equally to this work.

ttp://dx.doi.org/10.1016/j.carbpol.2014.11.073
144-8617/© 2014 Elsevier Ltd. All rights reserved.
chances of internal bleeding at its high concentration. Thus devel-
opment of safe and effective potential drug is essential.

The flowers of Panax notoginsen (FPN) has been wildly used as
a traditional Chinese medicine and food additives. Recent study
showed that the extract of flowers from Panax notoginsen had
strong anti-proliferative effects on colorectal cancer cells (Ng,
2006). Here, in the course of a screening program, RN1, firstly iso-
lated and purified from FPN, was selected for its ability to inhibit
angiogenesis in vitro and in vivo. To our knowledge, the structure
of arabinogalactan RN1 and its antiangiogenesis activity from FPN
have not been reported previously.

2. Materials and methods

2.1. Materials

The dried flowers of Panax notoginseng were purchased from
shanghaikangqiao Co., Ltd., Shanghai, China and were identified
by Prof. Ping Li (Department of Pharmacognosy, China Pharma-
ceutical University, Nanjing, China). Monosaccharide standards
(galactose, glucose, mannose, arabinose, xylose, rhamnose, galac-
turonic acid) were all from Fluka, Switzerland. Trifluoroacetic

acid (TFA), 1-phenyl-3-methyl-5-pyrazolone (PMP) and 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT)
and was  from sigma-Aldrich, USA. Dextran standards were pur-
chased from Pharmacia Co., Sweden. Acetonitrile and Dimethyl

dx.doi.org/10.1016/j.carbpol.2014.11.073
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2014.11.073&domain=pdf
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ulfoxide (DMSO) were purchased from E. Merck, Germany. DEAE-
ellulose 32 was from Whatman Co., U.K. Matrigel with growth

actors (354234) was purchased from BD Biosciences, USA. Other
eagents were analytical grade.

.2. General analysis

Total sugar content was determined by the phenol–sulfuric
cid method using galactose as standard (Dubois, Gilles, Hamilton,
ebers, & Smith, 1956). The content of protein was  determined
y the Lowry method (Lowry, Rosebrough, Farr, & Randall, 1951).
onosaccharide composition of polysaccharides was determined

y a PMP-HPLC method according to our previous report (Wang
t al., 2014).

.3. Extraction, isolation and purification of polysaccharides

Extraction of crude polysaccharides was performed by the pre-
ious procedure (Wang et al., 2014). In brief, the dried flowers
f Panax notoginseng was extracted with boiling water for 5 h (5
imes). The combined supernatant was concentrated and treated
ith 15% trichloroacetic acid at 4 ◦C for 4 h to remove the protein.
fter neutralization and centrifugation, the supernatant was dia-

yzed (3500 Da, MWCO), concentrated and precipitated with three
olumes of 95% EtOH. The crude polysaccharide RN was fraction-
ted on a DEAE-cellulose column (Cl , 120 cm × 6 cm), eluted with
istilled water and further 0.1 M NaCl. The fraction with 0.1 M
aCl elution was collected, concentrated and lyophilized to obtain
olysaccharide RN1. The relative molecular weight of RN1 was
etermined by HPGPC with series-connected Ultrahydrogel TM
000 and Ultrahydrogel TM 500 columns and it was  estimated to
e 20.5 kDa.

.4. Methylation analysis

The vacuum-dried polysaccharide (10 mg)  was methylated for
–4 times based on previous methods (Hakomori, 1964). The
ethylated polysaccharide was hydrolyzed and then reduced
ith sodium borohydride and acetylated. The partially methylated

lditol acetates were analyzed by gas chromatography–mass spec-
rometry (GC–MS) with a Shimadzu QP-5050A apparatus equipped
ith a DB-1 capillary column (0.25 mm × 30 m).  Mass spectra

f the derivatives were analyzed using Complex Carbohydrate
tructural Database of Complex Carbohydrate Research Centre
http://www.ccrc.uga.edu/).

.5. NMR  analysis

For NMR  analysis, polysaccharides (30 mg)  were exchanged
nd dissolved in 0.5 ml  of D2O. The 1H, 13C NMR  spectra, two-
imensional spectra (HMBC, HMQC and COSY) were measured at
oom temperature with acetone as internal standard. NMR  spectra
ere recorded on a Varian Mercury 500 NMR  spectrometer.

.6. Partial acid hydrolysis

RN1 (200 mg)  was first hydrolyzed in 0.05 M TFA at 100 ◦C for
 h and then evaporated to remove TFA. After dialysis, the reten-
ate was lyophilized to obtain the degraded polysaccharide RN1N1.

N1N1 was further hydrolyzed in 0.1 M TFA at 100 ◦C for 1 h, then
vaporated and dialyzed. The retentate was freeze-dried, giving
N1N2. The monosaccharide composition, molecular weight and
MR  analysis were performed for the degraded polysaccharides.
mers 121 (2015) 328–335 329

2.7. Cell lines and culture conditions

Human microvascular endothelial cells (HMEC-1) were pur-
chased from Prime Gene Bio-Tech Co. Ltd., Shanghai and
maintained in MCDB131 (Gibco BRL, U.S.A.) medium containing
15% FBS (v/v), 2 mM l-glutamine, 10 ng/ml EGF (Shanghai Prime
Gene Bio-Tech Co. Ltd., Shanghai, China) and 100 U/ml penicillin,
100 �g/ml streptomycin. Human pancreatic cancer cell lines BxPC-
3 were purchased from the Cell Bank in the Type Culture Collection
Center in Chinese Academy of Sciences, Shanghai, China. These cells
were cultured in RPMI-1640 medium supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin/streptomycin. The cells were
cultured in an incubator at 37 ◦C under a humidified atmosphere
containing 5% CO2.

2.8. Cell proliferation (MTT) assay

Cell proliferation was  measured by an MTT  tetrazolium assay.
Briefly, HMEC-1 (4 × 103 cells/well) cells were seeded into 96-well
tissue culture plates and cultured with or without RN1. After 72 h,
tetrazolium salt was added and the cells were incubated at 37 ◦C
for another 4 h. The insoluble violet formazan product was solu-
bilized by the addition of 150 �l of DMSO. The color absorbance
was recorded at 490 nm using a Bio-Rad 3350 micro plate reader.
The effect of RN1 on cell viability was calculated in terms of per-
cent of control, which was  arbitrarily assigned a value of 100%
viability.

2.9. Tube formation assay

A HMEC-1 cells capillary-like tube formation assay was per-
formed to determine the effect of the RN1 on angiogenesis in vitro. A
total of 5 × 104 HMEC-1 cells were seeded on top of matrigel-coated
(40 �l per well) wells of 96-well tissue culture plates containing
0.5 mg/ml, 1 mg/ml  of RN1. The plate was  then incubated at 37 ◦C
and the formation of the capillary-like tubes was observed after 8 h.
The wells were imaged using a Nikon microscope. Quantification
of tube formation was assisted by Image-Pro Plus software.

2.10. Wound healing assay

To assess the effect of RN1 on mobility of HMEC-1 cells, a wound
healing assay was performed. A total of 5 × 105 HMEC-1 cells were
seeded in 6-well plates and incubated in FBS-free MCDB131 for
24 h. An artificial wound was then created, and the cells were
washed and supplied with new medium containing 1% FBS and
various concentrations of RN1. The migration of cells through the
wound area was  examined after 0 h, 6 h, 12 h and 24 h.

2.11. Western blotting

Total proteins were extracted and the concentration was  deter-
mined using the bicinchoninic acid protein assay kit (Beyotime).
The total cellular protein extracts were separated by electrophore-
sis on SDS-PAGE gels and blotted onto the nitrocellulose membrane
(Millipore). Blots were incubated with antibodies raised against Id-
1 (Santa Cruz), phospho-Smad1/5/8 (Cell Signaling Technology),
�-actin (Santa Cruz). Protein bands were detected by incubation
with HRP-conjugated secondary antibodies, and visualized with
enhanced chemiluminescence reagent (Pierce).

2.12. Xenograft model and immunohistochemistry
Five-week-old female athymic nude (nu/nu) mice were pur-
chased from Shanghai Laboratory Animal center of the Chinese
Academy of Sciences. The study was approved by our Institution

http://www.ccrc.uga.edu/
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Table  1
Linkage analysis of RN1 by GC–MS.

Methylated
sugars

Linkages Molar ratio (%)

RN1 RN1N1 RN1N2

2,3,5-Me3-Araf Terminal-Araf  12.63 9.4 –
2,3-Me2-Araf 1,5-Araf 21.19 19.93 –
2-Me-Araf  1,3,5-Araf 10.06 – –
2,3,4,6-Me4-Galp Terminal-Galp 6.87 10.53 20.97
2,4,6-Me3-Galp 1,3-Galp 10.73 11.29 –
2,3,4-Me3-Galp 1,6-Galp 29.42 36.17 58.54
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2,4-Me2-Galp 1,3,6-Galp 9.10 12.68 20.49

nimal Care and Use Committee (IACUC). Tumors were established
y injecting 5 × 106 BxPC-3 cells subcutaneously into the left flank
f mice. Xenograft animals were administrated orally with RN1
ose at 0.5 mg/kg and 20 mg/kg respectively, whereas control ani-
als received equivalent volumes of normal saline. RN1 treatment
as initiated when tumors were palpable and continued 46 days.
n day 46, the animals were euthanized, and the tumors were
xcised. The tumors were fixed in 4% paraformaldehyde and then
ere embedded in paraffin and sectioned for immunohistochemi-

al analysis. Endothelial cells were identified by immunostaining
ith an antibody against CD31 (abcam). Microvascular density

MVD) was calculated by quantifying CD31-positive microvessels
er field of view.

.13. Statistical analysis

Results are presented as mean values ± standard error. Values of
 < 0.05 were considered to be statistically significant (* P < 0.05, **
 < 0.01, *** P < 0.001). Statistical analyses were performed by Stu-
ent t-test for comparison of two groups or one-way analysis of
ariance for multiple comparisons using PRISM software (Graph-
ad Sofware).

. Results

.1. Isolation and composition analysis of RN1

RN1 (5.0% of the crude polysaccharide RN) was isolated on a
EAE-cellulose column eluted with 0.1 M NaCl. Its homogeneity
as estimated by HPGPC, in which it showed one symmetrical peak.

he relative molecular weight of RN1 was estimated to be 20.5 kDa.
he results showed that RN1 contained no protein by the Lowry
ethod. Monosaccharide composition analysis indicated that RN1
ainly contained Gal (43.7%) and Ara (56.3%).

.2. Methylation analysis

To determine the glycosyl linkage type, RN1 was methylated
nd hydrolyzed and then the partially methylated alditol acetates
PMAA) were analyzed by GC-MS (Table 1). The nonreducing ter-

inals consisted of Araf (12.63%) and a small amount of Galp
6.87%). The intrachains residues were 1,3 linked Galp (19.73%),
,6 linked Galp (29.42%) and 1,5-linked Araf (18.19%). The main
ranching points were at 1,3,5-linked Araf (8.06%) and 1,3,6-linked
alp (9.10%). These results indicated that RN1 was  significantly
ranched.
.3. Partial acid hydrolysis

To determine the detailed structure of RN1, it was partially
ydrolyzed with 0.05 M TFA and the hydrolysate were dia-

yzed,giving RN1N1 (nodialysate) and RN1F1 (dialysate). The GPC
mers 121 (2015) 328–335

results showed that RN1N1 was  homogeneous with an Mw  of
10.9 kDa, indicating it was  significantly degraded. The results
of monosaccharides composition analysis showed that RN1N1
was composted of Gal (64.6%) and Ara (35.4%). RN1F1 con-
tained monosaccharides and oligosaccharides with composed of
Gal (27.9%) and Ara (72.1%). These results indicated that the Ara
residues were more sensitive than Gal residues to this mild acid,
probably due to their linkages and location in the outer branches.
Methylation analysis (Table 1) showed that total ratio of Ara
residues of RN1N1 were decreased than that of native RN1, as
along with the 1,3,5-linked Araf disappeared. To further deter-
mine the structural features, RN1N1 was hydrolyzed in 0.1 M
TFA at 100 ◦C for 1 h, giving RN1N2 (nodialysate). RN1N2 was
mainly composed of Gal, with an Mw of 6.9 kDa, indicating all of
Ara residues were removed as monosaccharides or oligosaccha-
rides by mild hydrolysis. These data suggested that RN1 probably
contained a galactan backbone with Ara distributed in the outer
branches. Methylation analysis (Table 1) showed that the molar
ratio of 1,6/l,3,6/T-linked Galp of RN1N2 were 3:1:1, which indi-
cated that every four 1,6-linked Gal was  substituted at O-3 with
one Gal residue in the core structure of RN1, and then the linkage
of branched Gal was  1,3-linked, according to methylation results
of RN1 and RN1N1. These results indicated that RN1 had a back-
bone structure of 1,6-linked Galp branched at C3 by side 1,3-linked
Galp.

3.4. NMR  results

In the 13C NMR  spectrum of native RN1 (Fig. 1A), the anomeric
signals of Ara and Gal were easily assigned combined with the 13C
NMR  spectra of two-step degraded fractions of RN1N1 (Fig. 1B)
and RN1N2 (Fig. 1C), according to monosaccharides composition,
methylation results and previous literature data. The signals of
ı110.84, ı110.57 and ı109.57 were assigned to the anomeric
carbons of �-l-T-Araf, �-l-1,5-Araf and �-l-1,3,5-Araf, while the
signals at ı105.01, ı104.65 and ı104.26 were attributed to the
anomeric carbons of �-d-1,3/1,3,6-Galp, �-d-1,6-Galp and �-d-T-
Galp, respectively (Capek, Matulova, Navarini, & Suggi-Liverani,
2010; de Oliveira et al., 2013; Dong et al., 2010b; Xu, Dong, Qiu,
Cong, & Ding, 2010). The overlap signals at ı70.0–ı70.1 were
ascribed to C5 of 1,5/1,3,5-linked Ara and C6 of 1,6/1,3,6-linked
Gal, whereas the obvious double-peak at ı62.1 was from unsubsti-
tuted C6 of Gal and C5 of Ara, respectively. The anomeric signals
in the 1H NMR  spectra of RN1 and RN1N2 were assigned mainly
according to the carbon and hydrogen correlations in the HSQC and
HMBC (Fig. 2). The signal at ı5.43 was  assigned to �-l-1,3,5-Araf
residue, and the overlapping peaks at ı5.25 were from �-l-1,5/T-
Araf residues (Fig. 2A). The obvious overlapping peaks at ı4.52
could be attributed to �-d-1,3/1,3,6/1,6/T-Galp residues (Fig. 2A
and C). In the HMBC spectrum of RN1N2 (Fig. 2D), the transg-
lycosidic correlation between H1 (ı4.51) of 1,3,6-linked Gal and
substituted Gal C6 (ı70.55), indicating a probable 1,6-linked galac-
tan backbone in the arabinogalactan structure. Other signals of RN1
were assigned in reference to values found in previous literature or
according to HSQC and HMBC (Fig. 2), and the results were shown in
Table 2.

Taken together, RN1 was  an neutral arabinogalactan with a
galactan backbone composed of every four 1,6-linked Galp residues
branched at O-3 by side 1,3-linked Galp. The branches mainly
occurred at O-3 of 1,3-linked Galp and consisted of T/1,5/1,3,5-
linked Ara residues or T-linked Gal residues. The presence of

1,3,5-linked Ara indicated that RN1 had a branched structure com-
posed of 1,5-linked Ara residues substituted at O-3 by terminal
arabinose residues. Hence, the putative core structure of RN1 was
deduced as followed:



P. Wang et al. / Carbohydrate Polymers 121 (2015) 328–335 331

N1 (a

R

3

f
t
e

T
1

Fig. 1. 13C NMR  spectra of R

→[6)β-D-Galp-(1 →6)β-D-Galp-(1 →6)β-D-Galp-(1 →6)β-D-Galp-(1] n→
3

↑
R-3) β-D-Galp

 = α-L-Ara f-(1 →[5) -α-L-Araf-(1]→
3

↑
α-L-Ara f/β-D-Galp

.5. RN1 inhibited HMEC-1 tube formation and migration
Angiogenesis is a highly regulated process of new blood vessel
ormation from pre-existing vessels. It is essential for tumor metas-
asis, while endothelial cells migration and tube formation are
ssential for angiogenesis (Folkman & Shing, 1992). To detect the

able 2
H and 13C NMR  spectral assignments for RN1.

Residues 1 2 

T-�-Araf H 5.25 4.21 

C  110.84 82.54 

1,5-�-Araf H  5.24 4.21 

C  110.57 82.54 

1,3,5-�-Araf H  5.43 4.18 

C  109.57 82.67 

T-�-Galp H  4.49 3.58 

C  104.26 71.49 

1,3-�-Galp H  4.51 3.60 

C  105.01 72.28 

1,3,6-�-Galp H  4.51 3.59 

C  105.01 72.12 

1,6-�-Galp H  4.52 3.59 

C  104.65 72.16 
), RN1N1 (b) and RN1N2(c).

inhibitory effects of angiogenesis, HMEC-1 tube formation assays in
the presence of RN1 in vitro were performed. Non-reduced matrigel
with complete media was used in this experiment, due to its pro-
motion of robust tube formation. As shown in Fig. 3A and B, RN1
(0.5 mg/ml) significantly reduced the number of branch points and
tube numbers, it could disrupted the enclosed capillary network
completely at the concentration of 1 mg/ml.

As endothelial cells tube formation is only one fact of angio-
genesis, to determine whether RN1 can inhibit other aspects of
new blood vessel development, HMEC-1 cells wound healing assay
in vitro was also performed. Tight monolayers of the cells were
damaged to provoke cell migration into the wound area. As shown
in Fig. 3C and D, the migration of the HMEC-1 cells was  substan-

tially inhibited after RN1 treatment compared with the control as
quantified by measuring the area of the wound covered.

To confirm that the inhibitory effects of tube formation and
migration are not the results of HMEC-1 cells proliferation

3 4 5 6

3.92 4.12 3.83
77.90 85.15 62.34

3.92 4.11 3.93
77.90 85.22 70.64

3.95 4.11 3.93
78.03 84.82 70.97

3.71 3.96 4.01 3.82
73.38 74.57 69.88 62.19

3.74 3.97 4.01 3.82
76.54 74.80 69.88 62.10

3.71 3.97 4.01 4.08
76.54 74.84 69.88 70.76

3.74 3.98 4.01 4.08
73.94 75.09 69.88 70.55
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ig. 2. D NMR spectra of RN1 and RN1N2. (a) HSQC spectrum of RN1; (b) HMBC sp
intra-annular correlation” and “b” means “hetero-ring correlation” in (b and d).

nhibition, the viability of HMEC-1 after RN1 treatment was mea-
ured. As shown in Fig. 3E, RN1 had no significant effect on viability
f HMEC-1 cells.

Collectively, these results suggested that RN1 could inhibit
ngiogenesis in vitro.

.6. RN1 inhibit BMP2 signaling

Bone morphogenetic proteins (BMPs), members of the trans-
orming growth factor (TGF)-� super family, are known to

odulate various cellular processes, including proliferation, apo-
tosis, differentiation and migration (Jin et al., 2012). Our previous
tudies showed that BMP2 signaling was associated with angio-
enesis inhibition induced by polysaccharides (Qiu et al., 2010;
iao et al., 2013). To explore whether the anti-angiogenesis
ffects of RN1 were linked to BMP2 signaling, we  firstly ana-
yzed the phosphorylation level of Smad1/5/8. As shown in
ig. 4A, RN1 could decrease the phosphorylation of Samd1/5/8
fter incubation with RN1 for 4 h. We  then determined whether

N1 could affect Id-1 expression, as Id-1 is the BMP2 down-
tream target gene of BMP2 signaling. As shown in Fig. 4B, RN1
ould attenuate Id-1 expression in a time-dependent manner
Fig. 4B). Id-1 is well established as an anti-angiogenesis target,
 of RN1; (c) HSQC spectrum of RN1N2; (d) HMBC spectrum of RN1N2. “a” means

partial loss of Id-1 by genetic manipulation in mice effectively
inhibits tumor angiogenesis (Lyden et al., 1999). BMPs medi-
ated Id-1 gene expression via modulating the phosphorylation
of Smad1/5/8, which formed a complex with Smad4 after the
phosphorylation and then translocated into the nucleus to mod-
ulate Id1 expression (Kawabata, Imamura, & Miyazono, 1998;
Valdimarsdottir et al., 2002). Indeed, RN1 effectively blocked
the BMP2 induced Id-1 expression, similar to the effect of the
endogenous BMP2 antagonist noggin used as a control (Fig. 4C).
These results suggested that RN1 down-regulated Id-1 expres-
sion might be through inhibiting BMP2 signaling in HMEC-1
cells.

3.7. RN1 suppresses the growth of pancreatic cancer xenograft in
nude mice.

To evaluate the anti-angiogenesis effect of RN1 in vivo, we
employed the BxPC-3 pancreatic cancer cell line xenograft tumor
model. We  assessed microvessel formation in the xenografts by
staining for the endothelial marker CD31. Then we found that the

average microvessel number in the xenografts of the RN1 treat-
ment was significantly less than that of the control group (Fig. 5).
These results indicated RN1 exerted a significant anti-angiogenesis
activity in vivo.
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Fig. 3. RN1 impaired the tube formation of HMEC-1 cells on matrigel and migration. (A) HMEC-1 cells treated with RN1 at different concentration (0.5 mg/ml, 1 mg/ml) or
vehicle  (control) were seeded into the 96-well plate pre-coated with 40 �l matrigel. Representative image of tube formation after 8 h of culturing (40×). (B) Quantitative
measurement of tube formation. (C) HMEC-1 monolayer was  scraped to generate a wound (0 h), and the cells were incubated with different concentration of RN1 (0.5 mg/ml,
1  mg/ml) or vehicle (Control), after 12 h, the cells were imaged at 40 × magnification. The wound areas at time 0 and 12 are indicated by dotted lines. (D) Quantification of
e cells w
c  by th
v nt’s t-

4

p
s
T

F
a
t

ffect  of RN1 on HMEC-1 cells migration in the wound healing assay. (E) HMEC-1 

oncentration of 0.25 mg/ml, 0.5 mg/ml, 1 mg/ml. The cell viability was  determined
alues  represent mean ± S.D. * P < 0.05; ** P < 0.01, as determined by unpaired Stude

. Discussion
Arabinogalactans (AGs) are structural complex branched
olysaccharides, widely present in plant cell walls. According to the
tructure features, AGs are generally classified into two main types.
ypes I AGs have a linear 1,4-lined galactan backbone with Ara

ig. 4. RN1 inhibited BMP2 signaling pathway. (A and B) The HMEC-1 cells were incubated wi
nd  Id-1 were analyzed by Western blotting. �-actin was used as loading control. (C) HME
he  cells were then treated with 50 ng/ml of BMP2 or vehicle for another hour, the extracte
ere seed into 96 well plates, after 24 h of incubation, RN1 was added to the final
e MTT  assay 72 h later. Each experiment was performed at least 3 times, and the
test.

substituted by O-3 of galactose residues in main chains (Mellinger
et al., 2005; Xu et al., 2010). Type II AGs usually contain

a 1,3-linked galactan backbone with 1,6-linked galactan side
chains. The galactose residues can be further substituted with
1,5/1,3,5/terminal-linked Ara (Dong, Hayashi, Lee, & Hayashi,
2010a; Nergard et al., 2005; Tryfona et al., 2012). In the present

th 1 mg/ml  of RN1 for indicated times, the expression of Smad 1/5/8 phosphorylation
C-1 cells were pretreated with 1 mg/ml  of RN1, 5 �g/ml noggin or vehicle for 23 h,
d proteins were analyzed by Western blotting. �-actin was used as loading control.
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ig. 5. RN1 inhibited angiogenesis in vivo. (A) Tumor sections were stained with a
ndicate CD31-positive vessels. (B) Microvascular counting was performed using Im
y  unpaired Student’s t-test.

tudy, a novel arabinogalactan RN1 was isolated and purified from
PN, which differed from those reported studies about other ara-
inogalactan (Lee, Li, Chatterjee, & Lee, 2005; Mellinger et al., 2005;
ergard et al., 2006; Suarez et al., 2005; Tryfona et al., 2012; Wack,
lassen, & Blaschek, 2005; Xu et al., 2010). Although the structure
f RN1 is similar with SFW-10RM and SSFK-10RM isolating from
tevia rebaudiana leaves, RN1 has anti-angiogenesis activity, while
FW-10RM and SSFK-10RM showed anti-virus activity (de Oliveira
t al., 2013).

It was well known that heparan sulfate (HS) could bind mul-
iple functional proteins including pro-angiogenic factors such
s VEGF and FGF2, through which they can mediate angiogenic
ignaling, due to their negative charges. Then HS mimetics are
idely reported to inhibit angiogenesis by blocking the interaction

etween angiogenic factors and their receptors (Forsten-Williams,
hua, & Nugent, 2005; Fujita et al., 2010). For example, our group
reviously reported that WSS25, a sulfated derivative of glucan
ould inhibit angiogenesis in vitro and in vivo (Qiu et al., 2010).
owever, in the animal safety experiment, we found that WSS25
t high concentration could increase the chances of internal bleed-
ng, probably due to high degree of sulfation. To find more safety
ntiangiogenic inhibitors, we searched for new modulators of
ngiogenesis from natural products. To our knowledge, there are
ome reports about the arabinogalactans polysaccharides with the
ctivity of anti-virus (Saha et al., 2010), immunomodulation (Choi,
im, Kim, & Hwang, 2005) and anti-proliferation in tumor cells

Bento, Noleto, & de Oliveira Petkowicz, 2014), however, there
re few reports about arabinogalactans polysaccharide with the
nti-angiogenesis activity. We  previously reported that PGAW1
Xu et al., 2010), an arabinogalactan from Platycodon grandiflo-
um Roots, containing a 1,4-d-Galp backbone, has no effect on
MEC-1 tube formation at the concentration of 100 �g/ml. How-
ver, the sulfated derivative showed a strong dose-dependent

nti-angiogenesis activity compared to that of PGAW1. Here, we
eported for the first time that RN1, as a neutral polysaccharide, was
etermined to have a 1,6-linked galactan backbone, besides, RN1
ontains branches with arabinose, which differed from PGAW1 and
31. Representative image of the immunohistochemical analysis (200×). Arrows
ro Plus. Results are presented as means ± S.D. * P < 0.05; ** P < 0.01, as determined

was not sulfated, but showed distinct anti-angiogenesis activity
in vitro and in vivo. Further studies of anti-angiogenesis mechanism
showed that RN1 could inhibit BMP2 signaling. Hence we think the
activity was  mainly attributed to the novel structures of RN1. Our
findings suggested that RN1 could be a potential novel inhibitor of
angiogenesis and had therapeutic potential development in tumor
angiogenesis.
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