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a b s t r a c t

Antrodia cinnamomea is a valuable polyporaceous edible fungus native to Taiwan. It was reported to pro-
vide a number of pharmaceutical benefits. A. cinnamomea was cultured, the polysaccharides (PSs) were
extracted and chromatographically fractionated, and their biological functions were evaluated. The PS
subfractions (B85PS-I–V) showed differential inhibition of in vitro Matrigel tube formation (an indicator
of angiogenesis inhibition) with IC50 values of 7.44, 16.41, 7.07, 7.98, and 16.33 �g/ml, respectively. Fur-
thermore, A. cinnamomea PSs also blocked vascular endothelial growth factor (VEGF)-induced endothelial
cell migration. B85PS-III and -V dose-dependently decreased angiogenic-related protein expressions,
including inhibition of VEGF receptor (VEGFR) phosphorylation and angiopoietin-2 protein expression.
To further purify and determine the structure of the bioactive PS, B85PS-III was chromatographically
purified to give a water-soluble partial fucosylated 1,6-�-d-mannogalactan (B85PS-III-1) composed of a
nonadecasaccharide repeating unit with a molecular mass of 4.17 × 102 kDa as shown below. The chem-
ical structure of B85PS-III-1 was characterized by a monosaccharide analysis along with 1H, 13C, and 2D
nuclear magnetic resonance spectroscopy.
. Introduction
Antrodia cinnamomea (niu-chang-chih in Chinese) is a valu-
ble medicinal and edible fungus of the family Polyporaceae that
nly grows on the brown heartwood of Cinnamomum kanehirae
ayata (stout camphor tree, Lauraceae) (Wu, Ryvarden, & Chang,

∗ Corresponding author. Tel.: +886 2 28201999x6641; fax: +886 2 28264266.
E-mail address: changch@nricm.edu.tw (C.-C. Chang).

1 These two authors contributed equally to this work.
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1997) in Taiwan. Recent research revealed numerous pharma-
ceutical benefits of A. cinnamomea, including hepatoprotective
(Hsu et al., 2005), immunomodulative (Cheng, Hsu, Chen, & Lee,
2008; Lu et al., 2009), antiviral (Lee et al., 2002), anticancer
(Chang et al., 2008), anti-inflammatory (Shen et al., 2004), and
antioxidative (Huang & Mau, 2007) activities. Chemical compo-

nents found in A. cinnamomea include phenolics (Chiang, Wu,
Cherng, & Ueng, 1995), diterpenoinds, steroids, lignans (Wu
& Chiang, 1995), triterpenes (Cherng, Wu, & Chiang, 1996),
maleic acid derivatives, and polysaccharides (PSs) (Lee et al.,
2002).

dx.doi.org/10.1016/j.carbpol.2010.08.016
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
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Fig. 1. Fractionation and purification of polysaccharides (PSs) of Antrodia cinnamo-
mea. (A) Fractionation of PSs by gel filtration column chromatography into Fr-I
46 J.-J. Cheng et al. / Carbohydr

The PSs of A. cinnamomea demonstrate antiangiogenic (Liu
t al., 2004; Yang, Zhou, Wang, & Hu, 2009) and immunomod-
latory effects (Chen et al., 2008; Cheng, Hsu, et al., 2008). In
previous paper, we reported the chemical composition and

nti-inflammatory effect of a lipopolysaccharide (LPS) from A. cin-
amomea with totally different bioactivities from bacteria (Cheng,
ang, Cheng, Wang, Huang, & Lu, 2005), and a PS from liquid culture
f A. cinnamomea that inhibited cyclin D1 expression by inhibit-
ng vascular endothelial growth factor receptor (VEGFR) signaling,
eading to the suppression of angiogenesis (Cheng, Huang, Chang,

ang, & Lu, 2005). We herein reported the purification, charac-
erization, and antiangiogenic effect of a novel high-galactose-type
S from an in vitro culture system of A. cinnamomea. Angiogen-
sis is responsible for tumor development in early stages and is
ate limiting for tumor progression (Karamysheva, 2008). Vascu-
ar endothelial growth factor (VEGF) and angiopoietin-2 (Ang-2)
lay crucial roles in balancing tumor growth and vascular regres-
ion (Hanahan, 1997). Ang-2 is a secreted factor, the expression of
hich is upregulated at sites of angiogenesis. VEGF, bovine fetal

rowth factor (bFGF), and hypoxia are shown to induce the expres-
ion of Ang-2 in bovine microvascular endothelial cells (ECs), thus
ontributing to a deterioration in the integrity of preexisting vas-
ulature (Mandriota & Pepper, 1998). Therefore, antiangiogenic
omponents are now considered to be good candidates for cancer
herapy (Boehm, Folkman, Browder, & O’Reilly, 1997).

In this study, we attempted to determine the structure of
ioactive PSs extracted from A. cinnamomea. A novel PS (denoted
85PS-III-1) composed of a 1,6-�-d-mannogalactosyl main skele-
on with partial �-l-fucosyl terminals was reported.

. Materials and methods

.1. Fermentation of A. cinnamomea B85

PSs were isolated from 10-day-old fermentation of A. cinnamo-
ea (Lu, Cheng, Lai, Lin, & Huang, 2008).

.2. Isolation and purification of PSs

Isolation and purification of PS were carried out according to
u’s method (Lu, Cheng, Lin, & Chang, 2010). After being dissolved
n the aforementioned buffer, 40 mg of the PS was fractionated into
ractions I–V (see Fig. 1A).

.3. Homogeneity and molecular weight

B85PS-III (4.8 mg) was purified by high-performance size
xclusion chromatography (SEC) with an RI detector (Viscotek
odel 301) equipped with two SEC columns (G4000PWXL

.8 mm × 300 mm and G3000PWXL 7.8 mm × 300 mm, Viscotek)
nto 1–3 fractions (Fig. 1B). The flow rate was 0.5 ml/min, with
eionized water as the eluent. Purified fraction 1 (denoted B85PS-

II-1, 1.7 mg) was used for the following structural determination.
PS solution in Milli-Q water was diluted to give a concentration

f 1 mg/ml. The sample injection volume was 0.1 ml. The molecular
eight of B85PS-III-1 was determined by the same system. A cal-

bration curve was constructed using a series of standards, Sodex
-82 series (Showa Denko, Mentor, OH) containing polymaltotriose
ith molecular weights of 788, 404, 212, 112, 47.3, 22.8, 11.8, and

.9 kilodaltons (kDa).
.4. Monosaccharide analysis

Sugar composition of PS was determined after acid hydrolysis of
Ss, and carried out according to Cheng’s method (Cheng, Lin, Lur,
hen, & Lu, 2008).
(28–32), -II (33–36), -III (37–40), -IV (41–50), and -V (51–56); (B) size-exclusion
chromatography (SEC) of fraction III (AC-B85-III) using G4000PWXL and G3000PWXL

(Viscotek) columns (fraction 1: 24.0–37.3 ml; fraction 2: 37.3–45.3 ml; fraction 3:
45.3–52.4 ml).

2.5. EC culture

Endothelial cells were cultured as previous described (Cheng,
Lin, et al., 2008). In brief, ECs were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) (Life Technologies, Paisley, UK) supple-
mented with 10% heat-inactivated fetal bovine serum (FBS) (Life
Technologies).

2.6. Matrigel EC tube formation assays

Matrigel tube formation was performed as previously described
(Cheng, Lin, et al., 2008). In brief, Matrigel was applied onto a 96-
well plate and allowed to solidify, then ECs were seeded. After
adhesion of the cells, the medium was removed and replaced by
fresh medium supplemented (or not) with tested PSs and incu-
bated at 37 ◦C for 18 h. The tubes of growth were visualized with an
inverted Nikon/TMS microscope at a magnification of 4×, and the
length of the capillary network was quantified with a map scale
calculator (KURABO Angiogenesis Image Analysis Software).

2.7. Wound healing assay

Endothelial cell migration was determined by means of a wound
healing migration assay using a commercial product, Culture-Insert
(iBidi GmbH, Germany). A scratch of 0.5 mm in width was made
according to the manufacturer’s manual. ECs were treated with

or without tested PS 1 h before VEGF. The cells that had migrated
across the edge of the wound were photographed under a micro-
scope. A fixed width with no migrated cell was obtained as control
group, then migrated cells numbers were calculated of each group
in the same width to present migration ability.
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Table 1
Sugar composition for three polysaccharide subfractions of B85PS-III from A.
cinnamomea.

Neutral sugars (�mol/g fractionated PS)a

B85PS-III-1 B85PS-III-2 B85PS-III-3

Myo-inositol 18.76 ± 2.82 17.54 ± 1.13 2.14 ± 0.01
Sorbitol 19.03 ± 15.60 17.18 ± 3.94 1.58 ± 0.02
Fucose 72.89 ± 18.32 32.05 ± 7.35 0.33 ± 0.05
Galactosamine 8.23 ± 1.62 12.09 ± 6.09 0.00
Glucosamine 8.55 ± 1.36 0.00 0.39 ± 0.2
Galactose 237.18 ± 16.32 77.4 ± 6.52 2.7 ± 0.20
Glucose 17.49 ± 3.64 48.27 ± 2.14 6.17 ± 0.04
J.-J. Cheng et al. / Carbohydr

.8. Immunoblotting

ECs were lysed with buffer containing 0.1% sodium dode-
ylsulfate (SDS) and 2-mercaptoethanol, and then subjected to
DS-polyacrylamide gel electrophoresis (PAGE). Proteins were
dentified with identical monoclonal antibodies. Antigen–antibody
omplexes were detected using horseradish peroxidase (HRP)-
abeled rabbit anti-mouse immunoglobulin G (IgG), and results

ere analyzed using an enhanced chemiluminescence (ECL) sys-
em (Pierce, Rockford, IL). The blots were exposed to Kodak XAR-5
lm (Rochester, NY) to obtain the fluorographic images.

.9. 1D and 2D NMR

The lyophilized sample of B85PS-III-1 (1.7 mg) was dissolved
n 0.5 ml of D2O (99.9%, Cambridge Isotope Laboratories, Andover,

A). The 1D and 2D NMR spectra of B85PS-III-1 were acquired by
Varian VNMRS NMR spectrometer (600 MHz) at 25 ◦C and a Var-

an 5-mm Cold Probe. The reference chemical shifts for 1H and 13C
MR were calibrated to ıH 4.78 (HDO) and ıC 30.89 (acetone-d6,
hich was added as an internal reference), respectively. 2D 1H–1H

orrelation spectra were obtained by the standard pulse sequence
f double-quantum filter-correlated spectroscopy (DQF-COSY). The
OCSY spectrum was obtained using a 100 ms mixing time and
s relaxation delay. The NOESY (nuclear overhauser effect spec-

roscopy) and HSQC (heteronuclear single quantum coherence)
pectra were obtained using the standard pulse sequence. HMBC
heteronuclear multiple-bond correlation) spectra were recorded
ith a relaxation delay of 1.5 s. Experimental data were processed

n a Pentium IV PC using MestReNOVA 5.3 software (Mestrelab
esearch SL, CA).

.10. Statistical analysis

Data were presented as mean ± SEM. Statistical significance was
efined as p < 0.05 after analyzing with Student’s t-test.

. Results

.1. Characterization of PSs from cultured mycelia of A.
innamomea

The crude PS, B85PS (40 mg), was fractionated into Fr-I (28–32),
II (33–36), -III (37–40), -IV (41–50), and -V (51–56) on a Fracto-
el BioSec 80 cm × 1.5 cm column (Merck) as described in Section
.2 (Fig. 1A). Fraction III (B85PS-III) demonstrated the most potent
ngiogenic inhibition with an IC50 of 7.07 �g/ml, and it was fur-
her subjected to SEC to give three subfractions (III-1–3, 1.7, 2.7
nd 0.2 mg, respectively). B85PS-III-1 was eluted from a series con-
ection of one G3000 and one G4000 column on HPLC (Fig. 1B).

ts molecular mass was estimated to be 4.17 × 102 kDa by SEC as
forementioned. Hydrolysates of B85PS-III-1 contained galactose,
ucose and mannose in a ratio of 13:4:2 (Table 1).

.2. In vitro angiogenesis assay

Fractionated PSs from A. cinnamomea B85 showed differential
nhibition of in vitro Matrigel tube formation (Fig. 2), a standard
ssay for angiogenesis. After calculating the percentage of the tube

ormation area by angiogenesis software, B85PS showed inhibition
f Matrigel tube formation with an IC50 of 19.1 �g/ml. However,
fter fractionation, subfractions I, II, III, IV, and V showed discrimi-
ative inhibitory effect on Matrigel tube formation, with IC50 values
f 7.44, 16.41, 7.07, 7.98, and 16.33 �g/ml, respectively. Three
arameters including the total percent of tube formation area, tube
Mannose 31.04 ± 6.84 20.87 ± 1.39 3.31 ± 0.28
Fructose 12.62 ± 8.06 0.00 0.00

a Values represent the average of duplicate assays ± S.E.

length, and branch numbers for different concentration treatments
of the B85 fractionated PSs (data not shown). All fractionated B85
PSs dose-dependently inhibited Matrigel tube formation and these
calculated parameters.

3.3. Cell migration and in vivo angiogenesis assay

Cell migration is involved in angiogenesis. Therefore, the EC
migration ability of B85PS and fractionated PSs (B85PS-I–V) from
A. cinnamomea B85 were tested using a wound healing assay
(Fig. 3). Crude B85 and B85PS I–V dose-dependently inhibited
VEGF-induced EC migration.

3.4. Evaluation of angiogenic-related protein expressions

ECs were pretreated with B85PS, B85PS-III, or B85PS-V for 1 h
following VEGF incubation for 24 h. Then cell lysates were collected
to evaluate the expression of VEGFR activity and Ang-2 expression
using identical antibodies against these proteins (Fig. 4). B85 crude
PSs, B85PS-III and B85PS-V, dose-dependently inhibited phospho-
rylated VEGFR and Ang-2 expressions. These results indicated that
B85 fractionated PSs might participate in attenuating angiogenesis
processes.

3.5. 1D and 2D NMR

The completely assigned spectra of the PS, given in Table 2, were
derived from 1H, 13C, DQF-COSY, TOCSY, NOESY, HSQC and HMBC
NMR spectra.

3.5.1. General observations
The 1H NMR spectrum of B85PS-III-1 showed four anomeric

protons at ıH 5.08, 5.06, 5.02, and 4.98. The sugar residues were des-
ignated as follows: ı 4.98 for residue A, ı 5.02 for residue B, ıH 5.06
for residues C, E and F, and ıH 5.08 for residue D (Table 2), according
to their H-1 chemical shift values in ascending order. The signals at
ıH 4.98, 5.02, and 5.06 were appeared as singlets (3J1,2 < 3 Hz), indi-
cating that the sugars were with �-anomeric configuration. The 13C
NMR spectrum (Fig. 5) showed one major signal for three anomeric
carbons at ıC 99.4, 99.3, and 99.2, two substituted hydroxymethy-
lene carbon at ıC 67.9 and 68.2 (both C-6 glycosylated), and one
CH3–C group (C-6 of Fuc) at ıC 17.2. No signal for the unsubstituted
hydroxymethylene protons in the region of ıC 57–63 was observed,
suggesting that all C-6 s were glycosylated.

The proton and carbon NMR data of B85PS-III-1 were completely

assigned (Table 2) according to 1D (1H, 13C and DEPT-135) and 2D
(NOESY, DQF-COSY, TOCSY, HSQC and HMBC) NMR spectra. The fol-
lowing sections described the six types of sugar residues (residues
A–F) observed in the HSQC spectrum (Fig. 6A).
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est components. Capillary tube formation on Matrigel was visualized with an inver
nhibition concentration of each component.

.5.2. Residue A assignment
The complete proton and carbon chemical shifts (Table 2) of

he spin system beginning from the peak at ıH 4.98 was obtained
rom the TOCSY, NOESY, and HMBC spectra. The TOCSY spectrum
howed stepwise connectivities for the H-1 signal at ıH 4.98 to H-2
t ıH 3.84, H-3 at ıH 3.89, and H-4 at ıH 4.02. The HMBC spec-
rum (Fig. 6B) demonstrated correlations between the H-5 at ıH

.21 and the C-6 signal at ıC 67.9, between the H-3 at ıH 3.89 and
he C-2 signal at ıC 69.7, and between the H-2 at ıH 3.84 and the
-3 signal at ıC 70.9. In addition, the C-3 and C-5 signals (at ıC 70.9
nd 70.2, respectively) demonstrated 3JC,H correlations to the H-
at ıH 4.98, and the C-4 signal at ıC 70.9 showed correlations to

able 2
H and 13C chemical shift data of the monosaccharides constituting B85PS-III-1 from A. ci

Residue 1H/13C ı (ppm)

1 2 3

A
�-d-Gal4.98

4.98 3.84 3.91
99.2 69.7 70.9

B
�-d-Gal5.02

5.02 3.85 3.89
99.4 69.6 70.9

C
�-d-Gal5.06

5.06 3.85 3.90
99.3 79.2 70.9

D
�-l-Fuc5.08

5.08 3.58 3.83
99.3 68.5 69.7

E
�-l-Fuc5.06

5.06 3.64 3.89
99.3 68.6 69.8

F
�-d-Man5.06

5.06 4.02 3.67
102.7 71.3 70.7
. cinnamomea B85 on Matrigel tube formation in endothelial cells (ECs). ECs were
GF) supplementation with or without pretreatment of serial concentrations of the
ISS microscope at a magnification of 10×. The black frame indicated the estimated

ıH 3.84 (H-2) and ıH 3.89 (H-3). The downfield-shifted 1H (ıH 3.93
and 3.68) and 13C (ıC 67.9) chemical shifts prompted the signals for
the 6-O-substituted methylene of a pyranoside. The monosaccha-
ride analysis (Table 1) implied that the residue A was galactose, the
major monosaccharide. These evidences suggested that residue A
was a 6-substituted �-d-galactopyranoside.
3.5.3. Residue B assignment
The spin system of residue B, which was starting from the H-

1 signal at ıH 5.02, was completely assigned (Table 2). Similar to
residue A, the downfield-shifted methylene signal at ıC 67.9 in
DEPT-135 indicated a C-6 glycosidic linkage. The 13C and 1H NMR

nnamomea.

4 5 6

4.02 4.21 3.93 (a), 3.68 (b)
70.9 70.2 67.9

3.68 4.26 3.93 (a), 3.68 (b)
80.0 70.1 67.9

4.08 4.24 3.93 (a), 3.68 (b)
70.9 70.2 67.9

4.16 4.09 1.25
70.6 68.9 17.2

4.18 3.97 1.24
70.6 68.5 17.2

3.64 3.89 3.90 (a), 3.73 (b)
67.8 74.1 68.2
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Fig. 3. Migration activity of crude and fractionated polysaccharides (PSs) from A. cinnamomea B85 on endothelial cells (ECs) using a wound healing assay. (A) An endothelial
migration assay was performed by scraping ECs from the middle of the coverslip, leaving a 500-�m area devoid of cells. ECs were washed and cultured for 4 h with or
without vascular endothelial growth factor (VEGF) and pretreatment with serial concentrations of crude or fractionated PSs from A. cinnamomea B85. The migration of
ECs was visualized with an inverted Nikon/TMS microscope at a magnification of 10×. Migrated cells were calculated and represented as mean ± S.E. in three independent
experiments.

Fig. 4. Effects of crude and fractionated polysaccharides (PSs) from A. cinnamomea B85 on vascular endothelial growth factor receptor (VEGFR) tyrosine phosphorylation
and angiopoietin (Ang)-2 protein expressions. Endothelial cells (ECs) were treated with crude and fractionated polysaccharides (PSs) (III and V) from A. cinnamomea B85 at
different concentrations for 24 h. After treatment, cells are lysed and examined for the protein expressions of VEGFR tyrosine phosphorylation (pVEGFR) and Ang-2 by an
immunoblot assay. Actin was detected to indicate equal amounts of protein in each lane. Data were representative of three independent experiments with similar results.
Density of each band was calculated with densitometer and normalized with actin group and calculated as percentage of VEGF group (as 100%).
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Fig. 5. 13C nuclear magnetic resonance spectrum (150 MHz) of B85PS-III

ata of residue B were fully specified from the C–H pairs (Table 2)
f the HSQC spectrum (Fig. 6A). One 3J and one 2J correlations in the
MBC spectrum, ıH 5.02 (H-1)/ıC 70.9 (C-3) and ıH 3.85 (H-2)/ıC
0.9 (C-3), respectively, were observed. In addition, the HMBC and
SQC spectra showed a correlation between the downfield-shifted

3C signal at ıC 79.2 (C-4) and the 1H at ıH 3.68 (H-4), and the
OCSY indicated a correlation between H-4 at ıH 3.68 and H-6a at
H 3.93. On the basis of the aforementioned evidence, the structure
f residue B was elucidated to be a �-d-galactopyranoside with
,4,6-tri-O-substitutions.

.5.4. Residue C assignment
The 1H and 13C NMR data of residue C showed a signal pattern

imilar to that of residue B, a typical 6-O-substituted galactopyra-
oside but with a C-2 substitution, instead of a C-4 substitution

n residue B. Using the aforementioned approaches, the complete
H and 13C chemical shifts for residue C (Table 2) were readily
ssigned from the HSQC spectrum (Fig. 6A). The HMBC spectrum
howed correlations of ıH 5.06 (H-1) with ıC 79.2 (C-2), and of ıH
.85 (H-2) with ıC 70.9 (C-3 and C-4). Similar to residues A and
, the DEPT-135 spectrum indicated a C-6 glycosidic linkage. The
OCSY spectrum demonstrated correlations of H-1 at ıH 5.06 with
-2 at ıH 3.85 and H-4 at ıH 4.08. As a result, residue C was assigned
s a 1,2,6-tri-O-substituted �-d-galactopyranoside.

.5.5. Residues D and E assignment
The 1H and 13C NMR data of residues D and E (Table 2), which

ere started from the anomeric proton signals at ıH 5.08 (D H-1)
nd ıH 5.06 (E H-1), were assigned by similar methods. For residue
, stepwise connectivities were observed in the TOCSY spectrum,

ncluding the signals from H-1 at ıH 5.08 to H-2 at ıH 3.58, H-3
t ıH 3.83, and H-5 at ıH 4.09, from H-6 at ıH 1.25 to H-5 at ıH

.09 and H-4 at ıH 4.16, and from H-2 at ıH 3.58 to H-5 at ıH 4.09
nd H-3 at ıH 3.83. Signals for H-2 and H-5 were confirmed by
ross peaks in the HMBC spectrum, including H-6 at ıH 1.25 to C-
at ıC 68.9, and H-1 at ıH 5.08 to C-2 at ıC 68.5. The DQF-COSY

pectrum demonstrated a correlation between ıH 4.16 (H-4) and ıH
m A. cinnamomea in D2O at 25 ◦C. Chemical shifts were shown in ı ppm.

1.25 (H-6), and between ıH 3.83 (H-3) and ıH 1.25 (H-2). Likewise,
the TOCSY spectrum of residue E showed distinctive connectivities
from H-6 at ıH 1.24 to H-5 at ıH 3.97 and H-4 at ıH 4.18, and from
H-2 at ıH 3.64 to H-3 at ıH 3.73 and H-4 at ıH 4.18. In addition,
the HMBC spectrum confirmed the signals for H-2 (ıH 3.64) and
H-5 (ıH 3.97). The H-6 (ıH 1.25/1.24)/C-6 (ıC 17.2) suggested a 6-
deoxy-pyranoside. The monosaccharide analysis (Table 1) showed
the only deoxy-monosaccharide was l-fuc. Thus, these two residues
were identified as two �-l-fucopyranosides.

3.5.6. Residue F assignment
The cross peaks for residue F were observed in the HSQC spec-

trum, including ı 5.06/102.7 (H-1/C-1), ı 4.02/71.3 (H-2/C-2), ı
3.67/70.7 (H-3/C-3), ı 3.64/67.8 (H-4/C-4), and ı 3.90,3.73/68.2
(H-6 s/C-6) (Fig. 3A). No correlation was observed in the HMBC
spectrum because of the limited material. However, the TOCSY
spectrum showed connectivities from H-2 (ıH 4.02) to H-3 (ıH
3.67), H-4 (ıH 3.64), H-5 (ıH 3.89) and H-6 s (ıH 3.73 and 3.90), and
from H-3 (ıH 3.67) to H-5 (ıH 3.89) and H-6a (ıH 3.90). The corre-
lations from H-2 (ıH 4.02) to H-3 (ıH 3.67) and H-5 (ıH 3.89) in the
NOESY spectrum confirmed the assignment. The carbon chemical
shifts of C-1 (ıC 102.7), C-5 (ıC 74.1) and C-6 (ıC 68.2) at low field
and the result of monosaccharide analysis (Table 1) suggested that
residue F was a �-d-Man residue (Cho, Koshino, Yu, & Yoo, 1998),
specifically a 1,6-di-O-substituted �-d-mannopyranoside.

3.5.7. Assignment of the residue linkages
The inter-residue connectivities were observed in the NOESY,

TOCSY and HMBC spectra of B58PS-III-1. The D(1 → 4)B linkage was
identified by the inter-residue correlations between D H-1 and B H-
4 observed in the TOCSY spectrum, and between D H-1 at ıH 5.08
and B C-4 at ıC 79.2 in the HMBC spectrum. The TOCSY and NOESY

spectra revealed the correlation between E H-1 at ıH 5.08 and C H-2
at ıH 3.85, indicative of an E(1 → 2)C linkage.

Since the ratio of Gal:Fuc:Man was determined as 13:4:2 in
monosaccharide analysis, integration of the anomeric signals for
residue A (ıH 4.98), residue B (ıH 5.02), residues C/E/F (ıH 5.06)
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Fig. 6. 2D HSQC (A) and HMBC (B) nuclear magnetic reson

nd residue D (ıH 5.08) in the 1H spectrum gave a ratio of ca.
:3:4:3, suggesting that the ratio of residues A:B:C was 9:3:1, and

hus residues (E + F):D was considered to be 1:1. Accordingly, the
atio of residues A:B:C:D:E:F was further resolved as 9:3:1:3:1:2.
hese results suggested that B85PS-III-1 had a back bone of
1 → 6)-linked d-galactopyranosyl residues and approximately
very other third of these were substituted at the 4-O and 2-O
pectra of B85PS-III-1 from A. cinnamomea in D2O at 25 ◦C.

positions (at a ratio of 3:1) by an �-l-fucosyl unit made up of
partial 2-O- and 4-O-�-l-fucosylated 1,6-�-d-galactopyranosyl

repeats. Because the �-d-mannosyl residue also appeared as a
non-terminal (1 → 6)-linked unit, it should be existed between
two residue A units. Therefore, a tentative partial nonadecasac-
charide repeating unit for B85PS-III-1, as shown below, was
proposed.
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Thirteen d-galactopyranosyl residues (residue A × 9; residue
× 3; residue C × 1) and two d-mannopyranosyl residues between

wo A residues were present as the main skeleton linked at the 6-O
osition, as residues with interchangeable substitutions at the 4-O
residue D) and 2-O (residue E) positions with a ratio of 3:1 in the
epeat unit.

. Discussion

In this article, we reported the isolation, identification, and
ntiangiogenic activities of a partial 2-O- and 4-O-�-l-fucosylated
,6-�-d-mannogalactan B85PS-III-1 from fermented mycelia of A.
innamomea. For the species studied in this report, no structural
lucidation of the PS component had previously been reported to
ur knowledge. The skeleton of the 1,6-�-d-galactopyranosyl moi-
ty was also found in a number of fungi, such as Coprinus comatus
Fan et al., 2006), Laetiporus sulphureus (Bull.: Fr.) Murr. (Alquini,
arbonero, Rosado, Cosentino, & Iacomini, 2004), and Fomitella frax-

nea (Imaz.) (Cho et al., 1998). Among the PSs in the fungal cell
all, glucans are the most widely-distributed carbohydrate, often
ith �-1,3-linkages. In addition, heterogalactans, especially with a

ucose terminal, were reported in basidiomycetes (Cho et al., 1998;
lquini et al., 2004; Fan et al., 2006).

Different PS subfractions in this study exhibited differential
nhibition of angiogenesis-related processes, including EC tube for-

ation and cell migration. In particular, the B85PS-III subfraction
onsists of a novel water-soluble 1,6-�-d-mannogalactan with a
artial 2-O- and 4-O-�-l-fucosyl terminals. We isolated natural
olecules with related structure (as B85PS-III-1) from Poria cocos

Lu et al., 2010) and gave a 1,6-branched 1,3-�-d-galactan. The
tructure differed from B85PS-III-1 in the �-1,3 main skeleton and
high ratio of �-1,6 branches. We tested its antiangiogenic activity.
C-II exhibited no inhibitory effect on EC tube formation compared
o VEGF-treated control cells (data not shown). It was reported that
he galactose and fucose contents in PSs are required for inhibition
roperties against angiogenesis (Holle et al., 2004; Matsubara et
l., 2005). In the structural feature of B85PS-III-1, galactose and
ucose was the major sugar components. The biological activity of
85PS-III-1 could be due to galactose- or fucose-containing linkage

n structure which may be important for its activity.
Ang-2 plays an important role in vascular remodeling. Serum

ng-2 was reported to be a clinical marker for lung cancer (Park
t al., 2007). Systemic anti-Ang-2 therapy inhibiting tumor growth
nd angiogenesis in preclinical models was reported (Cao et al.,
007). Ang-2 can initiate angiogenic signal following locally open-

ng up the vessel structure and proceeding protease degradation of

he basement membrane around the endothelium. In consequence
ncrease accessibility to that endothelium by angiogenesis inducers
uch as VEGF, thereby increasing capillary sprouting and new blood
essels formation (Hanahan, 1997). In this study, B85PS-III and
ts subfractions dose-dependently inhibited VEGFR phosphoryla-
tion, which is required for VEGFR activation. Furthermore, they also
inhibited Ang-2 protein expression. These results indicate that the
antiangiogenic inhibition property of B85PS-III may occur through
suppression of VEGFR activation and Ang-2 expression.

5. Conclusion

In conclusion, the antiangiogenic effects and a proposed repeat-
ing unit of a novel water-soluble 1,6-�-d-mannogalactan with
partial 2- and 4-�-l-fucosyl terminals from cultured A. cinnamomea
were reported.
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