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An arabinogalactan-protein (WSSP-AGP) was isolated from the tuberous cortex of the white-

skinned sweet potato (WSSP; Ipomoea batatas L.). It consists of 95% (w/w) carbohydrate and

5% (w/w) protein with high contents of hydroxyproline, alanine, and serine. Its sugar composition is

R-L-Rha:R-L-Ara:β-D-Gal:β-D-GlcA in a molar ratio of 1.0:4.1:7.6:1.3. Its weight-average molecular

weight was estimated to be 126800 g/mol by high-performance size exclusion chromatography

coupled with multiangle laser light scattering. Structural analysis indicated that WSSP-AGP is a

(1f3)-β-D-galactan highly branched at O-6 with (1f6)-β-D-galactan, in which the branched chains

are substituted at the O-3 position with R-L-Araf-(1f and R-L-Araf-(1f5)-R-L-Araf-(1f and at the

O-6 position typically with R-L-Rhap-(1f4)-β-D-GlcAp-(1f as terminating groups. Continuous

administration of WSSP-AGP to KKAy mice significantly lowered fasting plasma glucose levels.

This indicates that WSSP-AGP plays an important role in the hypoglycemic effects of WSSP.
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INTRODUCTION

The white-skinned sweet potato (WSSP) is a kind of sweet
potato (Ipomoea batatas L.), belonging to the Convolvulaceae
family, used as a food and traditional medicine in Minas Gerais,
Brazil (1), and cultivated and used as a food in Japan. The
tuberous root is effective for the improvement of hypertension,
hemorrhage, and diabetes mellitus (2). We have been studying its
antihyperglycemic effects. Some studies involving continuous
ingestion of WSSP in various diabetic model animals such as
db/dbmice, KKAymice, and Zucker fa/fa rats have shown that it
is effective against hyperglycemia and improves insulin sensitiv-
ity (3, 4). Another study on the mode of action in KKAy mice
reported significant enhancement of ACRP30 expression and a
tendency to lower TNF-R expression in adipose tissue (5). These
results suggest that the improvement in secretion of these adipo-
cytokines implicated in insulin resistance in adipose tissue is due
to the hypoglycemic effect of WSSP. A similar effect has been
confirmed in humans with type 2 diabetes mellitus by Ludvik
et al. (6-8).

WSSP contains some resin glycosides (1), but their correlation
with antidiabetic effects is unclear.Oke et al. (9) found that a 60%
ethanol extract of WSSP is effective against hyperglycemia in
alloxan-induced diabetic mice, without identifying the active
component. Kusano et al. (10) were unable to identify the main

antidiabetic component, but confirmed that it was present in the
tuberous cortexofWSSP.They suggested that itwas composedof
an acidic glycoproteinwith highmolecularweight. Plant cell walls
are sources of pharmacologically active polysaccharides such as
arabinogalactan (11), arabinoxylan (12), and glucomannan (13),
which are used to treat cancer, improve the gastrointestinal tract,
and lower blood glucose and lipid levels (11-13). This strongly
suggests that the high molecular weight constituents described
above may contribute to the physiological effects of WSSP.

In this study we performed isolation and structural analysis to
identify the principal antidiabetic constituent of WSSP and eval-
uated its effects on fasting plasma glucose (FPG) by continuous
ingestion in spontaneously diabetic animals.

MATERIALS AND METHODS

Plant Material. I. batatas L. was purchased from the Kagawa Pre-
fectural Asa Agricultural Cooperative. We peeled it to obtain the cortex
and freeze-dried it.

Isolation of AGP from WSSP (I. batatas L.). The dried cortex
powder of WSSP (WSSP-cortex, 1 kg) was extracted by stirring in water
(10 L) at room temperature for 4 h. Themixture was centrifuged at 12000g
for 30 min and filtered to obtain the aqueous solution. It was concentrated
in vacuo and was dialyzed (MW cutoff 14 kDa, Wako Pure Chemical
Industries, Ltd., Osaka, Japan) against deionized water at 4 �C for 3 days
to remove low molecular weight constituents. The nondialyzable parts
containing soluble and insoluble parts were concentrated in vacuo to
prepare a suspension. The suspension was precipitated by the addition of
solid ammonium sulfate to reach 1.5 M concentration, followed by
centrifugation at 12000g for 30min. The resulting supernatant was loaded
onto a hydrophobic interaction chromatographic column of Toyopearl
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Butyl-650 M (240 � 40 mm i.d.; Tosoh Co., Tokyo, Japan), and a crude
polysaccharide fraction was collected by elution with 1.5 M ammonium
sulfate (500 mL). After dialysis against deionized water at 4 �C for 3 days
to desalt, the internal effluent was applied to an anion-exchange column of
Toyopearl SuperQ-650 M (200 � 22 mm i.d., Tosoh Co.) as follows:
elution with 0.01M sodium phosphate buffer (pH 7.5) for 90min, 0-0.15M
NaCl in 0.01M sodium phosphate buffer (pH 7.5) for 360 min by a linear
gradient, and 0.15 M NaCl in 0.01 M sodium phosphate buffer (pH 7.5)
for 120 min. The effluent was monitored byUV absorption at 280 nm and
the phenol-sulfuric acid method (14) at 490 nm. Desalting the effluent by
dialysis against deionized water and freeze-drying gave a purified poly-
saccharide (1.20 g).

Specific Rotation Measurement. Measurements of optical rotation
at 589 nm at 20 �C were made using a DIP-360 (Japan Spectroscopic Co.,
Ltd., Tokyo, Japan) equipped with a cell with a 10 cm optical path length.
The test material was dissolved in distilled water.

Determination ofMolecularWeight. The weight-average molecular
weight (Mw) of thepurifiedpolysaccharidewasdeterminedbyhigh-performance
size exclusion chromatography coupled with a multiangle laser light
scattering (SEC-MALLS) photometer (DAWN-E, Wyatt Technology
Corp.). The prepared sample (1.0 mg/mL in water) was injected into
an OH-pak SB-806MHQ column (300 � 8 mm i.d., Shoko Co., Ltd.,
Tokyo, Japan) and eluted with water at a flow rate of 0.5 mL/min.
The value of δn/δc was assumed to be 0.152.

Neutral Sugars Composition by GC Analysis. The purified poly-
saccharide was partially hydrolyzed with 90% (v/v) formic acid at 100 �C
for 6 h, and the formic acid was removed by evaporation in vacuo. More-
over, the hydrolysate was completely hydrolyzed with 2 M trifluoro-
acetic acid (TFA) at 100 �C for 6 h. After removal of TFA by evaporation
in vacuo, the resulting sugars were reduced with sodium borohydride
(NaBH4) and then were converted into alditol acetate derivatives with
acetic anhydride in an equal volumeof pyridine at 120 �C for 2 h (15).After
removal of solvent by evaporation in vacuo, the sample was dissolved
in chloroform and analyzed under the following conditions: instrument,
GC-17A (Shimadzu Co., Kyoto, Japan); detector, flame ionization detec-
tion (FID); column,DB-225 J&WGCcolumn(30m� 0.15μm� 0.25μmi.d.,
Agilent Technologies Japan Ltd., Tokyo, Japan); temperatures, injection
port at 170 �C and detector at 230 �C; column oven, linear gradient from
170 to 210 �C for 20min (at 2 �C/min). Peaks were identified by comparing
their retention times to that of the standard alditol acetates derived from
R-L-rhamnose (R-L-Rha), R-L-arabinose (R-L-Ara), β-D-galactose (β-D-Gal),
and D-glucose (β-D-Glc).

Sugar Identification by High-Performance Anion-Exchange

Chromatography Equipped with Pulsed Amperometric Detector

(HPAEC-PAD) Analysis. The adsorption of WSSP-AGP during
anion-exchange column chromatography strongly indicates the presence
of some uronic acids. We performed HPAEC-PAD analysis to identify
sugars according to the following procedures. The purified polysaccharide
was partially hydrolyzed with 90% (v/v) formic acid at 100 �C for 6 h, and
the formic acid was removed by evaporation in vacuo. Then, the hydro-
lysate was completely hydrolyzed with 2 M TFA at 100 �C for 6 h. After
removal of TFA by evaporation in vacuo, the sample was injected into a
CarboPak PA-1 column (250� 4mm i.d., Dionex Inc., Osaka, Japan) and
eluted at a flow rate of 1.0 mL/min with 0.20MNaOH for 5 min followed
by a linear gradient from 0 to 0.45MNaOAc in 0.20MNaOH for 30min.
The effluent was monitored with the PAD Dionex DXc-500 system, and
peaks were identified by comparing their retention times to those of the
standard sugars: R-L-Rha, R-L-Ara, β-D-Gal, and β-D-glucuronic acid
(β-D-GlcA).

AminoAcid Analysis.Amino acid analysis was performed at TORAY
Research Center, Inc. A sample was hydrolyzed at 110 �C for 22 h with
6 M HCl and analyzed by an L-8800 amino acid analyzer (Hitachi
High-Technologies Co., Tokyo, Japan). Each peak was identified by com-
paring its retention time to those of the standard amino acids.

Methylation Analysis. After double methylation according to the
method of Ciucanu and Kerek (16) and hydrolysis, following the same
procedures as described for the analysis of sugars composition, the per-
methylated polysaccharide was converted to partially methylated alditol
acetates by an additional treatment with acetic anhydride in an equal
volume of pyridine at 120 �C for 2 h (15). These derivatives were analyzed
and quantified by GC-MS (GCMS-QP5000, Shimadzu Co.) and used to

analyze component sugars under the following conditions: column,
DB-225 J&W GC (30 m � 0.15 μm � 0.25 μm i.d., Agilent Technologies
Japan Ltd.); column oven, 170 �C for 5 min followed by a linear gradient
from 170 to 210 �C for 20 min (at 2 �C/min); syringe needle temperature,
170 �C; and detector temperature, 230 �C. Identification of linkages was
made by comparison to the mass spectra of known standards (17).

Partial Acidic Hydrolysis and Separation of the Hydrolysate.

WSSP-AGP (ca. 100 mg) was partly hydrolyzed with 0.01, 0.05, and
0.10MTFA (ca. 50mL) at 100 �C for 1 h.After neutralizationwithNaOH
solution, each hydrolysate was fractionated by injection into a size exclu-
sion column chromatograph using Toyopearl HW-65S (860 � 40 mm i.d.;
Tosoh Co.) and eluted at a flow rate of 1.0 mL/min with distilled water.
Fractions (17 mL/tube) were collected, and the effluent was monitored
by UV absorption at 280 nm and the phenol-sulfuric acid method (14)
at 490 nm. After freeze-drying, we obtained partially degraded poly-
saccharide and low molecular weight compounds. The high molecular
weight (HMW) fractions obtained from the hydrolysates with 0.01, 0.05,
and 0.10 M TFA were 67.0, 36.8, and 26.6 mg, respectively. The latter
compounds, separated from the WSSP-AGP hydrolyzed with 0.01 and
0.05 M TFA, were fractionated by HPLC (Shimadzu Co.) by injection
into an ODS column chromatograph (DaisoPak SP-120-5-ODS-BP,
250 � 20 mm i.d.; Daiso Co. Ltd., Osaka, Japan) and eluted at a flow
rate of 5.0 mL/min with distilled water. Each fraction containing oligo-
saccharides was collected and the effluent monitored with a refractive
index detector.

Mass Spectrometry (MS) Analysis of Low Molecular Weight

Fractions from the Hydrolysates of WSSP-AGP.MS analysis of the
low molecular weight (LMW) fractions from the WSSP-AGP hydrolyzed
with TFA was performed using a Varian 1200/1200 L system equipped
with a Varian 1200 L MS/MS (Varian Technologies Japan Ltd., Tokyo,
Japan) by the flow injection method (flow rate at 20 μL/min). The
operating conditions were as follows: ion mode, positive electrospray
ionization (ESIþ); needle voltage, 3.5 kV; shield voltage, 250 V; cone
voltage, 45 V; nebulizing gas, nitrogen (52 psi); drying gas, nitrogen
(250 �C, 20 psi); andmass range,m/z 100-1500.Hydrolysate samples with
0.01 and 0.05 M TFA were dissolved in 20% MeOH and in 20% MeOH
containing 0.25% (v/v) formic acid, respectively, and were analyzed.

NMR Spectroscopy.
1H and 13C NMR spectra were recorded on

JEOL 400 MHz (JNM-AL400) and 600 MHz spectrometers (JNM-
ECA600). Each sample (includingWSSP-AGP, the HMW fractions from
the hydrolysates with 0.01 and 0.10 M TFA) was dissolved in D2O
(2.3-4.0 w/v %) and examined at 80 �C in a 5 mm o.d. tube. Chemical
shifts were measured in reference to internal DMSO (δH 2.49, δC 39.5
relative to TMS). The resolution-enhanced 1H NMR spectrum was
recorded with a spectral width of 11000 Hz in 16000 complex data points.
H-decoupled 99.45MHz 13CNMR spectra were recorded; 32000 complex
data points were collected. Prior to FT, noise was reduced using expo-
nential multiplication. DEPT spectra were recorded in 4000 complex data
points. 1H-1H COSY spectra were recorded with a total of 512 spectra of
512 data points with 112 scans/t1 increment and 1700 Hz width in each
dimension.HMQC spectra were recordedwith a 1H frequency of 395.75MHz
(99.5MHz for 13C), 1400Hzwidth for t2 and 18000Hzwidth for t1. A total
of 256 spectra of 256 data points with 720 scans/t1 increment were recorded.
The HMBC spectra were recorded at a 1H frequency of 600 MHz
(150 MHz for 13C) with spectral widths of 5400 Hz for t2 and 38000 Hz
for t1. A total of 256 spectra of 2000 data points with 32 scans per t1
increment were recorded.

Animals. Twenty-four male KKAy mice (5 weeks old) were purchased
from CLEA Japan Inc. The mice were housed in an air-conditioned room
controlled at 24 ( 2 �C and a relative humidity of 50 ( 10% with a 12 h
light/dark cycle. They were fed on standard chow (CE-2, CLEA Japan
Inc., Tokyo, Japan) and tap water ad libitum throughout the experiment.
This study was carried out in accordance with Guideline for Animal
Experimentation No. 88, established by the Prime Minister’s Office of
Japan in 2006.

Effect of Continuous Ingestion of WSSP-AGP in KKA
y
Mice.

The mice were randomly divided into three groups of eight animals on the
basis of FPG levels after a week of acclimatization. Each group was orally
given WSSP-cortex at a dose of 200 mg/kg and WSSP-AGP at a dose of
40 mg/kg daily for 6 weeks, whereas the control group was given only
water. Each test sample was freeze-dried and powdered before the
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experiment and dissolved in water. Blood samples were collected from the
tail vein of each animal every week, and plasma samples were obtained by
centrifugation. FPG was measured using plasma samples and a Glucose
CII-test Wako (Wako Pure Chemical Industries, Ltd.).

Statistical Analysis. All data were expressed as mean( SD. Statisti-
cal analysis was performed with Turkey-Kramer’s multiple-comparison
test using Excel add-in software Statcel2 to determine significant differ-
ences. P < 0.05 was considered to be significant.

RESULTS AND DISCUSSION

A WSSP-AGP from the tuberous cortex of I. batatas L. was
isolated by the following procedures: (1) extraction of the dried
cortex ofWSSPwithwater at room temperature, (2) precipitation
by adding solid ammonium sulfate for removal of proteins,
(3) separation using hydrophobic interaction column chromatog-
raphy (Toyopearl Butyl-650M) to obtain a crude polysaccharide
fraction, and (4) purification by anion-exchange column chro-
matography (Toyopearl SuperQ-650M). The purified polysac-
charide had a negative specific rotation [R]D20 -37.1 (c 0.21,
water). ItsMw was 126800 g/mol (estimated using SEC-MALLS).
GC and HPAEC-PAD analyses identified its sugar components
as R-L-Rha, R-L-Ara, β-D-Gal, and β-D-GlcA in a molar ratio of
1.0:4.1:7.6:1.3. This constituent contained 5% (w/w) protein
composed of 17 kinds of amino acids. The major components
were hydroxyproline (Hyp) 24.5 mol%, alanine (Ala) 18.2 mol %,
and serine (Ser) 13.7mol% (Table 1). This strongly indicates that
this compound is a kind of arabinogalactan-protein (AGP).

The result of methylation analysis for WSSP-AGP is shown in
Table 2. 2,3,5-Tri- and 2,3-di-O-methyl-L-arabinose made up
most of the detected R-L-Araf residues and were identified
as follows: R-L-Araf-(1f (39.2 mol %) and f5)-R-L-Araf-(1f
(15.1 mol %), respectively. A smaller amount of 2-O-methyl-
L-arabinose was also detected and identified as f3, 5)-R-L-
Araf-(1f (1.7 mol %). With regard to the β-D-Galp residues,
2,3,4,6-tetra-, 2,4,6-tri-, 2,3,4-tri-, and 2,4-di-O-methyl D-galactose
were detected and identified as β-D-Galp-(1f (1.7 mol %),
f3)-β-D-Galp-(1f (9.3mol%),f6)-β-D-Galp-(1f (4.6 mol%),
andf3, 6)-β-D-Galp-(1f (28.4mol%), respectively.Abackbone
could be (1f3)-β-D-galactan, because the content of 3-linkedβ-D-
Galp residues was higher than that of 6-linked β-D-Galp residues.

No derivatives from R-L-Rhap residue were observed. The
methylation analysis in this paper could not give information
on the linkage of D-GlcAp residue.

To investigate the structure further, we carried out 1D and 2D
NMR experiments. Figure 1 shows a 1H NMR spectrum of
WSSP-AGP. The anomeric region (δH 4.2-5.1) in the spectrum
contains some sharp and overlapping signals, which were as-
signed by a 1H-1H COSY experiment. Those of sugar residues
were arbitrarily labeled a-h as shown in Figure 1. On the basis of
their observed chemical shifts, δH 5.04 was assigned to a and b,
δH 4.86 to c, δH δ 4.61 to d, δH 4.39-4.48 to e, δH 4.27-4.31 to f,
δH 4.28 to g, and δH 4.24-4.25 to h. The 13C NMR spectrum
also showed signals in the anomeric region (δC 100-111), and
δC 109.4 was assigned to a and b, δC 108.0 to c, δC 101.1 to d, δC
103.8-104.2 to e and f, δC 103.1 to g, and δC 103.6 to h (Figure 2).
The DEPT experiment revealed that δC 61.6 was assigned to
methylene signals of the C-5 of a and c, and δC 62.0 was assigned
to C-6 of β-D-Galp-(1f and f3)-β-D-Galp-(1f. In addition, two
methylene signals ofC-5ofb,f5)-R-L-Araf-(1f, andC-6of fandh,
f3, 6)-β-D-Galp-(1f andf6)-β-D-Galp-(1f, appeared as negative
peaks at δC 67.5, 69.1-69.3, and 69.4-69.7, respectively. These
assignments were consistent with the downfield shift associatedwith
substitutionat theC-5andC-6positions.Cross-peaks in theHMQC
spectrum revealed that δC 79.8 was assigned to C-4 of g, f4)-β-D-
GlcAp-(1f, and δC 80.6 was assigned to C-3 of e and f,f3, 6)-β-D-
Galp-(1f. This suggests the following residues: a, R-L-Araf-(1f;
b, f5)-R-L-Araf-(1f; c, R-L-Araf-(1f linked at the O-5 position
of f5)-R-L-Araf-(1f; d, R-L-Rhap-(1f; f, f3, 6)-β-D-Galp-(1f;
g,f4)-β-D-GlcAp-(1f; and h,f6)-β-D-Galp-(1f (Table 3). In the
HMBCspectrumofWSSP-AGP, several cross-peakswereobserved
(Figure 3). Five of them could be assigned to glycosidic linkages
[(aH-1, fC-3) to a1ff3, (cH-1, bC-5) to c1fb5, (dH-1, gC-4) to
d1fg4, (gH-1, h C-6) to g1fh6, and (fH-1, f C-6) to f1ff6]. The
correlation of a1ff3 suggested that R-L-Araf-(1f and f5)-R-L-
Araf-(1fwere attached toC-3 (δC80.6) off3, 6)-β-D-Galp-(1f, in
accordance with the previous assignment of branched structure
of β-D-galactan attached with R-L-Araf (18-21). The cross-peak
c1fb5 indicates the existence of an R-L-Araf-(1f5)-R-L-Araf-(1f.
Although a and c were assigned to R-L-Araf-(1f residues, a is
attached to the O-3 position of f3, 6)-β-D-Galp-(1f, whereas c is
attached to the O-5 position off5)-R-L-Araf-(1f. A cross-peak of
d1fg4 suggested the existence ofR-L-Rhap-(1f4)-β-D-GlcAp-(1f,
although the R-L-Rhap residue was not detected in methylation

Table 1. Amino Acid Composition of WSSP-AGP

amino acid composition (mol %) amino acid composition (mol %)

aspartic acid 5.6 leucine 2.8

threonine 8.4 tyrosine 0.6

serine 13.7 phenylalanine 1.1

glutamic acid 5.1 lysine 2.8

glycine 5.1 histidine 0.9

alanine 18.2 arginine 0.6

valine 5.0 hydroxyproline 24.5

methionine 0.6 proline 2.8

isoleucine 2.2

total 100.0

Table 2. Methylation Analysis of WSSP-AGP

methylated sugar linkage type molar ratio major mass fragments (m/z)

2,3,5-Me3-Ara Ara-(1f 22.4 87, 101,117, 129, 161

2,3-Me2-Ara f5)-Ara-(1f 8.6 87, 101, 117, 129, 189

2-Me-Ara f3, 5)-Ara-(1f 1.0 85, 99, 117, 127, 159

2,3,4,6-Me4-Gal Gal-(1f 1.0 87, 101, 117, 129, 145, 161, 205

2,4,6-Me3-Gal f3)-Gal-(1f 5.3 87, 101, 117, 129, 161, 233

2,3,4-Me3-Gal f6)-Gal-(1f 2.6 87, 101, 117, 129, 161, 189, 233

2,4-Me2-Gal f3, 6)-Gal-(1f 16.2 87, 101, 117, 129, 189, 233

Figure 1. 1H NMR spectrum of WSSP-AGP recorded on a 400 MHz
spectrometer in D2O at 80 �C.
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analysis. The correlation between H-1 (δH 4.61) of the R-L-Rhap
residue and C-4 (δC 79.8) off4)-β-D-GlcAp-(1fwas not observed
for the HMW fraction from the hydrolysate. This suggests that the
d, R-L-Rhap, residue is present only as a terminating group. The
correlation between f, f3, 6)-β-D-Galp-(1f (δH 4.27-4.31), and
C-6 (δC69.1-69.3) of theβ-D-Galp residues indicates as follows:C-3

positions of fwere attachednot toβ-D-Galp residues but toR-L-Araf
residues. Residue g,f4)-β-D-GlcAp-(1f (δH 4.28), only correlated
with theC-6 (δC69.4-69.7) of h,f6)-β-D-Galp-(1f, and theC-6of
(1f6)-β-D-galactan was attached to R-L-Rhap-(1f4)-β-D-GlcAp-
(1f as a terminal residue.

On the other hand, only one cross-peak was observed between
proton e (δH 4.39-4.48) and anomeric carbons (δH 103.8-104.2)
in the HMQC spectrum and the 1H-1H COSY and HMBC
spectra showed no correlation with e or the others. As shown in

Figure 2. 13C NMR spectrum of WSSP-AGP recorded on a 400 MHz spectrometer in D2O at 80 �C.

Table 3. Assignment of 1H and 13C NMR Spectra of WSSP-AGP

chemical shift (ppm)

residue 1 2 3 4 5 6

a, Ara-(1fa 1H 5.04 3.97 3.74 3.92 3.50, 3.59
13C 109.4 81.8 77.2 84.6 61.6

b, f5)-Ara-(1f 1H 5.04 3.97 3.81 4.00 3.60, 3.68
13C 109.4 81.8 77.3 81.8 67.5

c, Ara-(1fa 1H 4.86 3.92 3.74 4.00 3.50, 3.59
13C 108.0 81.5 77.2 81.8 61.6

d, Rha-(1f 1H 4.61 3.72 3.55 3.22 3.79 1.05
13C 101.1 70.9 70.8 72.7 69.0 17.2

e, f3,6)-Gal-(1fb 1H 4.39-4.48 NAc 3.55-3.59 NA NA NA
13C 103.8-104.2 NA 80.6 NA NA NA

f, f3,6)-Gal-(1fb 1H 4.27-4.31 3.43 3.55-3.59 3.93 3.74 3.89-4.06
13C 103.8-104.2 70.4 80.6 69.0 73.9 69.1-69.3

g, f4)-GlcA-(1f 1H 4.28 3.17 3.37 3.42 3.55
13C 103.1 74.0 75.1 79.8 70.9 174.9

h, f6)-Gal-(1f 1H 4.24-4.25 3.34 3.48 3.92 3.75 3.79-3.86
13C 103.6 71.4 73.3 69.0 73.9 69.4-69.7

aResidue a was a terminal arabinosyl residue attached to the O-3 position of the
galactosyl residues, whereas residue cwas a terminal arabinosyl residue attached to
the O-5 position of the arabinosyl residue of b. bResidues e and fwere assigned to a
backbone core, (1f3)-β-D-galactan, and side chain, (1f6)-β-D-galactan, respec-
tively. cNot assigned.

Figure 3. HMBC spectrum of WSSP-AGP recorded on a 600 MHz
spectrometer in D2O at 80 �C.
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Figure 1, the signal had a very broad shape, which was presum-
ably caused by increased steric hindrance due to high branching.
The WSSP-AGP was partly degraded by acid hydrolysis and
broken into low molecular weight components, which were
analyzed by 1D and 2D NMR spectra. The 1H NMR spectra
of the HMW fractions from 0.01 and 0.10 M TFA hydrolysates
are shown in panelsB andC, respectively, ofFigure 4. These show
a significant decrease in anomeric protons (δH 4.61-5.04) corre-
sponding to R-L-Araf and R-L-Rhap residues associated with the
rise in TFA concentration when compared with that of WSSP-
AGP. This result suggests that outside chains composed of R-L-
Araf and R-L-Rhap residues may be selectively hydrolyzed and
removed from the polysaccharide chain of WSSP-AGP. In
Figure 4C, the signals at 4.47 ppm and 4.41 ppm were labeled
e1 and e2, respectively. The 1H-1H COSY spectra suggest that
e1 and e2 were derived from (1f3)-β-D-galactan composed of
f3, 6)-β-D-Galp-(1f and f3)-β-D-Galp-(1f. In addition, the
HMBC spectrum of the HMW fraction from 0.10 M TFA
hydrolysate clearly showed a cross-peak between e1 and C-3
(δC 80.6) of the β-D-galactan. The same correlation was detected
for e2, although it was weak. The findings in this experiment
suggest that e1 and e2 (corresponding to e) can be attributed to the
(1f3)-β-D-galactan backbone.

The HPAEC-PAD chromatograms of the LMW fractions
from 0.01, 0.05, and 0.10 M TFA hydrolysates are shown in
spectraA,B, andC, respectively, ofFigure 5. A peakwas detected
at 13.70 min in the 0.01 M TFA hydrolysate chromatogram
(Figure 5A), but not in the other two (Figure 5B,C). MS analysis
suggested that this peak corresponds to an arabinobiose, because
the MS spectrum contained a peak at m/z 305.3 attributed to
[Ara2 þNa]þ. Many peaks detected at 5-15 min were similar to
those in the spectra reported by Yamada et al. (22). These peaks
were assigned to a series of 6-linked galactosyl oligosaccharides
by MALDI-TOF-MS analysis. Therefore, their peaks shown in
Figure 5B and 5C may correspond to 6-linked β-D-Galp resi-
dues. With regard to the several peaks detected at 17-18 min
(Figure 5B,C), MS analysis of this fraction showed that m/z 365.1,
527.2, 689.3, and 851.4 could correspond to [Rha- GlcAþ Naþ
2H]þ, [Rha-GlcA-GalþNaþ 2H]þ, [Rha-GlcA-Gal2þ
Naþ 2H]þ, and [Rha- GlcA-Gal3þ Naþ 2H]þ, respectively.
This suggests that β-D-GlcAp residues formed oligomers with
R-L-Rhap residues and also supports the identification of partial
structures of side chains.

On the basis of the above, five possible partial structures are
shown in Figure 6. WSSP-AGP has the following structural
features: a partial structure 1, a (1f3)-β-D-galactan backbone
highly substituted at O-6 with additional β-galactosyl units such
as partial structure 2, (1f6)-β-D-galactan containing partial
structures 3-5. The structure of WSSP-AGP is similar to those
of Acacia senegal (20), Nicotiana spp. (19, 21), and the coffee
bean (23).

AGPs are well-known as potential immunological modula-
tors (22, 24), although there is little direct evidence for their
antidiabetic influence. The hypoglycemic effects in alloxan-
induced diabetic rabbits of AGPs from green tea (25) and the
fruit of Lycium barbarum (26, 27) have already been studied.
However, their structural characterization such as composition of
sugars and linkage of each sugar residue is not known in detail.
AGP isolated from Acacia senegal, the structure of which is
understood in detail (28), has no hypoglycemic effect in diabetic
model animals (29). The hypoglycemic effect of AGP is not com-
pletely understood. Thus, we orally administered WSSP-AGP to
KKAymice for 6 weeks. As shown inFigure 7, FPG after 4 weeks
in theWSSP-AGPgroup (4weeks, 302.7( 77.7mg/dL*; 5weeks,
311.6 ( 63.9 mg/dL*; and 6 weeks, 305.4 ( 76.9 mg/dL*)
was significantly lower than that of the control group (4 weeks,
392.4( 77.3 mg/dL; 5 weeks, 405.2( 103.0 mg/dL; and 6 weeks,
395.8( 86.7mg/dL). This suggests thatWSSP-AGPhas a crucial
role in the hypoglycemic effect of WSSP.

In recent years, it has been theorized that changes in gut
microflora and inflammation are closely related to the appear-
ance and development of obesity and diabetes (30-33).We found
that WSSP-AGP is selectively fermented by one of the beneficial

Figure 4. 1H NMR spectra of WSSP-AGP and high molecular weight
fractions from the hydrolysates recorded on a 400 MHz spectrometer
in D2O at 80 �C. Spectra represent the WSSP-AGP (A) and HMW frac-
tions from the WSSP-AGP hydrolyzed with 0.01 M TFA (B) or with 0.10 M
TFA (C).

Figure 5. HPAEC-PAD chromatograms of the low molecular weight
fractions from the hydrolysates of WSSP-AGP. Each chromatogram
represents the LMW fraction of the WSSP-AGP hydrolyzed with 0.01 M
TFA (A), 0.05 M TFA (B), or 0.10 M TFA (C), respectively.

Figure 6. Partial structures of WSSP-AGP.
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bacteria,Bifidobacterium longum, isolated fromhumanmicroflora.
We also found that WSSP-AGP showed intestinal immunological
activity through Peyer’s patch, but how these biological facts can
be related to antidiabetic effects is a subject for further study.

In conclusion, we characterized an arabinogalactan-protein
that we isolated from WSSP. It is clear that this polysaccharide
shows the hypoglycemic effects of WSSP, although the mecha-
nism is not yet understood in detail. These studies are currently in
progress.
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