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Abstract—Detailed structures of the active polysaccharides extracted from the leaf and stem cell walls and mucilage of Dendrobium
huoshanense are determined by using various techniques, including chromatographic, spectroscopic, chemical, and enzymatic meth-
ods. The mucilage polysaccharide exhibits specific functions in activating murine splenocytes to produce several cytokines including
IFN-c, IL-10, IL-6, and IL-1a, as well as hematopoietic growth factors GM-CSF and G-CSF. However, the deacetylated mucilage
obtained from an alkaline treatment fails to induce cytokine production. The structure and bioactivity of mucilage components are
validated by further fractionation. This is the first study that provides clear evidence for the structure and activity relationship of the
polysaccharide in D. huoshanense.
� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Dendrobium huoshanense, Orchidaceae, is a precious her-
bal plant in Chinese traditional medicine.1 The sections
of the stem were used for the treatment of salivary,
stomach, and ophthalmic disorders. It has slow growth
rate and excessive harvesting has left it critically endan-
gered in China. Among the species in the polymorphic
Dendrobium genus, most studies have focused on small
molecules with proved bioactivity, which included the
structural types of bibenzyl, phenanthrene, anthracene,
fluorene, coumarin, flavone, cinnamate, sesquiterpene,
sterol, fatty acid, and alkaloids.2–13 In contrast, the
polysaccharide constituents were much less investi-
gated,14 even though many plant polysaccharides have
already shown to trigger immuno-modulatory activi-
ties.15–17 In this paper, we report the polysaccharide
constituents isolated from the leaves and stems of
D. huoshanense, and their immuno-modulatory effects
in mice splenocytes.
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2. Results and discussion

2.1. Material and separation procedure

The plant material of D. huoshanense was obtained from
Yuen-Foong-Yu Biotech Co., Taiwan.18 A flowchart
describing the isolation of polysaccharides from cell wall
and mucilage of D. huoshanense is shown in Figure 1. The
tissues containing non-lignified primary cell walls were
collected from leaves and stems at 4 �C. The alcohol-
insoluble residue (AIR) was treated with porcine pancre-
atic-amylase to remove starch. The de-starched cell walls
were fractionated by a sequence of extraction using
CDTA (cyclohexane-1,2-diamine tetraacetate), Na2CO3,
1 M KOH, and 4 M KOH, as described previously.19 The
remaining insoluble residue was accounted for the a-cellu-
lose fraction. The mucilage polysaccharides collected
from leaves and stems did not contain any starch granule
as shown by the test with potassium iodide.

2.2. Monosaccharide composition of cell wall

The cell-wall AIR preparation and individual fractions
were subjected to hydrolysis with trifluoroacetic acid
to release monosaccharides, which were subsequently re-
duced by NaBH4 and acetylated by Ac2O to give the
corresponding alditol peracetates. The composition of
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Figure 1. Flowchart describing isolation of polysaccharides from D. huoshanense.
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neutral monosaccharides correlated with that of alditol
peracetates as determined by the GC–MS analysis (Ta-
ble 1). The major constituents in the primary non-ligni-
fied cell walls of leaves were Ara, Man, Glc, and Gal,
with small proportions of Xyl, Rha, and Fuc. On the
other hand, the primary cell walls of stems contained
mainly Xyl, Glc, Man, and Gal, small proportions of
Ara and Rha, and a trace amount of Fuc. It was noted
that a greater proportion of Xyl was found in stem
(28 mol %) than in leaf (7 mol %) cell-wall hydrolysates,
but smaller proportion of Ara in stem (9 mol %) than in
leaf (22 mol %). The uronic acid contents in the cell-wall
preparations of leaves and stems were 11 mol % and
4 mol %, respectively.
Table 1. Composition of neutral monosaccharides and uronic acids in cell wa

Neutral monosaccharidesa

Tb Rha Fuc Ara Xyl Man

Leaves

AIRc 89 3 3 22 7 21

CDTAd 82 3 <0.5 25 <0.5 35

Na2CO3
e 91 <0.5 — 23 6 18

1 M KOHf 89 — 2 17 28 20

4 M KOHg 78 — 6 5 17 10

Stems

AIR 96 1 <0.5 9 28 19

CDTA 73 <0.5 <0.5 11 <0.5 27

Na2CO3 76 1 <0.5 27 3 7

1 M KOH 94 — — 1 65 <0.5

4 M KOH 94 — 2 3 24 14

a Composition in mol % as average of duplicate determinations.
b Total content in mol %.
c Alcohol insoluble residue.
d The fraction obtained by extraction with trans-cyclohexane-1,2-diamine-tet
e The fraction obtained by extraction with Na2CO3 + 25 mM NaBH4.
f The fraction obtained by extraction with 1 M KOH + 25 mM NaBH4.
g The fraction obtained by extraction with 4 M KOH + 25 mM NaBH4.
Both the CDTA and Na2CO3 fractions from leaf and
stem cell-wall preparations contained large proportions
of Man, Gal, and Ara. Much greater amounts of Xyl ex-
isted in the 1 M KOH fractions of leaf (28 mol %) and
stem (65 mol %) than in the CDTA and Na2CO3 frac-
tions. Glucose was the major component in the 4 M
KOH fractions of leaf (28 mol %) and stem (41 mol
%). Three uronic acids were found; galacturonic acid
(GalA) predominated in the CDTA and Na2CO3 frac-
tions, whereas glucuronic acid (GlcA) and 4-O-methyl
glucuronic acid (MeGlcA) existed in small amounts. In
the 1 and 4 M KOH fractions of leaves, the content of
GlcA was higher than MeGlcA, while the opposite
was observed in stems.
lls and individual fractions from the leaves and stems of D. huoshanense

Uronic acidsa

Gal Glc Tb GalA GlcA MeGlcA

13 20 11 10 <0.5 1

13 4 18 18 <0.5 <0.5

34 10 9 9 <0.5 <0.5

9 13 5 <0.5 4 1

12 28 4 1 2 1

11 29 4 3 <0.5 1

28 5 27 23 <0.5 4

31 8 24 23 <0.5 1

19 9 6 2 <0.5 4

10 41 6 3 1 2

raacetate.
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GalA is characteristic of the presence of pectic polysac-
charides, and the presence of both GlcA and 4-O-methyl
GlcA is typical in heteroxylans.20 Our results indicated
that a high proportion of pectic polysaccharides existed
in both the CDTA and Na2CO3 fractions, whereas a
large amount of heteroxylan existed in the KOH
fractions.

2.3. Linkage analysis of the cell-wall fractions

Glycosyl linkages between monosaccharide residues
provided information for the structure of polysaccha-
rides.20 The glycosyl linkages of the cell-wall fractions
in leaves and stems of D. huoshanense are summa-
rized in Table 2. In the CDTA fractions of leaves
and stems cell-wall preparations, mannose in the
form of 4-Manp and 4,6-Manp was most abundant.
Along with the high proportions of t-Galf, 4-Galf,
t-Araf, and 5-Araf, the composition of CDTA frac-
tions was characterized by galactomannans, galactans,
and arabinans (where ‘t’ represents the terminal posi-
tion of sugars at the non-reducing end). The small
amount of 2-Rhap found in the CDTA fractions
might be attributed to the presence of rhamnogalac-
turonans I (RG I).21

The glycosyl-linkage compositions in the Na2CO3 frac-
tions were similar to those in CDTA fractions, albeit
with much greater proportions of 4-Galp and smaller
proportions of 4-Manp and 4,6-Manp. The presence of
galactomannans in the pectic fractions (CDTA + Na2-

CO3 extractions) of D. huoshanense cell-wall prepara-
Table 2. Glycosyl-linkage composition in the cell-wall fractions of D. huosh

Glycosyl linkage Leaves

CDTA Na2CO3 1 M KOH 4 M K

2-Rhap 2.6 1.4 0.2 —

t-Fucp 1.3 — 0.1 1.4

t-Araf 9.3 6.7 11.3 1.4

2-Araf 2.3 2.1 3.9 —

3,5-Araf 1.9 5.9 — —

5-Araf 5.1 5.7 — —

t-Xylp 2.6 1.5 22.2 4.0

2-Xylp — — 0.5 2.6

3-Xylp — — 1.6 1.8

4-Xylp 1.8 2.2 14.7 11.9

2,4-Xylp — — 1.5 —

3,4-Xylp — 3.2 3.2 2.0

t-Galp 8.2 13.5 0.9 4.0

4-Galp 7.0 23.5 10.7 2.2

6-Galp 4.5 0.7 — —

2-Galp — — — 4.3

t-Glcp 0.6 1.6 2.8 1.2

2,3-Glcp 0.5 — — 1.0

3-Glcp — — — —

3,4-Glcp — — — 3.2

4-Glcp 7.3 7.4 6.1 39.0

4,6-Glcp — — 3.3 8.4

4-Manp 26.3 14.1 17.0 10.8

4,6-Manp 18.7 10.5 — 0.8

a The polysaccharide sample was subjected to a sequence of permethylation,

deuced from the GC–MS analysis of the resulting methylated alditol ace

determinations.
tions is interesting. According to a previous study, 22

the galactomannan of Leucaena leucocephala can form
complexes with divalent metal ions, for example, Co2+,
Mn2+, Ni2+, and Zn2+. It was possible that the leaf
and stem cell-wall preparations of D. huoshanense might
contain the complexes of galactomannan–metal ions,
which were subsequently extracted by CDTA and
Na2CO3 treatments.

High proportions of t-Xylp, 4-Xylp, and t-Araf glyco-
syl linkages were observed in the 1 M KOH fractions
of primary cell-wall preparations of D. huoshanense.
Along with the presence of GlcA and 4-O-methyl
GlcA in high proportions (Table 1), trace amount
of glucuronoarabinoxylans (GAXs) was observed.23

Unbranched 4-Xylp linkage predominated in the
GAXs of D. huoshanense. In comparison, the GAXs
found in the primary cell walls of maize (Zea mays,
Poaceae) and pineapple (Ananas comosus, Bromelia-
ceae) contain high proportions of branched 2,4-Xylp
and 3,4-Xylp glycosyl linkages.24–26 Furthermore, the
GAXs in D. huoshanense differed from that in grasses
and pineapple by having no ester-linked hydroxycin-
namic acid.27

The presence of xyloglucans in the KOH fractions of
leaves and stems was indicated by the predominant gly-
cosyl linkages of t-Xylp, 2-Xylp, 4-Glcp, and 4,6-Glcp
(see Section 2.6). The presence of t-Fucp indicated that
the xyloglucans might be fucosylated. A large amount
of 4-Manp glycosyl linkage might be attributable to
mannans or glucomannans.
anensea

Stems

OH CDTA Na2CO3 1 M KOH 4 M KOH

2.6 — — —

— — 0.1 0.3

7.1 13.1 7.4 3.5

2.3 2.3 1.5 —

6.6 8.0 — —

2.8 3.2 — —

4.3 4.9 8.8 2.6

— — 2.2 4.3

— — 4.5 0.7

0.8 1.9 30.0 13.0

— — 3.2 —

— — 4.8 2.7

5.4 8.5 5.7 7.3

10.1 34.4 13.4 4.1

3.2 — — —

— — — 7.4

5.2 4.2 1.6 1.9

— — — 4.1

— — — 0.8

— — — 6.0

7.7 7.0 6.4 18.9

— — 9.8 8.9

20.9 9.4 0.6 13.5

21.0 3.1 — —

hydrolysis, reduction, and peracetylation, and the glycosyl linkage was

tates. The data in mole percentage (mol %) are average of duplicate
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2.4. Analysis of the pectic polysaccharides in CDTA
fractions

The above-mentioned analyses of the uronic acid com-
position and glycosyl linkages indicated the presence
of pectic polysaccharides in the CDTA fractions. We
further investigated the structure of such pectic polysac-
charides by enzymatic digestion and spectral studies.
The CDTA fractions of leaf and stem cell-wall prepara-
tions were treated with polygalacturonanase to digest
the pectins. The mass spectral analysis of the enzymatic
digests indicated the presence of oligogalaturonides in
4–15 degrees of polymerization (DP) containing varied
degrees of methyl groups. These oligogalaturonides
could be derived from homogalacturonans (HGAs),
which consisted of the methyl ester of GalA.28 The pec-
tins isolated from Angelica auctiloba and Plantogo major
were shown to have anti-complement effect.29,30 The
plants Noni (Morinda citrifolia) and Panax notoginseng,
which contain high level of HGA, have medicinal appli-
cations.31,32 The high content of HGA in the pectin
components of D. huoshanense might potentially con-
tribute to its bioactivity.

In agreement with the structural deduction, the 1H
NMR spectrum (600 MHz) of the polysaccharides in
CDTA fractions showed an intense singlet at d 3.7 for
the methyl ester (CO2CH3) and a broad multiplet at d
4.3 attributable to the C-4 protons in GalA or its methyl
ester.33 In the 13C NMR spectrum, the signals for the
methyl ester appeared at d 52.7 (CH3) and 170.6
(C@O), whereas the corresponding carboxyl signal of
GalA occurred at d 172.6. The 1H NMR spectrum of
the pectic polysaccharides also showed a weak signal
of doublet at d 1.29 that might be ascribed as the methyl
group in rhamnose, of which the presence was shown by
composition and glycosyl-linkage analyses (Tables 1 and
2).

2.5. Analysis of the heteroxylans in 1 M KOH fractions

The 1 M KOH fraction of leaf cell-wall preparation was
hydrolyzed with the enzyme endo-(1! 4)-b-DD-xylanase,
and the released oligosaccharides were analyzed by mass
spectrometry. The characteristic signals at m/z 877,
1009, 1141, and 1273 correlated with the [M+Na]+ ions
of Pen5GlcA, Pen6GlcA, Pen7GlcA, and Pen8GlcA,
whereas the signals at m/z 1023 and 1155 were attributed
to the [M+Na]+ ions of Pen6MeGlcA and Pen7MeGlcA
(where Pen represents pentoside). These results were
consistent with the high contents of GlcA and MeGlcA
observed in the uronic acid analysis (Table 1). Similarly,
enzymatic digestion and MS analysis of the 1 M KOH
fraction of stem cell-wall preparation indicated the pres-
ence of the pentose oligomers of PenxGlcA (x = 5–9),
PenyMeGlcA (y = 4–9), and Penz(MeGlcA)2 (z = 5–
11). The pentose oligomers with substitution of (MeG-
lcA)2 disaccharide were found in stems only, but not
in leaves.

We also confirmed the presence of LL-arabinose at the
terminal of the oligosaccharides by treatment with a-LL-
arabinosidase. After the enzymatic removal of arabino-
syl residues, the overall mass profile for the GlcA- and
MeGlcA-substituted pentose oligomers did not change,
albeit all the [M+Na]+ ions showed a reduction of
132 Da in comparison with the original mass signals
for the sample without a-LL-arabinosidase treatment.
This experiment clearly indicated the presence of
mono-substituted arabinosyl residue at the terminal, a
characteristic of glucuronoarabinoxylans (GAXs).

2.6. Analysis of the xyloglucans in 4 M KOH fraction

The 4 M KOH fraction of leaf cell-wall preparation was
subject to enzymatic degradation by endo-(1! 4)-b-DD-
glucanase. The hydrolysate was analyzed by high pH an-
ion-exchange chromatography–pulsed amperometric
detection (HPAEC–PAD) and MALDI-TOF MS (Fig.
2) to show the presence of xyloglucans (XGs).34 The
[M+Na]+ ions in the MS spectrum corresponded to
XXG (m/z 791), XXGG (m/z 953), XXXG (m/z 1085),
XLXG/XXLG (m/z 1247), XXFG (m/z 1393), XLLG
(m/z 1409), and XLFG (m/z 1555), where G represents
the backbone Glc in b1,4-linkage, X represents the Xy-
l(a1,6)Glc unit, L represents Gal(b1,2)Xyl(a1,6)Glc, and
F represents Fuc(a1,2)Gal(b1,2)Xyl(a1,6)Glc.35 The
similar composition of XGs was found in the stem
cell-wall preparation of D. huoshanense. Our results
showed that the XGs of D. huoshanense have both
XXGG and XXXG backbones with fucosylated XG oli-
gosaccharides XXFG and XLFG. XGs with terminal
Fuc and Gal side chain have been shown to induce
anti-tumor activity in cell-based assays.36

2.7. Analysis of the polysaccharides in stem mucilage

The presence of glucomannan was confirmed by using
glucomannan assay kit (Megazyme, see Section 3.1).
The de-starched mucilage polysaccharide hydrolysate
was found to contain Man (79%) and Glc (21%) as de-
duced from the corresponding alditol acetates in the
GC–MS analyses. Accordingly, the mass spectrum of
endo-(1! 4)-b-DD-mannanase hydrolysate of the muci-
lage polysaccharide gave the molecular ions attributable
to glucomanno-oligosaccharides of 3–9 DP with partial
acetylation.

In agreement with the structural assignments of b-
(1! 4)-DD-Glcp and b-(1! 4)-DD-Manp, their anomeric
carbons appeared at d 102.8 (minor component) and
100.6 (major component), respectively.37 The degree of
acetylated mannose was estimated to be 25%. In addi-
tion to the signals at dH 2.20/dC 20.3 and dC 173.5 for
the acetyl group of 2-O-acetyl-b-(1! 4)-DD-mannose,
the minor signals (�5%) occurring at dH 2.05/dC 20.5
and dC 174.0 might be attributable to 3-O-acetyl-b-
(1! 4)-DD-mannose. Moreover, the mucilage polysac-
charide was subject to alkaline treatment to remove
acetyl groups. After dialysis, the heteronuclear single
quantum coherence (HSQC) spectrum of the deacety-
lated polysaccharide was recorded, and the 1H–13C sig-
nals were assigned according to the literature.38 The
HSQC spectrum clearly indicated that the deacetylated
mucilage polysaccharide was composed of (b1! 4)-
linked DD-Manp and (b1! 4)-linked DD-Glcp (Fig. 3).37



Figure 2. HPAEC–PAD chromatogram (left panel) and MALDI-TOF MS spectrum (right panel) of XG oligosaccharides released from the 4 M

KOH fraction of D. huoshanense leaf cell-wall preparation with treatment of endo-(1! 4)-b-DD-glucanase. The peak assignment was based on the

retention times of the XG oligosaccharide standards. G, Glc; X, Xyl–Glc; L, Gal–Xyl–Glc; F, Fuc–Gal–Xyl–Glc.
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2.8. Bioactivities of the polysaccharides and the deacet-
ylated polysaccharides from mucilage preparations

Dendrobium huoshanense has been reported as one of the
best Chinese medicines used for cell growth and immu-
no-modulatory activities; however, with only little scien-
tific evidence. We first used the MTS assay to determine
the cell proliferation effects of the polysaccharide frac-
tions from the different D. huoshanense structures. As
shown in Table 3, mice splenocytes incubated with muci-
lage fractions significantly grew faster than untreated
cells (154% for stem mucilage and 141% for leaf muci-
lage vs 100% for control cells). The effects are more
obvious compared with the glucomannan from konjac.
Both ivory nut mannan (15–80 DP) and mannose b-
(1! 4)-linked oligosaccharide (15 DP) were used for
Figure 3. HSQC spectrum of the deacetylation product from the glucomann
the cellular experiments, but no apparent bioactivity
was observed. The cytokine profiling of Dendrobium
mucilage indicated an increased expression of several
cytokines including IFN-c, IL-10, IL-6, and IL-1a. Sig-
nificant amounts of hematopoietic growth factors GM-
CSF and G-CSF were also induced.39 We further exam-
ined the dose-dependent effects of the stem mucilage
polysaccharide on the G-CSF and GM-CSF induction.
The stimulatory effects on the production of both fac-
tors were dose-dependent, up to 250 lg/mL (Fig. 4).

Most interestingly, we investigated whether structural
modification of stem mucilage polysaccharide by deacet-
ylation of 2-O-acetylglucomannan would affect its stim-
ulatory effect on cytokine production. Treatment of cells
with the deacetylated stem mucilage polysaccharide was
an of stem mucilage.
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Figure 5. Assessment of cytokines (G-CSF, IL-10, IFN-c, IL-6, GM-

CSF, and M-CSF) by RT-PCR on treatment of mouse splenocytes

with different drugs for 12 h. Lane 1, untreatment; lane 2, Con A (4 lg/

mL); lane 3, crude extract of D. huoshanense mucilage (100 lg/mL);

lane 4, fraction A (100 lg/mL); lane 5, fraction B (100 lg/mL); lane 6,

fraction C (100 lg/mL); lane 7, fraction D (100 lg/mL); lane 8, fraction

E (100 lg/mL); and lane 9, fraction F (100 lg/mL). Glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) is used as an internal control.

Table 3. Cell proliferation and cytokines induced by different polysaccharide fractions from D. huoshanense

Cell proliferation (%)a Cytokine quantitation (pg/mL)b

GM-CSF G-CSF IFN-c IL-10 IL-1a IL-6

Untreated cells 100 <50 <50 <50 <50 <50 <50

Con A 155 ± 5 408 ± 58 46 ± 9 1504 ± 387 590 ± 75 79 ± 42 511 ± 20

Glucomannanc 106 ± 2 NAe NAe <50 <50 117 ± 8 <50

Mannand 106 ± 2 NAe NAe <50 <50 92 ± 8 <50

Leave mucilage 141 ± 2 95 ± 17 582 ± 56 1563 ± 424 241 ± 9 322 ± 48 451 ± 23

Stem mucilage 154 ± 4 118 ± 18 660 ± 58 1465 ± 447 286 ± 30 260 ± 91 476 ± 17

Deacetyl-mucilage 100 ± 1 <50 <50 <50 <50 <50 <50

a Mice splenocytes (5 · 105) were incubated with 50 lg/mL of different polysaccharide fractions for 60 h, and then subjected to MTS assay as

described in Section 3.1. The OD at 492 nm of individual samples was normalized against the OD492 of the untreated cells, which were defined as

100% cell proliferation.
b After cells were incubated with 50 lg/mL of indicated preparations for 48 h, the culture medium was harvested and the cytokine production was

analyzed using Quantikine mouse ELISA kits.
c Glucomannan from konjac.
d Mannan from ivory nut (15–80 DP).
e Not available.
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Figure 4. The dose–response relationship of mucilage polysaccharide on the production of cytokines and hematopoietic growth factors. Mice

splenocytes (5 · 106 cells) were stimulated with Con A (2 lg/mL) or stem mucilage polysaccharide (2–250 lg/mL). After 48 h incubation, cell culture

supernatant was harvested and analyzed for (a) G-CSF and (b) GM-CSF production using the ELISA kits.
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found to maintain cell proliferation, but fail to induce
cytokine production (Table 3).

2.9. Validation of structure and bioactivity via fraction-
ation of mucilage components

The extract of mucilage was fractionated by anion-ex-
change chromatography on DEAE–cellulose (NH2

�

form) column. Elution with distilled water afforded
neutral polysaccharides, and the subsequent elution
with aqueous NaCl buffer gave the uronic and aldonic
acid containing polysaccharides. Six fractions were ob-
tained, and each fraction was subject to dialysis
(molecular-weight cutoff = 500) to remove salt. The
most potent fraction (6% of weight) in cytokines
expression was further separated by size-exclusion
chromatography on Sephacryl S-200 into fractions A
(31%), B (13%), C (18%), D (17%), E (8%), and F
(13%). The cytokines expressions of these polysaccha-
ride fractions were measured by the RT-PCR analyses
(Fig. 5). Though G-CSF was not induced by Con A
(lane 2), the cytokine expression on treatment with
the polysaccharides from mucilage (lane 3) and frac-
tions B–F (lanes 5–9) were confirmed. Fraction C is
more active than fraction B for IL-6, G-CSF, and
M-CSF, but fraction B is good for IL-6 (a B-cell stim-
ulatory factor).
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The composition and structure for the polysaccharide of
fraction B were rigorously determined by a combination
of chemical, enzymatic, and spectroscopic methods. The
polysaccharide of fraction B was subject to hydrolysis
with trifluoroacetic acid to release the monosaccharide
components, which were subsequently reduced by
NaBH4 and acetylated by Ac2O to give the correspond-
ing alditol peracetates. The GC–MS analysis of such
alditol peracetates correlated to the polysaccharide of
fraction B with the composition of mannose and glucose
in a ratio of 10:1. On the other hand, the polysaccharide
of fraction B was subjected to methylation, acid-cata-
lyzed hydrolysis, reduction and acetylation to give the
corresponding methylated alditol peracetates, which
was determined by GC–MS analysis to reveal the glyco-
syl linkages. By this method, the polysaccharide of frac-
tion B was deduced to have a backbone consisting of
(1! 4)-linked Manp and Glcp.

The degree of acetylation in the polysaccharide of frac-
tion B was determined by the NMR analysis (Fig. 6).
The NMR spectrum showed the characteristic anomeric
protons (H-1) for unacetylated mannopyranoside
(Man), 2-O-AcManp (Man24), and 3-O-AcManp
(Man34) at d 4.64–4.74, 4.93–4.82, and 4.74–4.81, respec-
tively, in a ratio of 66:19:15 deduced from the integra-
tion of individual Manp signals in the polysaccharide
of fraction B.

High performance size-exclusion chromatography
(HPSEC) coupled with RI and UV detection was used
Figure 7. Refractive-index profile of HPSEC analysis of the polysaccharides

Figure 6. 1H NMR spectrum of the polysaccharide of fraction B in D2O sh
to estimate the homogeneity and molecular weight of
the polysaccharide in fraction B. The retention times
on two different HPLC columns (Thermo BioBasic
SEC-1000 and TSK-GEL G3000 columns) were mea-
sured (Fig. 7), and the molecular weight of the dominant
component was estimated to be �10 kDa by calibration
with pullulan standards.

In an alternative approach, diffusion-ordered NMR
spectroscopy (DOSY) experiment was used to evaluate
the molecular weights of linear and slightly branched
water soluble uncharged polysaccharides.40–42 The rela-
tionship between the molecular weight (MW) of poly-
saccharide and self-diffusion coefficient (D) is shown in
the following equation:

D ¼ 8:2� 10�9 MW�0:50 ðm2 s�1Þ ð1Þ
The calibration curve of pullulan standards is estab-
lished to give an exponent value of 0.50, which is gener-
ally applied to other neutral polysaccharide systems.40

As to fraction B, the measured D value of �10.08 corre-
sponded to an average molecular weight of 9.7 kDa
(Fig. 8), in agreement with that deduced from the
HPSEC analysis. Thus, fraction B was attributable to
a glucomannan polysaccharide of �60 DP with partial
acetylation.

Nuclear Overhauser enhancement (NOE), which de-
pends on the interplay of proximal protons, provides
valuable information for assessment of molecular con-
in fraction B on the SEC-1000 column (a) and G-3000 column (b).

ows the ratio of Manp/2-O-AcManp/3-O-AcManp = 66:19:15.



Figure 8. DOSY spectroscopy of fraction B. The molecular weight of 9.7 kDa was deduced from the equation D = 8.2 · 10�9 MW�0.50 (m2 s�1) with

the diffusion coefficient of �10.08.
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formation and proton assignment. In general, intra-
molecular NOE signals were observed in the proton pair
having disposition of 1,3-diaxial or vicinal equatorial–
axial relationship in a pyranosyl ring. Thus, the anomer-
ic proton (H-1) in b-DD-mannoside would exert NOEs to
H-2, H-3, and H-5,43 whereas a-DD-mannoside would
show only a strong NOE between H-1 and H-2. Accord-
ingly, the polysaccharide of fraction B was determined
to contain the mannosides with b-linked configuration.
Thus, the H-1 resonance of unacetylated mannopyrano-
syl residues, which were linked to either mannopyrano-
Figure 9. The differential NOE spectrum of fraction B shows the mannoside
syl or glucopyranosyl residues, was selected for
irradiation to give the differential NOE spectrum (Fig.
9). The intra-residue NOEs with the H-2, H-3, and H-
5 in mannopyranoside and the inter-residue NOE with
the H-3 in glucopyranoside were observed. This result
was in agreement with the b-linked configuration of
mannosides in the glucomannan.

The acetyl groups in the polysaccharide of fraction B
were removed by alkaline treatment. The de-esterified
glucomannan was then subject to enzymatic digestion
units in the b-glycosidic linkage.



6062 Y. S.-Y. Hsieh et al. / Bioorg. Med. Chem. 16 (2008) 6054–6068
to determine the glycosidic linkages. After digestion
with endo-b-mannase or b-mannosidase, the hydroly-
sate was found to contain significant amounts of
mannose and oligomannosides in a series, by compar-
ison with the standards on HPAEC–PAD analyses.
In contrast, no free mannose was released by treat-
ment of the decetylated glucomannan with a-mannos-
idase. These enzyme assays thus confirmed the b-
linkage of mannosides in the polysaccharide of frac-
tion B.

The 2D-NMR spectra further provided information for
the structural assignment. Due to the deshielding effect
of acetyl group, three sets of H-2 in 2-O-acetylated b-
Manp units occurred at d 5.45, 5.42, and 5.36, whereas
two sets of H-2 in 3-O-acetylated b-Manp units ap-
peared at d 5.05 and 4.99. Correlations of the protons
with carbon signals were found by correlation spectros-
copy (COSY), total correlation spectroscopy (TOCSY),
HSQC, heteronuclear multiple bond correlation
(HMBC), and rotating-frame Overhauser effect spectra
(REOSY). The anomeric proton and carbon at the
reducing end of a-Manp residue was readily identified
at dH 5.14 and dC 94.4 in the HSQC spectrum of fraction
B. The (1! 4)-linked b-Glc residue was characterized
by the cross-peak between dH 4.48 and dC 102.8 in the
HSQC spectrum.

In addition to the intra-glycosidic correlations of proton
and carbon signals, the HMBC spectrum (Fig. 10) re-
vealed the inter-residue cross-peaks of the anomeric pro-
ton (H-1) with the C-4 of the adjacent saccharide unit
via the 3J-coupling. Thus, the HMBC spectrum mani-
fested the existence of the disaccharide units ManGlc,
ManMan, ManMan34, Man24Man24, Man24Man34,
Man34Man, and GlcMan.

In the ROESY spectrum (Fig. 11), the anomeric proton
(H-1) of acetylated b-Manp displayed three intra-residue
cross-peaks,44,45 namely H-1/H-2, H-1/H-3, and H-1/H-
5 due to their short spatial distances similar to those
found in the NOE spectrum (Fig. 9). In addition, the
sequential inter-residue correlations, such as ‘H-1(Man)-
/H-3(Man34)’ (d 4.68/5.05) and ‘H-1(Man24)/H-3-
(Man34)’ (d 4.84/4.99), also indicated a great population
of the fragments ManMan34 and Man24Man34.

On the basis of the afore-mentioned 1D- and 2D-NMR
spectral studies and by analogy to the previous relevant
reports,44,45 the 1H and 13C NMR spectral data of the
polysaccharide in fraction B are summarized in Table
4. A partial structure for the acetyl-glucomannan is ten-
tatively depicted in Figure 12 to account for the ratio of
glucoside to mannoside (�1:10) and the degree of acet-
ylation (�35%).

2.10. Conclusion

Our study indicates that the polysaccharides in the cell
wall and stem of D. huoshanense are mainly composed
of monosaccharides Xyl, Ara, Man, Glc, Gal, and
GalA, along with small proportions of Rha, Fuc,
GlcA, and 4-O-methyl GalA. The glycosyl linkages of
these monosaccharide residues were determined to give
an insight into the structure of polysaccharides. The
pectic fractions from the CDTA extraction of the cell
wall and stem polysaccharides were found to contain
galactomannans, galactans, arabinans, and rhamnogal-
acturonans I, whereas heteroxylan, glucuronoarabin-
oxylans, and xyloglucans existed in the KOH
fractions. Some xyloglucans are modified with terminal
fucose and Gal side chain. The stem mucilage contains
glucomannan in b-(1! 4)-DD-Glcp and b-(1! 4)-DD-
Manp linkages with partial acetylated mannosides at
the 2- and 3-position. Our study showed that the muci-
lage polysaccharide exhibited specific functions in mur-
ine splenocytes. The mucilage induced several
cytokines, including IFN-c, IL-10, IL-6, and IL-1a,
and hematopoietic growth factors GM-CSF and G-
CSF. However, the deacetylated mucilage obtained
from an alkaline treatment failed to induce cytokine
production.

The extract of mucilage was further fractionated by
chromatography on anion-exchange DEAE–cellulose
and Sephacryl size-exclusion columns. The bioactive
polysaccharide fraction B was determined to have an
average molecular weight of �10 kDa, and its composi-
tion and structure were rigorously determined by a com-
bination of chemical, enzymatic, and spectroscopic
methods. This is the first study that provides clear evi-
dence for the structure and activity relationship of the
polysaccharide in D. huoshanense.
3. Experimental

3.1. Materials

Dendrobium huoshanense cultivar YFY-HS1 (US Patent
No. PP16,746) was obtained from Yuen-Foong-Yu
Biotech Co., Ltd, Taiwan. Tamarind XG oligosaccha-
ride standards, the konjac glucomannan, the ivory
nut mannan, the polygalacturonanase from Aspergillus
niger (EC 3.2.1.15), endo-(1! 4)-b-DD-xylanase from
rumen microorganism (EC 3.2.1.8), endo-(1! 4)-b-DD-
mannanase from A. niger (EC 3.2.1.78), endo-(1! 4)-
b-DD-glucanase from Trichoderma sp. (EC 3.2.1.4), and
a-LL-arabinosidase from A. niger (EC 3.2.1.55), and glu-
comannan assay kit were purchased from Megazyme
International Ireland Ltd (Wicklow, Ireland).46 Pancre-
atic-amylase (EC 3.2.1.1) was purchased from Sigma–
Aldrich (St. Louis, MO 63103, USA). XG standards
the XXG, XXGG, XXFG, and XLFG were kindly gift
from Dr. Philip J. Harris (University of Auckland,
NZ). Concanavalin A (Con A, C5275) from Canavalia
ensiformis (Jack bean) and Lipopolysaccharide (LPS,
L6529) were obtained from Sigma Chemical Co. (Sig-
ma, St. Louis, MO). Complete medium for culture of
splenocytes was RPMI 1640 (Gibco, Grand Island,
NY) supplemented with 10% FCS (Hyclone, Logan,
UT), 0.05 mM 2-mercaptoethanol, and 1% penicillin–
streptomycin (Sigma). Sephacryl S-200 was purchased
from GE Healthcare, DEAE–cellulose was purchased
from Sigma–Aldrich, and dialysis membrane was pur-
chased from SPECTRUM.



Figure 10. HMBC spectrum of fraction B. (a) The cross-peaks in the region of d 5.55–4.45, and (b) the cross-peaks in the region of d 4.30–3.30.

Cross-peaks 1, H-2(Man)/C-3(Man); 2, H-2(Man34)/C-3(Man34); 3, H-4(Man34)/C-5(Man34); 4, H-2(Man)/C-4(Man); 5, H-4(Man34)/C-3(Man34); 6,

H-3(Man24)/C-5(Man24); 7, H-4(Man24)/C-3(Man24); 8, H-4(Man)/C-3(Man); 9, H-3(Man24)/C-2(Man24); 10, H-4(Man)/C-5(Man); 11, H-3(Man)/

C-4(Man); 12, H-4(Glc)/C-3(Glc); 13, H-3(Glc)/C-4(Glc); 14, H-5(Man34)/C-4(Man34); 15, H-2(Glc)/C-3(Glc). All the saccharides were linked in the

backbone by b-(1! 4) linkage. Man24 represents 2-O-acetylated Man, and Man34 represents 3-O-acetylated Man.
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3.2. Histochemical analysis of leaf and stem sections

Leaf and stem sections were cut using razor blade and
examined histochemically. Secondary lignified cell walls
were detected using the color reagent of phloroglucinol–
HCl.47 Autofluorescence of the cell walls in UV radia-
tion was examined using sections and isolated cell walls
mounted in H2O and in 0.1 M ammonium hydroxide.48

Starch in cell wall and mucilage preparations was de-
tected using potassium iodide, and proteins were de-
tected with Ponceau Red.

3.3. Isolation of cell-wall alcohol-insoluble residue and
mucilage

The cell-wall preparations were obtained, respectively,
from the leaves and stems at 4 �C. The proportion of tis-
sues containing non-lignified primary cell walls was in-



Figure 11. ROESY spectrum of fraction B shows the intra- and inter-glycosidic correlations (indicated by quotation marks) in the glucomannan.

Table 4. 1H and 13C NMR chemical shifts (in d values) for the polysaccharide in fraction B

Sugar residues Linkage 1 2 3 4 5 6

!4)-b-DD-Glc-(1! GlcMan dH 4.48 3.32 3.66 3.65 3.50 3.79, 3.66

dC 102.8 73. 5 74.6 79.2 74.8 60.6

!4)-b-DD-Man-(1! ManGlc, ManMan dH 4.71 4.08 3.77 3.79 3.52 3.86, 3.72

dC 100.6 70.5 71.9 77.2 75.5 61.1

!4)-b-DD-Man-(1! ManMan34 dH 4.68 4.05 3.76 3.75 3.44 NDa

dC 100.6 70.6 NDa 77.7 75.3 NDa

!4)-2-O-acetyl-b-DD-Man-(1! Man24Man dH 4.89 5.45 3.99 3.83 3.58 3.91

dC 99.6 72.1 70.6 77.3 76.4 60.4

!4)-2-O-acetyl-b-DD-Man-(1! Man24Man24 dH 4.87 5.42 3.95 3.82 3.48 3.96, 3.79

dC 99.4 72.1 70.7 77.9 76.3 NDa

!4)-2-O-acetyl-b-DD-Man-(1! Man24Man34 dH 4.84 5.36 3.93 3.82 3.50 NDa

dC 99.2 72.0 70.6 77.2 76.3 NDa

!4)-3-O-acetyl-b-DD-Man-(1! Man34Man dH 4.79 4.15 5.05 4.00 3.60 NDa

dC 100.0 69.2 74.0 73.7 75.7 NDa

!4)-3-O-acetyl-b-DD-Man-(1! Man34Man24 dH 4.76 4.14 4.99 4.03 3.55 NDa

dC 100.2 69.2 74.4 73.7 75.7 NDa

a Not determined.

[ 4)-β-D-Manp-(1 4)-β-D-Glcp-(1 4)-β-D-Manp-(1 4)-β-D-Manp-(1

OAc

3
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2
4)-β-D-Manp-

OAc

2

4)-β-D-Manp-(1

(1

OAc

3
4)-β-D-Manp-(1 4)-β-D-Manp-(1
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2
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Figure 12. A tentative partial structure of the polysaccharide in fraction B.
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creased by cutting away the tissues that contain lignified
secondary cells walls. The collected tissues (30 g) were
homogenized in 50 mM Hepes–KOH buffer (pH 7.2) con-
taining 0.05% of 2-mercaptoethanol. The homogenate
was filtered through Miracloth, and washed with the same
Hepes–KOH buffer. Liquid nitrogen was added and the
residue ground to fine powders. Proteins released from
cell were visualized by Ponceau 2R. The fine powders were
then mixed with ice-cold water, sonicated (1 min), centri-
fuged, and the supernatant was carefully removed. This
procedure was repeated for additional three times. The
pellets were recovered by filtration through Miracloth,
and thoroughly washed with water and 70% ethanol until
the filtrate becomes clear. Residues were then washed with
100% ethanol, followed by methanol and n-pentane, and
dried overnight over silica gel under vacuum.

Mucilage was collected by gently scratching the surface
of defrost leaf and stem, then homogenized in 70% eth-
anol containing 0.05% of 2-mercaptoethanol. The
homogenate was sonicated (2 min) and dialyzed against
water for 24 h at 4 �C. Mucopolysaccharides were then
recovered by lyophilization. Deacetylation of the muci-
lage polysaccharides was done by treatment with alkali.
The sample was treatment with 1 M NaOH in the pres-
ence of 1% NaBH4 for 1 h at ambient temperature to re-
move acetyl groups, and suspension was then
neutralized with glacial acetic acid to pH 5. Deacety-
lated mucilage polysaccharides were recovered by dialy-
sis and lyophilization.

3.4. Removal of contaminating starch

The dried cell-wall preparation (200 mg) was suspended
in 5 mM Tris-maleate buffer (pH 6.9), and heated
(85 �C, 5 min) to gelatinize the starch granules. After
cooling to 40 �C, porcine pancreatic-amylase (6300 U,
Sigma) in 15 mM Tris-maleate buffer (pH 6.9, 25 mL)
containing 2 mM CaCl2 was added, and the suspension
was incubated for 1 h at 40 �C. The mixture was centri-
fuged at 500g, and the supernatant was removed. The
pellets were suspended with 5 mM Tris-maleate, soni-
cated, filtered onto nylon mesh (pore size 11 lm), and
washed with Milli-Q water until filtrate become clear.
A small proportion of residue was tested with a drop
of KI to indicate the absence of starch. The pellets of cell
walls were dried on nylon mesh using solvent exchange
by washing with ethanol, methanol, and n-pentane.

3.5. Sequential extraction of cell-wall polymers

The de-starched cell walls (50 mg) were fractionated by a
sequence of extraction using 50 mM CDTA (pH 6.5),
Na2CO3 + 25 mM NaBH4, 1 M KOH + 25 mM
NaBH4, and 4 M KOH + 25 mM NaBH4 as previously
described.38 The remaining insoluble residue was ac-
counted for the a-cellulose fraction.

3.6. Neutral monosaccharide composition of cell walls and
mucilage

The de-starched cell-wall preparation (10 mg) or indi-
vidual cell-wall fraction (5 mg) or mucilage preparation
(5 mg) were hydrolyzed, respectively, with 4 M trifluoro-
acetic acid (TFA) at 121 �C for 1 h. The mixture was
cooled, and TFA was removed under reduced pressure.
The acid hydrolysate was washed with 50% aqueous
methanol, and then dried in vacuo. Reduction of mono-
saccharides in the hydrolysate was carried out by using
NaBH4 (80 mg) in MeOH at room temperature for
30 min. This procedure was repeated for 3–5 times to as-
sure complete reduction of monosaccharides to alditols.
The mixture was washed with concentrated HCl and
MeOH, and then dried in vacuo. The reduction product
of alditols was subjected to acetylation using acetic
anhydride in pyridine (1:2) at 80 �C for 2 h, followed
by incubation at 25 �C for 16 h. The alditol peracetates
were extracted by chloroform/2 M HCl (2:1), and
washed carefully with saturated NaHCO3. After re-
moval of chloroform, the composition of alditol perace-
tates was determined by GC–MS analysis.

3.7. Linkage analysis of the cell-wall polysaccharides

Each cell-wall fraction (10 mg) was dissolved in DMSO
(2 mL), treated with NaH for 2 min with continuous
stirring, and ice-cold MeI (1 mL) was added. After stir-
ring at room temperature for 16 h, the methylated poly-
saccharides in suspension were separated by addition of
chloroform/water (2:1). The organic phase was washed
with 10% Na2S2O3 and water, and then concentrated
under reduced pressure to give the crude product of
methylated polysaccharides. The IR and 1H NMR anal-
yses indicated no presence of hydroxyl group. According
to the above-described procedure, the product of meth-
ylated polysaccharides was similarly digested with TFA,
reduced with NaBH4, and acetylated with Ac2O/pyri-
dine to give methylated alditol peracetates. The compo-
sition of methylated alditol peracetates was determined
by GC–MS analysis.

3.8. Uronic acid composition of cell walls and the cell-wall
fractions

Using m-hydroxyl diphenyl as the chromogen, the total
content of uronic acids in cell walls and each cell-wall
fraction was determined according to the previously re-
ported method.49 Galacturonic acid (GalA), glucuronic
acid (GlcA), and 4-O-methylglucuronic acid (MeGlcA)
in acid hydrolysates were separated and quantified by
HPAEC–PAD (Dionex, Sunnyvale, CA, USA) on a
CarboPAC-1 column eluted with isocratic gradient of
150 mM NaOAc containing 100 mM NaOH at a flow
rate of 0.25 mL min�1.

3.9. Enzyme hydrolysis

The polysaccharide fractions were treated with different
enzymes to release oligosaccharides for further analysis.
Enzymatic reactions were stopped by boiling for 2 min.
The CDTA fractions (2 mg) of leaf and stem wall frac-
tions were treated with polygalacturonase (50 U) from
A. niger (EC 3.2.1.15) with 100 mM NaOAc (pH 4.0,
200 lL) for 16 h at 50 �C. The 1 M KOH fractions
(2 mg) of leaf and stem wall preparations were treated
with endo-(1! 4)-b-DD-xylanase (45 U, EC 3.2.1.8) with
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100 mM NaOAc (pH 6.0, 200 lL) for 1 h at 60 �C. The
4 M KOH fractions (2 mg) of leaf and stem wall prepa-
rations were treated with endo-(1! 4)-b-DD-glucanase
(EC 3.2.1.4, 5 U) with 50 mM ammonium formate (pH
5.0, 200 lL) for 16 h at 37 �C. The arabinosyl residues
were removed from xylo-oligosaccharides in xylanase di-
gest (1 M KOH fraction of wall preparations) by treat-
ment of a-LL-arabinosidase from A. niger (EC 3.2.1.55),
and endo-(1! 4)-b-DD-xylanase digest was freeze dried,
redissolved with 100 mM NaOAc (pH 6), followed by
incubation with a-LL-arabinosidase (10 U) at 40 �C for
24 h.

The stem mucilage preparation (2 mg) was treated with
endo-(1! 4)-b-DD-mannase (EC 3.2.1.78, 5 U) with
100 mM NaOAc (pH4, 200 lL) for 16 h at 40 �C. The
deacetylated glucomannan of fraction B was digested
with endo-b-1,4-mannase (A. niger, Megazyme) in so-
dium acetate buffer (100 mM, pH 4.5) for 24 h at
37 �C, using 5 lL enzyme per 1 mg of deacetylated glu-
comannan. Digestion with b-mannosidase that was spe-
cific for b-1,4-mannosyl linkage38 (C. fimi, Megazyme)
was conducted in sodium maleate buffer (100 mM, pH
6.5) for 24 h at 37 �C, using 5 lL enzyme per 1 mg of
deacetylated glucomannan. The attempted digestion
with a-1,2,3,6-mannosidase (Jack bean, Sigma) was per-
formed in ammonia acetate buffer (50 mM, + 1 mM
ZnCl2, pH 5.5) for 24 h at 37 �C, using 5 lL enzyme
per 1 mg of deacetylated glucomannan.

3.10. GC–MS analysis

The alditol acetates and partially methylated alditol ace-
tates were separated by BPX-70 column (SGE Analyti-
cal Science Pty Ltd, Victoria 3134, Australia) on
PolarisQ Ion Trap GC–MS/MS System (Thermo Fisher
Scientific, Inc., Waltham, MA 024253, USA). Oven tem-
perature was increased from 38 to 150 �C at 50 �C/min,
then to 230 �C at 3 �C/min and to 260 �C/5 min, with
carrier gas (He) at a flow rate of 1 mL/min. Quantifica-
tion was done by correcting peak area to mol %.50

3.11. HPAEC–PAD analysis

XG oligosaccharides were separated and characterized
by HPAEC–PAD with known standards, using a Dio-
nex BioLC system (Dionex, Sunnyvale, CA, USA). A
CarboPac PA1 analytical column (4 mm · 250 mm)
and a CarboPac PA1 guard column (4 mm · 50 mm)
were used. The XG oligosaccharides were separated
using a linear gradient of 50 mM NaOAc + 100 mM
NaOH (solvent A) to 100 mM NaOAc + 100 mM
NaOH (solvent B) at 1 mL/min over 110 min. After each
run, the column was washed for 10 min with solvent B,
5 min with 300 mM NaOH (solvent C), and 30 min with
solvent A.

3.12. Mass spectrometry

The molecular weights of the sodium adducts of oligo-
saccharides [M+Na]+ were determined using a BioTOF
Ultraflex II (Bruker Daltonics, Billeriaca, MA 01821,
USA). The enzyme hydrolysate containing oligosaccha-
rides were mixed with 10 mM of 2,5-dihydroxybenzoic
acid and 10 mM NaCl in the ratio of 5:5:3. In MS mode,
the spectra were accumulated in average of 2000–3000
shuts.

3.13. NMR spectral analysis

The NMR spectra were recorded on Bruker AD-
VANCE 600 MHz NMR spectrometer (Bruker BioSpin
GmbH, Rheinstetten, Germany) with 5 mm Cryoprobe
DCI 1H/13C. Samples were dissolved in 1 mL of D2O.
Chemical shifts are given in d values relative to HOD
signal (dH 4.8 at 25 �C) or the H-1/C-1 signals of manno-
pyranose (dH 4.71/dC 100.6). The HSQC spectra were re-
corded at 50 �C to shift the HOD peak about 0.2 ppm
upfield, so that the obscured signals in the (1! 4)-
linked unacetylated b-Manp residues were revealed.
ROESY and TOCSY spectra were recorded, respec-
tively, with mixing times of 100 and 70 ms as well as
the relaxation delays of 3 and 2 s.

3.14. Determination of molecular weight by DOSY

The sample of fraction B (1 mg) was dissolved in 400 lL
of D2O, and the average molecular weight of the poly-
saccharide components was determined by DOSY.40

The values of hydrodynamic radii were determined from
pullulan standards. The DOSY experiment was carried
out using a stimulated echo sequence incorporating
bipolar sine gradient pulses. In addition, the HOD sig-
nal was suppressed by means of presaturation. The gra-
dient strength was logarithmically incremented in 32
steps from 2% up to 95% of the maximum gradient
strength. The diffusion time was set between 100 and
700 ms. Gradient pulse and longitudinal eddy current
were set to 3 and 25 ms, respectively.

3.15. Preparation of SpMC (murine spleen mononuclear
cell)

Six-to-eight week old male Balb/c were purchased from
National Laboratory Animal Center (Taipei, Taiwan)
and were sacrificed by cervical dissociation. Mice
splenocytes were obtained by pressing spleens through
a sterilized stainless steel mesh (100 mesh) and washing
the passed suspension three times with HBSS (Gibco)
after depleting erythrocytes with red blood cell lysis buf-
fer (Sigma). Finally, the viable cells were counted with a
hemocytometer using trypan blue dye exclusion. Single-
cell suspensions (5 · 106 cells/mL) were cultured in 10%
RPMI-1640 in a humidified 5% CO2 incubator at 37 �C.

3.16. Cytotoxicity/proliferation assay

Mice splenocytes (5 · 105 cells/well) were stimulated di-
rectly with Con A (2 lg/mL), commercial mannan ana-
logs (konjac glucomannan and ivory nut mannan) or
different polysaccharide fractions (50 lg/mL in water)
in 96-well tissue culture plates for 60 h. Afterwards,
the cell proliferation was examined with MTS assay
using Celltiter 96� aqueous one solution cell prolifera-
tion assay kit (Promega, Madison, WI) following the
manufacturer’s instructions. Briefly, 20 lL of MTS solu-
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tion was added to each well. After 4 h incubation at
37 �C, the absorbance at 490 nm was obtained using a
plate reader (SpectraMax M2, Molecular Device, Sun-
nyvale, CA). The optical density at 490 nm (OD490)
for control cells was defined as 100%. Polysaccharide
preparation is screened routinely with LAL test (Pyro-
chrome� Kit, Cape Cod Associates, Falmouth, MA)
to ensure no endotoxin contamination. The endotoxin
potency (EU/mg) of each polysaccharide fraction (6
1 · 10 EU/mg) was shown in much lower level than that
of cell culture with lipopolysaccharide (LPS P
1 · 105 EU/mg).

3.17. Cytokine determination by ELISA

The concentrations of IL-1a, IL-6, IL-10, IFN-c, G-
CSF, and GM-CSF in the cell culture supernatants were
assayed using the Quantikine mouse ELISA kits (R&D
Systems, Minneapolis, MN) according to the manufac-
turer’s protocol. Mice splenocytes (5 · 106 cells/well)
were cultured in the presence of mannan, glucomannan,
or different polysaccharide fractions at concentration of
50 lg/mL in 24-well tissue culture plates. Con A at a fi-
nal concentration of 2 lg/mL was as used a positive con-
trol. After 48 h following stimulation, culture
supernatants were collected and stored at �80 �C until
ELISA analysis. In this study, all the data points are
average from three independent experiments and the
represented values are average ± standard deviation.

3.18. Cytokine expression inferred from the RNA analysis

Splenocytes were removed from BALB/c mice (male, 6–
8 weeks) and treated with fractions A–F (100 lg/mL
each) for 12 h. Both the cell pellets and supernatants were
collected at the end of the incubation period. RNA was
extracted from cell pellets and converted to cDNA. Prod-
ucts from PCR were analyzed by gel electrophoresis on
2% gel to visualize the expressed cytokines.
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