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Dioscorea species continue to be used in traditional Chinese medicine, and represent a major source
of steroid precursors for conventional medicine. In the previous study, We isolated glycoprotein (GDB)
from Dioscorea batatas, characterized, and demonstrated immunostimulating activity in C57BL/6 mice.
The aim of this study was to investigate the mechanism whereby GDB activates macrophages.
Macrophages activation by GDB was investigated by analyzing the effects of GDB on nitric oxide (NO)
production, iNOS expression, mitogen activated protein kinase (MAPK) phosphorylation, and tran-
scription factor activation. In the presence of IFN-7 , GDB strongly stimulated macrophages to express
iNOS and produce NO. Furthermore, the activation of p38 was synergistically induced by GDB plus
IFN-7 , but SB203580 (a p38 inhibitor) inhibited GDB plus IFN-7 -induced p38 activation. This study
indicates that GDB is an important activator of macrophages. Furthermore, due to the critical role
that macrophage activation plays in innate immune response, the activation effects of GDB on
macrophages suggest that GDB may be a useful immunopotentiating agent.
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INTRODUCTION

Dioscorea species are used in conventional medicine as
a major source of steroid precursors, and are also used in
traditional Chinese medicine [1]. These plants have immu-
nomodulatory activity in vitro on the viability, cell-mediated
cytotoxicity, and on IFN-7 secretion by splenic lympho-
cytes [2]. Furthermore, phytochemical investigations have
shown that steroid saponins are the active principles of Dio-
scorea species [1]. Members of this species have long been
used in traditional medicine to treat poor appetite, chronic
diarrhea, asthma, dry coughs, frequent or uncontrollable
urination, diabetes, and emotional instability [1]. Plants of
the genus Dioscorea of the Dioscoreaceae family are com-
monly referred to as yams. Immunostimulating activities
of yam storage protein from Dioscorea alata, japonica and
batatas have been described previously [3-5]. Yam is an im-
portant crop, which is basically made up of carbohydrates
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but also constitutes an important source of proteins ac-
counting for 1~3% of the fresh tubers [6]. We isolated gly-
coprotein from Dioscorea batatas, characterized, and dem-
onstrated immunostimulating activity in C57BL/6 mice [7].

Macrophages can be activated by cytokines, such as, IFN-
7, or by microbial components, such as, LPS [8,9], and play
pivotal roles in both nonspecific and specific immunity. For
nonspecific immunity, macrophages trap and kill microbes,
and release inflammatory mediators, such as, nitric oxide
(NO). For nonspecific immunity, macrophages act as anti-
gen presenting cells and release cytokines, such as, tumor
necrosis factor (TNF-a), IL-1, IL-6, and IL-12 to regulate
helper T cells [10]. Furthermore, activated macrophages
suppress the growths of a variety of tumor cells and micro-
organisms [11]. However, strong activation of macrophages
causes the releases excessive cytokines and mediators, in-
cluding NO, which has been implicated in many pathophy-
siological conditions including inflammation, atherosclero-
sis, and septic shock [12]. Due to the critical role that mac-
rophage activation plays in innate immune response, im-
munomodulating compounds target macrophages [13-15].

Macrophage activation by certain external stimuli includ-
ing lipopolysaccharide, a component of the gram-negative
bacterial cell wall, results in the phosphorylation of mi-
togen activated protein kinase (MAPK) family, which in-
cludes ERK1/2, stress-activated protein kinases (SAPK)/
c-Jun NH2-terminal kinase (JNK), and p38 MAPK [16].

ABBREVIATIONS: iNOS, inducible nitric oxide synthase; IFN- 7,
interferon- 7 ; LPS, lipopolysaccharide.
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p38, ERK1/2, and SAPK/JNK are serine threonine kinases
that are located in the cytoplasm until activated by dual
phosphorylation of their Tyr and Thr residues at Thr-Gly-
Tyr, Thr-Glu-Tyr, or Thr-Pro-Tyr, respectively [17]. The ac-
tivation of MAPK stimulates transcription factors, such as,
NF-« B and AP-1 [18,19].

In the present study, we investigated the synergistic ef-
fect of glycoprotein (GDB) isolated from Dioscorea batatas
and IFN-7 on iNOS gene expression by macrophages. We
further analyzed the effects of GDB on the activation of
MAPK in RAW264.7cells.

METHODS

Animals

Male C57BL/6 mice weighing 21~23 g were housed un-
der a 12-h light/dark cycle in a temperature-controlled room
(22~ 24°C). Mice were given access to standard chow and
water ad libitum.

Preparation of glycoprotein (GDB) from dioscorea ba-
tatas

The tubers of Dioscorea batatas were harvested in May
at the Okcheon County in North Chungcheong Province,
South Korea, and were stored at 4°C until used. For iso-
lation of the proteins, whole tubers were used. Glycopro-
teins were isolated from Dioscorea batatas according to the
procedure of previously reported [7,20]. In brief, tubers
were peeled and homogenized and subjected to hydrophobic
chromatography on a phenyl-Toyopearl 650 M column
(Tosoh, Japan) equilibrated with 50 mM Tris-HCI buffer
(pH 7.0) containing ammonium sulfate to give 25% satura-
tion. Elution was performed by a decrease of ammonium
sulfate concentration from 25 to 0% in 50 mM Tris-HCI buf-
fer (pH 7.0). The fractions yielding absorbance at 280 nm
were pooled, dialyzed against distilled water, and lyophi-
lized in a freeze dryer. The lyophilized proteins were sub-
jected to an anion-exchange chromatography on a HiTrap
Q HP column (GE Healthcare).

Cell culture

RAW 264.7 cells (ATCC TIB71) were grown in RPMI 1640
supplemented with 10% fetal bovine serum, 2 mM L-gluta-
mine, 100 U/ml penicillin and 100 x«g/ml streptomycin. Cells
were then cultured in the presence of 5% CO: at 37°C.

Nitrite determination

RAW 264.7 cells were stimulated with GDB plus FN- 7
for 24 h. Culture supernatants were collected and the accu-
mulation of NOs in culture supernatants was as an in-
dicator of NO production in the medium as previously de-
scribed [21]. The isolated supernatants were mixed with an
equal volume of Griess reagent (1% sulfanilamide, 0.1%
naphthylethylenediamine dihydrochloride, and 2% phos-
phoric acid) and incubated at room temperature for 10 min.
Using NaNO: to generate a standard curve, nitrite pro-
duction was measured by an O.D. reading at 550 nm.

RT-PCR

Total RNA was isolated with Tri Reagent (Molecular
Researh Center, Cincinnati, OH, USA). The forward and
reverse primer sequences are as follows: iNOS: 5'-CTG CAG
CAC TTG GAT CAG GAA CCT G-3, 5-GGG AGT AGC
CTG TGT GCA CCT GGA A-3'; and B-actin: 5-TGG AAT
CCT GTG GCA TCC ATG AAA C-3, 5-TAA AAC GCA GCT
CAG TAA CAG TCC G-3'. Equal amounts of RNA were re-
verse transcribed into cDNA with oligo(dT)15 primers. PCR
was performed with cDNA and each primer. Samples were
heated to 94°C for 5 min and cycled 30 times at 94°C for
1 min, 55°C for 1.5 min, and 94°C for 1 min, after which
an additional extension step at 72°C for 5 min was included.
PCR products were electrophoresed in 8% polyacrylamide
gel followed by staining in ethidium bromide. The iNOS
and [ -actin primers produce amplified products at 311 and
349 bp, respectively.

Western immunoblot analysis

Whole cell lysates were separated by 10% SDS-PAGE,
then electro-transferred to nitrocellulose membranes (Amer-
sham International, Buckinghamshire, UK). The membranes
were preincubated for 1 hr at room temperature in Tris-buf-
fered saline, pH 7.6 containing 0.05% Tween-20 and 3% bo-
vine serum albumin. The nitrocellulose membranes were
incubated with specific antibodies. Immunoreactive bands
were then detected by incubation with conjugates of anti-
rabbit IgG with horseradish peroxidase and enhanced che-
miluminescence reagents (Amersham). Antibodies against,
p38, phospho-p38 (Thr180/Tyr182), ERK1/2, phospho-ERK1/2
(Thr202/Tyr204), JNK, phospho-SAPK/JNK (Thr183/Tyr185),
and B -actin were obtained from Cell Signaling Biotechnolo-
gy, Inc (MA, USA). Goat anti rabbit IgG-HRP antibody was
from purchased from Santa Cruz Biotechnology, Inc (CA,
USA).

Immunofluorescence staining

RAW264.7 cells were cultured on slide glass and treated
with GDB (25 #g/ml) and IFN-7 (10 ng/ml) for 24 h. Mor-
phological change and iNOS expression were analyzed us-
ing immunofluorescence staining. The slide was fixed with
4% paraformaldehyde for 10 min and washed with 0.01 M
phosphate buffered saline (PBS, pH 7.4). The sample was
blocked with 3% BSA in 1X PBS/0.03% Triton X-100 in a
humidified chamber for 1 h at room temperature and in-
cubated with rabbit anti-iNOS (1 : 200 dilutions in 1X
PBS/0.03% Triton X-100) at 4°C in a humidified chamber
overnight. The slide was washed, hybridized with secon-
dary antibodies conjugated with fluorescein isothiocyanate
(FITC) for 1 h at room temperature in the dark. The slide
was then washed and mounted with GEL/MOUNT solution
containing anti-fading agents and was observed by laser
scanning confocal microscopy (FV300, Olympus, Japan).

EMSA

RAW 264.7 cells were grown at 5x10° cells/ml in pet-
ri-dish and then treated with GDB for 2 h. Nuclear extracts
were prepared as earlier described [22]. Briefly, cells were
lysed with hypotonic buffer (10 mM HEPES, 1.5 mM MgCl,,
pH 7.5) and nuclei were pelleted by centrifugation at 3,000xg
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for 5 min. Nuclear lysis was performed using a hypertonic
buffer (30 mM HEPES, 1.5 mM MgCls;, 450 mM KCI, 0.3
mM EDTA, 10% glycerol, 1 mM DTT, 1 mM PMSF, 1 xg/ml
of aprotinin, and 1 xg/ml of leupeptin). Following lysis, the
samples were centrifuged at 14,500xg for 15 min, and su-
pernatant was retained for use in the DNA binding assay.
The double-stranded oligonucleotides were end-labeled with
[ 7 -*P]-ATP. Nuclear extracts (5 «g) were incubated with
poly (dI-dC) and the [*P]-labeled DNA probe in binding buf-
fer (100 mM KCI, 30 mM HEPES, 1.5 mM MgCl,, 0.3 mM
EDTA, 10% glycerol, 1 mM DTT, 1 mM PMSF, 1 xg/ml
of aprotinin, and 1 #g/ml of leupeptin) for 10 min. DNA
binding activity was separated from free probe using a 5%
polyacrylamide gel in 0.5X TBE buffer. Following electro-
phoresis, the gel was dried and subjected to autoradiogra-
phy.

Statistical analysis
The mean+S.D. was determined for each treatment group
in a given experiment. When significant differences oc-
curred, treatment groups were compared to the vehicle con-
trol using a Dunnett's two-tailed ¢ test [23].
RESULTS
Synergistic induction of iNOS by GDB and IFN-»
The glycoproteins (GDB) isolated from Dioscorea batatas

were analyzed by SDS-PAGE and produced a single band
at 30 kD (Fig. 1A). To investigate macrophage activation
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Fig. 1. Induction of iNOS expression by GDB plus IFN-7. (A) GDB
was isolated as described in “Methods”. Isolated GDB was diluted
2- and 4- folds and analyzed by SDS-PAGE. (B) RAW264.7 cells
were treated with GDB (25 ¢ g/ml) and IFN-7 (10 ng/ml) for 24
h. Morphological change and iNOS expression were analyzed using
immunofluorescence staining (upper column; with staining, lower
column; without staining) and inverted microscope. (C) RAW264.7
cells were treated with GDB (1, 10, and 25 1 g/ml) in the presence
or absence of IFN-7 (10 ng/ml) for 8 h. Total RNA was then
isolated and analyzed for iNOS using RT-PCR. (D) RAW264.7 cells
were treated with GDB (1, 10, and 25 «g/ml) in the presence or
absence of IFN-7 for 24 h. Cell lysates were then prepared and
analyzed for the iNOS using Western blot analysis. One repre-
sentative of three experiments is shown.

by GDB, we treated RAW264.7 macrophage cells with GDB
(50 wg/ml) in the presence of IFN-7 (10 ng/ml) and analyzed
iNOS expression by immunofluorescence staining (Fig. 1B).
GDB plus IFN- 7 strongly stimulated macrophages to pro-
duce iNOS and induced morphological changes. To analyze
the effect of GDB plus IFN- 7 on iNOS gene expression fur-
ther, we performed Western blot analysis and RT-PCR.
GDB plus IFN- 7 significantly induced iNOS gene expres-
sion, whereas GDB plus IFN- 7 alone did not (Fig. 1C, D).

Synergistic induction of NO generation by GDB and
IFN-vy

To investigate macrophage activation by GDB, we ana-
lyzed the effects of GDB on nitrite levels, which is produced
from NO in RAW264.7 cells. RAW264.7 cells were treated
with IFN-7» (1, 2.5, 5, and 10 ng/ml) in the presence or
absence of GDB (25 1 g/ml) for 24 h. Supernatants were
then isolated and analyzed for nitrite generation. GDB (25
1 g/ml) plus IFN-7 (1, 2.5, 5, and 10 ng/ml) significantly
induced nitrite generation in a dose-dependent manner,
whereas IFN-7 alone did not (Fig. 2A). LPS (200 ng/ml)
was used as a positive control. The synergistic induction
of nitrite by GDB (1, 10, 25, and 50 #«g/ml) plus IFN-7y
(10 ng/ml) was further confirmed in RAW264.7 cells (Fig.
2B). GDB (1, 10, 25, and 50 «g/ml) alone did not increase
the nitrite generation.

Synergistic activation of p38 by GDB plus IFN-y in
RAWZ264.7 cells

Most cellular responses to extracellular stimuli are medi-
ated by kinase and phosphatase cascades. The MAPKs are
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Fig. 2. Induction of NO production by GDB plus IFN-7. (A)
RAW264.7 cells were treated with IFN-7 (1, 2.5, 5, and 10 ng/ml)
in the presence or absence of GDB (25 s g/ml) for 24 h. Super-
natants were then isolated and analyzed for nitrite generation. LPS
(200 ng/ml) was used as a positive control. (B) RAW264.7 cells were
treated with GDB (1, 10, 25, and 50 s« g/ml) in the presence or
absence of IFN-7 (10 ng/ml) for 24 h. The results are presented
as the meantS.D. *Denotes significant differences (p<0.05) from
the control group. One representative of three experiments is
shown.
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one of the most important kinase families in inflammatory
cells, and its members have been strongly conserved through
evolution, suggesting that they play vital roles in intra-
cellular signaling. Thus, since MAPKSs play important roles
in macrophage activation, we analyzed the effects of GDB
on MAPK activity by immunoblotting. When cells were
treated with GDB (1, 10, and 25 1 g/ml) for 30 min, we
found that phosphorylation of ERK1/2, and especially of
SAPK/JNK, was markedly induced (Fig. 3A). ERK1/2 and
SAPK/JNK phosphorylations were induced by IFN-7 (10
ng/ml), and the phosphorylation was not further activated
by GDB. The phosphorylation of p38 kinase was not strong-
ly induced by GDB or IFN-7 . However, interestingly co-
treatment of RAW264.7 cells with GDB and IFN- 7 strong-
ly induced p38 phosphorylation (Fig. 3). This synergistic in-
duction of p38 by GDB and IFN- 7 corresponds well with
the activation of iNOS gene expression. These results sug-
gest that GDB activates macrophages by activating signal
transduction pathways, such as, p38, ERK1/2, and SAPK/
JNK.

We further investigated whether the p38 kinase pathway
is involved in GDB and IFN- 7 -induced nitrite generation.
We specifically blocked the p38 kinase pathway and then
monitored nitrite production when RAW 264.7 cells were
challenged with GDB plus IFN- 7 . SB203580, a bicyclic imi-
dazole inhibitor of p38, inhibited GDB plus IFN- 7 -induced
nitrite production (Fig. 4A). However, PD98059, a specific
inhibitor of MEK-1, did not. LPS-induced nitrite production
was also inhibited by SB203580 but not by PD98059 (Fig.
4A). However, GDB plus IFN- 7 -induced nitrite production
was not inhibited by polymyxin B (an LPS inhibitor),
whereas LPS-induced nitrite generation was strongly in-
hibited by polymyxin B (Fig. 4B). These results suggest that
p38 kinase pathway is importantly involved in the regu-
lation of iINOS expression induced by GDB plus IFN- 7.

Effects of GDB on the activation of NF-£B in RAW264.7
cells

To investigate the mechanism whereby GDB plus IFN- 7
activate macrophages, we analyzed the effect of GDB on
NF- « B, AP-1, and Oct 1, whose binding sites are located
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Fig. 3. Activation of p38 by GDB plus IFN-7. (A) RAW264.7 cells
were treated with GDB (1, 10, and 25 #g/ml) in the presence or
absence of IFN-7 (10 ng/ml) for 30 min. Cell lysates were prepared
and subjected to immunoblot assay using antibodies against
phospho- and nonphospho-p38, ERK1/2 and SAPK/JNK proteins.
(B) The density of p38 was analyzed by Image J program. 8 -actin
was used as a control. One representative of three experiments is
shown. *Denotes significant differences (p<0.05) from the control
group.

in the promoter of iINOS gene. EMSA showed that treating
RAW264.7 cells with GDB plus IFN-7 for 2 h did induce
NF- « B DNA binding activity, whereas GDB alone dose-de-
pendently induced NF- x B DNA binding activity (Fig. 5A).
Both AP-1 and Octl were found to have small basal DNA
binding activities and to be moderately induced by GDB
(Fig. 5B, C). The specificity of bindings was demonstrated
by competition assays using “’P-unlabeled # B or mutant
# B probes (data not shown). These results suggest that
GDB activates NF- « B, which is known to play an impor-
tant role in the activation and production of cytokines in
macrophages.
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Fig. 4. Effect of SB203580 on iNOS expression in GDB plus IFN- 7 -
stimulated RAW 264.7 cells. (A) RAW 264.7 cells were pretreated
with SB 203580 (30 «M) or PD98059 (50 «M) for 30 min before
incubation with GDB (25 xg/ml) and IFN-7 (10 ng/ml) or LPS
(200 ng/ml) for 24 h. (A) Supernatants were then isolated and
analyzed for nitrite generation. (B) RAW264.7 cells were treated
with Polymyxin B in the presence of GDB plus IFN-7 or LPS for
24 h. Supernatants were then isolated and analyzed for nitrite
generation. One of two representative experiments is shown.
*Denotes significant differences (p<0.05) from the control group.
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Fig. 5. Effects of GDB on the activation of NF-« B in RAW264.7
cells. RAW264.7 cells were treated with GDB (1, 10, and 25 «g/ml)
in the presence or absence of IFN-7 (10 ng/ml) for 2 h. Nuclear
extracts were isolated and analyzed for the determination of (A)
NF-«B and (B) AP1 and Octl. (C) using EMSA. One repre-
sentative of three experiments is shown.
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DISCUSSION

The present study demonstrates that GDB and IFN- 7
synergistically induce NO production. In the presence of
IFN- 7, GDB strongly increased NO production, whereas
GDB alone did not activate macrophages to produce NO
(Fig. 2). The synergistic induction of iNOS gene expression
by GDB plus IFN-7 was further confirmed by Western
blotting and RT-PCR (Fig. 1C, D). Although activated mac-
rophages suppress the growths of a variety of tumor cells
and microorganisms [11], excessive production of NO is im-
plicated in many pathophysiological conditions. For exam-
ple LPS, a strong inducer of NO, cause cell and tissue dam-
age, which can lead to multiple organ failure - the clinical
hallmark of sepsis [12]. Synergism with IFN-7 (an endoge-
nous mediator of immune response) highlights the im-
portance of the immune modulatory role of GDB.

We also found that GDB activated MAPKs. Interestingly,
GDB plus IFN- 7 synergistically activated p38 phosphory-
lation. Furthermore, this synergistic activation of p38 by
GDB plus IFN-7 corresponded well with the synergistic
induction of NO generation and iNOS expression. In the
presence of IFN- 7, GDB strongly increased p38 phosphor-
ylation, whereas GDB alone did not activate macrophages
to phosphorylate p38 (Fig. 3). We also confirmed the in-
volvement of the p38 pathway in GDB plus IFN- 7 medi-
ated NO production, because NO generation was dramati-
cally diminished in the presence of SB203580 (a specific
inhibitor of p38 MAPK). In contrast PD98059 (a specific
inhibitor of MEK1) had no effect on NO generation by GDB
plus IFN- 7. The p38 kinase pathway is also important for
LPS-induced NO production, as shown in Fig. 4A. In a pre-
vious study [24], we confirmed that the p38 pathway is spe-
cifically involved in LPS-induced iNOS expression.

Although GDB plus IFN-7 was not found to synergisti-
cally activate SAPK/JNK, GDB alone strongly and dose-de-
pendently induced SAPK/JNK phosphorylation (Fig. 3). These
results suggest that GDB mediates immune modulation via
the differential activations of MAPKs by itself or in combi-
nation with other cytokines. MAPKSs transmit extracellular
signals to the nucleus, where the transcriptions of specific
genes are induced by the phosphorylations and activations
of transcription factors. Furthermore, different environ-
mental stimuli trigger the activations of different MAPKSs
via different pathways. For example, the ERK MAPKs are
activated by a Ras-dependent pathway in response to many
growth factors and hormones [25], whereas the SAPK/JNK
and p38 MAPKSs are activated by environmental stresses,
such as, UV radiation, osmotic shock, heat shock, protein
synthesis inhibitors, LPS, and by proinflammatory cyto-
kines, such as, IL-1 and TNF [19,26].

Macrophages play a pivotal role in immune response by
presenting antigens to lymphocytes during the development
of specific immunity and by releasing soluble factors [27].
Macrophages also produce protective factors that are invol-
ved in host defense and inflammation. Once activated, mac-
rophages produce a number of cytotoxic molecules, such as,
NO [9], which is also cytotoxic to certain tumor cells [28].
In a previous study, we found that GDB can exert sig-
nificant immunomodulatory effects on specific immune re-
sponses mediated by macrophages, lymphocytes, and NK
cells in vitro and in vivo [7]. GDB treatment of C57BL/6
mice caused a significant increase in the numbers of lym-
phocytes and macrophages in the peritoneal cavity, and
both of these cell types play important roles in the first

line of immunological defense against tumor cells. There-
fore, we assessed the effects of GDB on NK cells and macro-
phage function. We found that NK cell activity and the cyto-
toxic effects of macrophages on tumor cells significantly in-
creased in GDB-treated groups.

Although we could not identify the membrane receptor
for GDB in the present study, some membrane proteins,
such as, CR3, CD14, and Toll-like receptors (TLRs), are
known to act as receptors in macrophages. Complement re-
ceptor CR3 (also called CD11b/CD18, Mac-1, and @y 8 2-in-
tegrin) is a membrane receptor for /£ -glucans [29], and
CD14 is a glycosylphosphatidylinositol-anchored protein ex-
pressed on the surfaces of monocytes and neutrophils that
binds LPS with high affinity [30]. These receptors expres-
sed on the surfaces of neutrophils, monocytes, macropha-
ges, and NK cells and are important in numerous cell-cell
and cell-substrate interactions [31]. The TLRs are a mam-
malian transmembrane protein family and are known to
play important roles in innate immune recognition [32].

The immunostimulating activities of yam storage protein
from Dioscorea alata and japonica have been previously de-
scribed [3,4]. Yam is basically composed of carbohydrates
but also contains many proteins, which account for 1~3%
of the weight of fresh tubers [6]. Two proteins identified
in D. alata tubers, dioscorins and phytoglycoproteins [33,34]
are known to activate MAP kinases (ERK, p38, and JNK)
and NF-« B via the TLR-4 signal transduction pathway
and increases the expressions of pro-inflammatory cyto-
kines, such as, TNF-«a, IL-1/5, and IL-6, in several cells
including RAW 264.7 macrophages, murine monocytes, and
human monocytes [4,35]. We previously isolated glyco-
protein from Dioscorea batatas, and characterized and dem-
onstrated its immunostimulatory activity [7].

In summary, the present study shows that GDB is a po-
tent modulator of immune response. Based on our findings,
macrophage activation best explains this biological effect.
Due to the critical role that macrophage activation plays
in innate immune response, the activation of macrophages
by GDB suggests that this compound should be regarded
as a potentially useful immunopotentiating agent.
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