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A  polysaccharide  (MP21)  was  extracted  and  purified  from  Lepidium  meyenii  Walp.  using DEAE-52  and
SephacrylTM S-500  columns.  Its physicochemical  properties  and macrophage  immunomodulatory  activ-
ity  were  investigated  in  vitro.  The  results  indicated  that  MP21  had  an  average  molecular  weight  of
3.68  × 105 Da  and  was  mainly  composed  of  rhamnose,  arabinose  and  galactose  in  a  molar  ratio  of
1:4.84:5.34.  The  conformation  of  MP21  was  between  a sphere  and  random  coil,  and  different  treatments
could  change  its conformation  and  asymmetry.  RAW264.7  murine  macrophages  treated  with  MP21  could
aca
olysaccharides
mmunomodulatory

acrophage activation

significantly  inhibit  the  proliferation  of human  hepatocellular  carcinoma  HepG-2.  MP21  could  enhance
the  phagocytic  capacity  and induce  elevated  NO,  ROS,  TNF-�,  and  IL-1�  secretion  in  RAW264.7  in a  dose-
dependent  manner.  MP21  promoted  the  expression  of  both  iNOS  protein  and  mRNA.  The expression
of  the  NF-�B  p65 protein  was  also  up-regulated  by  MP21.  These  results  suggest  that  MP21  could  exert
cytotoxicity  towards  HepG-2  by activating  macrophages  via  the  NF-�B  signaling  pathway.

© 2016  Elsevier  Ltd.  All  rights  reserved.
. Introduction

Immunomodulatory agents are substances that can stimu-
ate immune responses or maintain immune balance [1]. Many
eports have demonstrated that plant polysaccharides are ideal
mmunomodulators owing to their non-cytotoxic properties such
s Cordyceps taii polysaccharide and Hericium erinaceus polysaccha-
ide [2,3]. Macrophages play a crucial role in the immune system.
hey are the first cells to recognize infectious agents, and they
re central to cell-mediated and humoral immunity. After acti-
ation, macrophages synthesize and secrete nitric oxide, reactive
xygen species and cytokines, which function as mediators of the
mmune system [4]. Immunomodulatory polysaccharides exhibit

 variety of beneficial pharmacological effects via their ability to
odulate macrophage immune function [5]. An increasing num-
er of researchers have focused on the study and exploitation of
otanical polysaccharides with macrophage immunomodulatory
ctivity.

∗ Corresponding author. Fax: +86 511 88791800.
∗∗ Corresponding author. Fax: +86 511 88791200.

E-mail addresses: yangliuqing@ujs.edu.cn (L. Yang), wuxy@ujs.edu.cn (X. Wu).

ttp://dx.doi.org/10.1016/j.procbio.2016.01.003
359-5113/© 2016 Elsevier Ltd. All rights reserved.
Lepidium meyenii Walp., known as ‘maca’, belongs to the fam-
ily Brassicae and is cultivated mainly in the central Andes of Peru.
It has been used as food and traditional medicine in the region
for over 2000 years [6]. Recently, maca has received increasing
research interest due to its pronounced widespread biological
activities, such as improving sexual performance [7], antioxi-
dant activity [8], preventing prostate hyperplasia [9], alleviating
menopausal syndrome [10], antifatigue [11] and immunomodu-
latory effects [12]. However, recent studies of maca are mainly
focused on the crude extract and some small molecular com-
pounds, including glucosinolates [13], alkaloids [14] and sterols
[15]. Investigations of high molecular weight constituents, i.e.,
polysaccharides, have only focused on the extraction and antioxi-
dant activity of crude polysaccharides [16]. Little attention has been
devoted to the characterization and immunomodulatory activity of
purified polysaccharides from maca. In this study, a polysaccharide
of maca was isolated and purified. Its physicochemical proper-
ties and immunomodulatory effects on RAW264.7 were studied.
Results of this study could instigate further research, and will ulti-

mately help in developing novel functional foodstuff and drugs.

dx.doi.org/10.1016/j.procbio.2016.01.003
http://www.sciencedirect.com/science/journal/13595113
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. Materials and methods

.1. Materials and reagents

The dry maca roots were purchased from Auka Biotechnology
o., Ltd. (Kunming, China) and identified by Chen Li (Chief Phar-
acist, Food and Drug Administration Bureau of Zhenjiang). It was

rushed and sieved on a 75 �m sieve.
DEAE-52 cellulose and SephacrylTM S-500 were purchased

rom Whatman Co., Ltd. (Maidstone, UK). T-series dextrans
ere purchased from Amersham Pharmacia Biotechnology Co.,

td. (Uppsala, Sweden). Rhamnose, arabinose, xylose, mannose,
lucose, galactose, galacturonic acid, inositol, dimethylsulfoxide
DMSO), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
romide (MTT), �-amylase, 5-fluorouracil (5-Fu) and Lipopolysac-
harides (LPS) were purchased from Sigma Chemical Co. (Saint
ouis, USA). Assay kits for interleukin-1�  (IL-1�), tumor necro-
is factor-� (TNF-�),  nitric oxide (NO), reactive oxygen species
ROS) and BCA Protein were purchased from Nanjing Jiancheng Bio-
ngineering Institute (Nanjing, China). RNA PCR kit (AMV) ver.3.0
nd total RNAiso extraction reagent were purchased from Dalian
aKaRa Bio Group (Dalian, China). PVDF membrane was  purchased
rom BIO RAD Co., Ltd. (Hercules, USA). Rabbit anti murine NF-
B p65, iNOS, �-actin antibody and HRP conjugated goat anti
abbit-IgG were purchased from Santa Cruz Biotechnology Co., Ltd.
Santa Cruz, USA). HepG-2 was purchased from Nanjing Univer-
ity (Nanjing, China). RAW264.7 was purchased from Institute of
ell Biology, Chinese Academy of Sciences (Shanghai, China). Cells
ere incubated in 5% CO2 at 37 ◦C in DMEM medium supplemented
ith 10% fetal bovine serum, 100 IU/mL penicillin and 100 �g/mL

treptomycin. All other reagents were of analytical grade.

.2. Extraction and purification of maca polysaccharides

The maca powder was extracted three times with boiling water
1:20, (w/v)) for 4 h. After centrifugation (4000 × g, 20 min), the
upernatant was collected and concentrated. Then the concen-
rated solution was treated with �-amylase to remove starch. After
entrifugation (4000 × g, 20 min), the supernatant was  mixed with
our volumes of 95% ethanol and kept at 4 ◦C for 12 h. The precipitate
as dissolved in deionized water and treated with trichloroacetic

cid (TCA) to remove proteins. Finally, the deproteinized extract
as dialyzed, concentrated and freeze-dried, affording the crude
aca polysaccharide (MP). MP  was re-dissolved in deionized water

nd loaded on a DEAE-52 cellulose column (1.6 × 50 cm), pre-
quilibrated with deionized water and eluted with NaCl gradient
olution (0–0.5 M)  at a flow rate of 1 mL/min (6 mL/tube). Each elu-
ion fraction was collected and monitored according to the total
arbohydrate content by the phenol-sulfuric acid method [17]. The
ajor fraction, MP2, was further purified by SephacrylTM S-500

olumn (1.6 × 50 cm), pre-equilibrated with deionized water and
luted with 0.1 M NaCl at a rate of 0.3 mL/min (6 mL/tube). The main
raction was collected, dialyzed and lyophilized to afford one white
uffy polysaccharide MP21.

.3. General analysis

The total carbohydrate content was determined by the phenol-
ulfuric acid method with d-glucose as standard [17]. The uronic

cid content was measured according to mhydroxybiphenyl-
ulphuric acid method with galacturonic acid as standard [18]. The
rotein content was evaluated by Bradford’s method with bovine
erum albumin (BSA) as standard [19].
istry 51 (2016) 542–553 543

2.4. Molecular weight determination

The molecular weight of MP21 was determined by high-
performance gel-permeation chromatography (HPGPC) on a
LC-10AVP HPLC system (Shimadzu, Tokyo, Japan) equipped with
a refractive index detector (RID). TSK-GUARD PWH  column
(7.5 × 75 mm,  Tosoh, Tokyo, Japan) was used as a pre-column, and
TSK-GEL G4000PW column (7.5 × 300 mm,  Tosoh, Tokyo, Japan)
was used as a separation column. The column was  eluted with
0.003 M CH3COONa solution at a flow rate of 1 mL/min and cali-
brated with standard dextrans (T-10, T-40, T-70, T-500 and T-2000).

2.5. Neutral monosaccharide composition analysis

The neutral monosaccharide composition of MP21 was deter-
mined using the method reported by Yang et al [20] with
slight modification. Briefly, MP21 (5 mg)  was hydrolyzed with
3 M H2SO4 (3 mL)  at 110 ◦C for 8 h. Then the hydrolysate was
neutralized with BaCO3 and the supernatant was collected and
lyophilized. The lyophilized product was  reacted with thydrox-
ylamine hydrochloride (5 mg), cyclohexanhexol (5 mg), pyridine
(0.5 mL)  and acetic anhydride (0.5 mL)  at 90 ◦C for 1 h. The monosac-
charide standards including rhamnose, arabinose, xylose, mannose,
glucose and galactose were acetylated in the same way. Finally,
the acetylated samples were analyzed with GC-2010 system
(Shimadzu, Tokyo, Japan), equipped with an HP-5MS column
(0.25 mm × 30 m × 0.25 �m,  Tosoh, Tokyo, Japan) and a flame-
ionization detector. The temperature was  set as follows: the initial
temperature of the column was 130 ◦C, maintained for 5 min  and
then increased to 240 ◦C at 4 ◦C/min. The 240 ◦C was maintained for
5 min. The flow rate of N2, H2 and air were 50, 37 and 370 mL/min,
respectively.

2.6. UV and FT-IR spectroscopy analysis

The UV spectrum of MP21 was recorded with a UV-2450 spec-
trophotometer (Shimadzu, Tokyo, Japan) in the wavelength range
of 190–400 nm.  The FT-IR spectrum was recorded with a Nico-
let Nexus 470 FT-IR spectrophotometer (Thermo Nicolet, Madison,
USA) in the wavenumber range of 4000–400 cm−1.

2.7. Circular dichroism (CD) spectroscopy analysis

MP21 was dissolved in deionized water at a concentration of
1 mg/mL. CD was  performed on a JASCO J-815 spectropolarimeter
(JASCO, Tokyo, Japan). Spectra were recorded with the following
setup: wavelength of 190–250 nm,  bandwidth of 2.5 nm,  time con-
stant of 2 s and scan rate of 50 nm/min.

2.8. Atomic force microscopy (AFM) analysis

MP21 was dissolved in deionized water at a concentration of
1 mg/mL. The solution (5 �L) was dropped onto a freshly cleaved
mica surface and allowed to dry at room temperature. AFM was per-
formed in the tapping-mode using a MFP-3D instrument (Asylum
Research, Santa Barbara, USA).

2.9. Size exclusion chromatography coupled with multi-angle
laser light scattering (SEC-MALLS) analysis

The SEC-MALLS system consisted of three separation columns
(SB-803, SB-804 and SB-805, Shodex, Tokyo, Japan), a separation

module (Waters 1100, Milford, USA) and a multi-angle laser light
scattering detector (Wyatt DAWN HELEOS-II, Santa Barbara, USA)
with a laser at 633 nm,  along with a refractive index monitor (Agi-
lent 1100, Santa Clara, USA). MP21 was  dissolved in 0.1 M NaCl
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olution at a concentration of 1 mg/mL, and the solution filtered
ith a 0.22 �m microporous membrane. 100 �L of MP21 solu-

ion was injected into the system and eluted with 0.1 M NaCl
t 0.4 mL/min. Data for molecular weight, distribution and chain
onformation were analyzed by ASTRA software (Version 4.73.04,

yatt, Santa Barbara, USA) using a dn/dc of 0.125 mL/g.

.10. Cells proliferation assay

HepG-2 (4 × 104 cells/mL, 100 �L/well) was seed in 96-well
late and incubated for 24 h. Then the supernatant was discarded,
MEM, MP21 (62.5–1000 �g/mL) or 5-Fu (50 �g/mL) were added

21]. After 48 h of incubation, the supernatant was removed and
00 �L of combined MTT  (dissolved MTT  into D-Hanks solution,

 mg/mL) was added into each well and incubated for 4 h. The
upernatant was then removed and 100 �L of DMSO was  added.
fter 1 h incubation period, the absorbance at 570 nm was detected
y a microplate ELISA reader (Spectra MAX  190, Sunnyvale, Molec-
lar Devices, USA).

.11. Macrophage-mediated cytotoxicity assay

RAW264.7 (2 × 105 cells/mL, 100 �L/well) was  seeded in 96-
ell plate and incubated for 24 h. Then the supernatant was
iscarded, DMEM,  MP21 (62.5–1000 �g/mL) or LPS (10 �g/mL)
ere added and incubated for 48 h. The culture medium was

ollected and centrifuged (1500 g, 15 min). The supernatant
P-MФ-CM) was then collected after centrifugation. HepG-2
2 × 104 cells/mL, 100 �L/well) was seeded into 96-well plate and
ncubated for 24 h. P-MФ-CM was added to the HepG-2 and incu-
ated for another 48 h. The MTT  method described in 2.10 was
sed to detect the cell viability. Simultaneously, the adherent cell of
AW264.7 (MФ), which contributed as effecter cells were washed
wice with a preheating culture solution and co-incubated with
00 �L HepG-2 (2 × 104 cells/mL) for 48 h to investigate the cyto-
oxicity of RAW264.7.

.12. Phagocytic capacity assay

The phagocytic activity of macrophage was measured by the
eutral red uptake method. Briefly, cells were incubated with
MEM, MP21 (62.5–1000 �g/mL) or LPS (10 �g/mL) for 48 h, then

he supernatants were removed, 100 �L of neutral red solution (dis-
olved in 10 mM PBS, 0.075%) was added and incubated for further

 h. The plate was washed three times with PBS. 100 �L of the cell
ysis buffer (ethanol: glacial acetic acid = 1:1, (v/v)) was  added and
ncubated at 4 ◦C for 2 h, with absorbance detected at 540 nm by

 microplate ELISA reader (Spectra MAX  190, Molecular Devices,
unnyvale, USA).

.13. NO, TNF-  ̨ and IL-1  ̌ secretion assay

RAW264.7 (2 × 105 cells/mL, 500 �L/well) was added in 24-well
late and stimulated with DMEM,  MP21 (62.5–1000 �g/mL) or LPS
10 �g/mL) for 48 h. The isolated supernatants were collected for
O, TNF-� and IL-1� quantification. The NO contents in the super-
atants were estimated by measuring nitrite levels with NO test kits
Nanjing Jiancheng, Nanjing, China). The absorbance was read at
40 nm by a microplate ELISA reader (Spectra MAX  190, Molecular
evices, Sunnyvale, USA). The concentrations of nitrite were deter-
ined from a least squares linear regression analysis of a sodium

itrite standard curve. The cytokine (IL-1� and TNF-�) levels in the

upernatants were determined by commercial ELISA kits according
o the manufacturer’s instructions. The absorbance was  measured
t 450 nm by a microplate ELISA reader (Spectra MAX  190, Molec-
lar Devices, Sunnyvale, USA). The concentrations of IL-1� and
istry 51 (2016) 542–553

TNF-� were calculated according to the standard curve using each
of the recombinant cytokines in the ELISA kits (Nanjing Jiancheng,
Nanjing, China).

2.14. ROS secretion assay

ROS production by RAW264.7 was  measured using
2, 7-dichlorofuorescin diacetate (DCFH-DA). RAW264.7
(1 × 105 cells/well, 100 �L/well) was seeded in 96-well plate
and incubated overnight. Cells were treated with DMEM, MP21
(62.5–1000 �g/mL) or LPS (10 �g/mL). After 24 h, all culture
medium was  carefully removed, followed by the addition of
100 �L of 10 �M DCFH-DA in serum free medium. After a 30 min
incubation at 37 ◦C, the dye was  removed, and the cells were
washed twice with PBS. Fluorescence intensity was measured
using a microplate reader (BioTek, Winooski, USA) at 485 nm for
excitation and 520 nm for emission.

2.15. Western blot assay

The iNOS protein expression of RAW264.7 was  performed
on whole-cell extracts. RAW264.7 (2 × 105 cells/mL, 2 mL/well)
was seeded into 6-well plate and treated with DMEM, MP21
(62.5–1000 �g/mL) or LPS (10 �g/mL) for 48 h. The medium was
removed and the adherent cells washed twice with 1 mL ice-cold
PBS. Then 500 �L of pancreatin was added to digest adherent cells.
The supernatant was  discarded and the cells resolved in 1 mL  ice-
cold Hanks, then centrifuged (1500 g, 5 min) at 4 ◦C. 100 �L of lysis
buffer (10 mM HEPES, 150 mM NaCl, 1 mM EGTA, 1% CHAPS and
1% Triton X-100) containing 1% of protease inhibitor cocktail was
added to the precipitate, and then left on ice for 30 min. The solution
was centrifuged (12,000 g, 6 min) at 4 ◦C. The protein concentration
of supernatant was  determined by BCA Protein Assay kit and stored
at −80 ◦C. The extracted protein was boiled with isotonic load-
ing buffer for 5 min followed by the separation of protein (20 �g)
by 12% SDS-polyacrylamide gelelectrophoresis (SDS-PAGE) which
was transferred onto PVDF membrane. The membrane was  blocked
with 5% skim milk with TBST for 1 h at room temperature and incu-
bated with rabbit anti murine iNOS and �-actin antibody overnight
at 4 ◦C. After washing twice with TBST (15 min/time), the mem-
brane was  incubated with HRP conjugated goat anti rabbit-IgG for
2 h, and the antibody-specific protein was visualized by enhanced
chemiluminesence detection system with ECL kit.

NF-�B p65 protein using nuclear extracts was also performed as
above with �-actin as internal reference. The lysis buffer contains
20 mM Tris (pH 7.5), 2 mM EDTA, 135 mM NaCl, 2 mM DTT, 2 mM
sodium pyrophosphate, 25 mM �-glycerophosphate, 10% glycerol,
1% Triton X-100, 1 mM Na3VO4, 10 mM NaF, 10 �g/mL leupeptin,
10 �g/mL aprotinin and 1 mM PMSF. The primary antibody was rab-
bit anti murine NF-�B p65 and �-actin antibody, and the secondary
antibody was  HRP conjugated goat anti rabbit-IgG.

2.16. RT-PCR

RAW264.7 (2 × 105 cells/mL, 1 mL/well) was  seeded into 6-well
plate, then treated with DMEM,  MP21 (250–1000 �g/mL) or LPS
(10 �g/mL) and incubated for 48 h. Total RNA was extracted
using Trizol total RNA extraction kit according to the manu-
facturer’s protocol. Expression levels of iNOS and �-actin were
determined by RT-PCR using the RNA PCR kit (AMV) Ver.3.0. The
cDNA was amplified by Polymerase Chain Reaction (PCR) using
Ex Taq HS and cytokines primer. The sequence of the cytokines

primes was as below: FP5-CCCTTCCGAAGTTTCTGGCAGCAGC-
3, RP5-GGCTGTCAGAGCCTCGTGGCTTTGG-3 for
iNOS; FP5-TGGAATCCTGTGGCATCCATGAAAC-3, RP5-
TAAAACGCAGCTCAGTAACAGTCCG-3 for �-actin. PCR reactions
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ere performed as follows: initial denaturation at 94 ◦C for 3 min,
5 cycles of denaturation (94 ◦C for 30 s), annealing (56 ◦C for 40 s)
nd extension (72 ◦C for 10 min) and the final extension step at
◦C for 10 min. Amplification products were separated in 2% (w/v)
garose gels stained with loading buffer and visualized with UV
ight.

.17. Statistical analysis

Data from the analysis were presented as mean ± S.D. Statistical
nalyses were carried out by SPSS version 16.0 (SPSS, USA). One-
ay analysis of variance (ANOVA) for statistical analysis and the

ukey method for multiple comparisons among the groups were
sed. Significant differences were set at P < 0.05 and P < 0.01.

. Results and discussion

.1. Isolation, purification and chemical composition of MP21

P21 sed rides 00 columns. The MP  yield was 5.71% based on the
ried maca powder used. MP  was then purified with a DEAE-52
olumn, the elution profile indicated that MP was mainly com-
osed of MP1, MP2, MP3, MP4  and MP5  (Supplementary Fig. S1A),
nd the yields were 22.1%, 35.7%, 20.3%, 8.2% and 3.7%, respec-
ively. MP2  was the major fraction. A further separation of MP2
as performed on a SephacrylTM S-500 column. As shown in Sup-
lementary Fig. S1B, one main fraction, named MP21, with a yield
f 59.3% was collected for further characterization of the physic-
chemical properties and bioactivity. The total carbohydrate and
ronic acid contents of MP21 were 90.5% and 39.1%, respectively.
P21 showed negative responses to the Bradford test. The HPGPC

rofile of MP21 is shown in Supplementary Fig. S2, a single and sym-
etrical peak indicated a high purity for the MP21 sample, and the

verage molecular weight of MP21 was calculated as 3.68 × 105 Da.
he neutral monosaccharide composition of MP21 is shown in
ig. 1A, 1B. Rhamnose, arabinose and galactose were the major
roups in a molar ratio of 1:4.84:5.34, respectively.

.2. FT-IR spectroscopy analysis of MP21

The FT-IR spectrum of MP21 is presented in Supplementary
ig. S3. The spectrum exhibited the typical signals of polysac-
haride in the range of 4000–400 cm−1. A broad and strong peak
t approximately 3423 cm−1 was attributed to the O H stretch-
ng vibration and the presence of intermolecular hydrogen bonds
n polysaccharide [22,23]. The peaks appearing at 1618 cm−1 and
047 cm−1 could be contributed to the C O asymmetric stretching
24]. The peak at 2932 cm−1 corresponded to C H stretching vibra-
ion, the characteristic peak of polysaccharides [23]. The region
f 1000–1200 cm−1 was attributed to the C OH side groups and

 O C glycosidic band stretching vibrations [25]. The peak at
420 cm−1 corresponded to CH deformation vibration, and the
75 cm−1 peak was characteristic of pyranose [22].

.3. CD spectroscopy analysis of MP21

The CD studies have been extensively applied to determine the
tructural characteristics of carbohydrates [26]. Supplementary Fig.
4 shows the CD spectra of MP21 with different treatments, which
nduced changes in the MP21 conformation. Supplementary Fig.
4A displays the conformation variation of MP21 after the thermal
reatments at 60 ◦C and 100 ◦C. The intensity of the positive peak

t 195 nm was enhanced, and the peak position was not changed,
ndicating that the type of asymmetric structure repeating unit

as unchanged. As shown in Supplementary Fig. S4B, when the
H value was adjusted to 12, strengthening and a positive Cotton
istry 51 (2016) 542–553 545

effect occurred in the positive peak at 192 nm. A stronger negative
Cotton effect was  found when the pH value was 2. These findings
might be due to elimination reactions of polysaccharides in acidic
or alkaline conditions [27]. The results demonstrated that strong
acid and alkali conditions could cause a conformation transforma-
tion in MP21, but acid treatment had a more significant influence
on MP21 than alkali treatment. To investigate the polysaccharide
conformation changes influenced by ionic strength, Ca2+ was  added
into polysaccharide solution. The peak intensity of MP21 became
stronger at 208 nm.  This suggested that Ca2+ interacted with some
carboxyl groups in polysaccharide chains, leading to a partial chain
polymerization in MP21. Thus, the structure of MP21 was  altered
and had an increasing appearance of asymmetry in the presence of
Ca2+ (Supplementary Fig. S4C) [28]. The effect of urea on MP21 con-
formation is shown in Supplementary Fig. S4D. There was a positive
Cotton effect at 197 nm,  indicating that urea greatly influenced the
structure of MP21 and increased asymmetry. After treatment with
Congo red, polysaccharide MP21 showed no obvious positive Cot-
ton effect from 230 to 240 nm.  This result indicated that MP21 was
disordered and could not form a complex with Congo red. There
was also no obvious negative Cotton effect for the peaks at 206 and
208 nm,  which further suggested that MP21 had a random coil-
chain conformation in aqueous solution (Supplementary Fig. S4E)
[29].

3.4. AFM analysis of MP21

The MP21 morphology was  observed by AFM to obtain the direct
chain conformation of the polysaccharides. As shown in Fig. 1C,
polysaccharide chains formed tangled agglomerates that vary in
size. The height of a single polysaccharide chain was  approximately
0.1–1 nm,  and the height of MP21 was  approximately 2–15 nm
(Fig. 1D,E) [30]. This result indicated that the structure of MP21 was
branched, with polysaccharide chains entangled with each other.

3.5. SEC-MALLS analysis of MP21

Fig. 1F shows light scattering and refractive index (RI) chro-
matograms of MP21. The RI signal of the polysaccharide exhibited
a single and symmetrical peak, indicating it was  a homogeneous
component. The Mw, Mn and Mz values of MP21 were 7.074 × 104,
4.212 × 104 and 2.255 × 104 g/mol, and the Rw, Rn and Rz were
51.8, 29.4 and 126.6 nm,  respectively. The Mw/Mn value of MP21
was 1.680. These data indicated that the polysaccharide had a
narrow molar mass distribution [31]. The chain conformation of
MP21 in 0.1 M NaCl aqueous solution can be characterized based
on the theory of dilute polymer solutions. The power law function

〈S2〉1/2
z = kMv

w can be estimated from many experimental points
in the SEC-MALLS chromatogram, which can reflect the chain con-
formation of polysaccharides in aqueous solution. Generally, the v
exponents of 0.33, 0.50–0.60 and 1.0 reflect the polymer molecular
shape as sphere, random coil and rigid rod, respectively [32]. The
v of MP21 was  0.40, as calculated by ASTRA software, which indi-
cated that the chain conformation of MP21 was  between a sphere
and random coil in the 0.1 M NaCl aqueous solution.

3.6. Effect of MP21 on HepG-2 cells

The cytotoxicity of MP21 towards HepG-2 cells in vitro was
examined. However, MP21 was not able to inhibit the proliferation
of HepG-2 cells at the tested concentrations (62.5–1000 �g/mL)

(data not shown). Thus MP21 had no obvious toxic effect on HepG-2
cells. It has been reported that the polysaccharides from Enteromor-
pha prolifera exhibited growth inhibition on cancer cell lines such
as AGS and DLD-1 cells. However, they were strong immunomod-
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ig. 1. (A) GC chromatogram of standard monosaccharides; (B) GC chromatogram o
P21; (F) SEC-MALLS spectrum of MP21.

lators, implying their potential anticancer activity in vivo through

oosting the immune system [33]. Wang et al. also reported that the
nti-tumor effect of a ganoderic acid from the medicinal mushroom
ing-zhi was related to its immunomodulating effect [34].
1; (C) AFM 2D map  of MP21; (D) AFM 3D map of MP21; (E) AFM section analysis of

RAW264.7 is a kind of murine macrophage cell. The MTT assay

was used to evaluate the toxic effect of MP21 on RAW264.7. MP21
has no toxicity on RAW264.7 (data not shown). Thus, it had been
selected as test cells in the following study.
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.7. Effect of macrophage-mediated cytotoxicity towards HepG-2
ells

As seen in Fig. 2A, macrophages induced by MP21 signifi-
antly inhibited the proliferation of HepG-2 tumor cells compared
ith normal control macrophages (p < 0.01), the maximum effect

nduced by MP21 at a concentration of 1000 �g/mL was  nearly
-fold the effect of normal control macrophages. The cytotoxic-

ty effect of cultured supernatant (P-MФ-CM) is shown in Fig. 2A.
P21-treated P-MФ-CM significantly inhibited the proliferation of
epG-2 in a distinct dose-dependent manner (p < 0.05, p < 0.01).
oreover, the effect of MP21 at 1000 �g/mL was nearly identi-

al with the effect of LPS. The cytotoxicity of ФM and P-MФ-CM
timulated by MP21 was higher than that stimulated by Grifola
rondosa polysaccharide reported by Mao  et al. who  had evaluated
he macrophage cytotoxicity in the same experimental conditions
35]. Thus, MP21 exhibited an indirect cytotoxicity towards HepG-

 cells by stimulating macrophage responses, and the macrophage
mmunomodulatory activity is an important mechanism of MP21
ntitumor activity.

.8. Effect of MP21 on phagocytosis in RAW264.7 cells

One of the most distinguished features of activated

acrophages is an increase in phagocytosis [36]. which represents

he first and indispensable step in the response of macrophages to
athogens and cancer cells [1]. The effect of MP21 on phagocytosis
y RAW264.7 is depicted in Fig. 2B. The results showed that
inued)

MP21 significantly increased the phagocytosis of RAW264.7 in a
dose-dependent manner. The phagocytic OD values of RAW264.7
under MP21 treatments exceed 1.75 from 250 �g/mL, it is better
than the polysaccharide from Schisandra chinensis (Turcz.) Baill,
which was  1.75 at 1000 �g/mL [37]. Moreover, the resulting OD
value from treatment with 1000 �g/mL MP21 was greater than
that with LPS treatment. Phagocytes act as regulatory and effector
cells in the immune system. The enhancement of the phagocyte
function by MP21 hence leads to the increasing innate immune
response in resisting foreign materials, such as pathogens and
tumor cells [38]. These results suggested that MP21 could prime
macrophages for enhanced phagocytic capacities.

3.9. Effects of MP21 on NO secretion and iNOS expression in
RAW264.7 cells

NO has been identified as a major effector molecule produced
by macrophages and is involved in the regulation of apoptosis
and in host defenses against microorganisms and tumor cells [38].
The synthesis of NO by activated macrophages is an important
cytotoxic/cytostatic mechanism of non-specific immunity [39]. As
shown in Table 1, after incubating the RAW264.6 with MP21
for 48 h, NO production was significantly stimulated in a dose-
dependent manner, and the production of NO was  significantly

increased 3.68-fold than that in the control by MP21 at 1000 �g/mL
(p < 0.01), Lee et al. found that RAW264.7 treated with polysaccha-
ride from Cordyceps militaris culture broth showed 1.6-fold increase
than that in the control at 1000 �g/mL [40]. Moreover, the effect
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Fig. 1. (Continued).

Table 1
Effect of MP21 on NO, TNF-� and IL-1� secretion of RAW264.7. RAW 264.7 (2 × 105 cells/mL) was stimulated with DMEM as a normal control, LPS (10 �g/mL) or different
concentrations of MP21 (62.5–1000 �g/mL) for 48 h.

Groups NO level (�mol/L) TNF-� level (pg/mL) IL-1� level (pg/mL)

Normal control 2.63 ± 0.38 194.23 ± 11.25 105.55 ± 2.61
MP21  (62.5 �g/mL) 2.73 ± 0.47 214.28 ± 16.90 115.82 ± 6.84
MP21  (125 �g/mL) 3.07 ± 0.75 229.74 ± 8.47 135.90 ± 3.42
MP21  (250 �g/mL) 3.74 ± 0.72 309.19 ± 14.28aa 205.03 ± 16.35aa

MP21 (500 �g/mL) 4.35 ± 0.88 368.84 ± 22.01aa 206.74 ± 18.54aa

MP21 (1000 �g/mL) 9.69 ± 1.54aa 430.64 ± 16.51aa 218.09 ± 29.21aa

LPS 11.14 ± 1.19aa 340.80 ± 12.31aa 206.43 ± 27.71aa

T t kit. E
g

a
i
b

r
A
i
t

he supernatant NO, TNF-� and IL-1� levels were determined using commercial tes
roup.

t 1000 �g/mL of MP21 was nearly identical with that of LPS. The
ncreasing production of NO suggested that MP21 may  activate the
actericidal and tumoricidal activity of macrophages.

In living organisms, the NO synthase (NOS) consists of neu-

onal NOS (nNOS), endothelial NOS (eNOS) and induced NOS (iNOS).
mong the three isoforms, iNOS is the most important key enzyme

n NO synthesis. The production of NO via iNOS is crucial for killing
umor cells, infected cells and some pathogens in macrophages
ach value is presented as mean ± S.D. (n = 5). aaP < 0.01 compared to normal control

[41]. Based on the ability of MP21 to induce NO release, we
evaluated whether this response was  associated with the iNOS
expression by determining the expression of iNOS protein and
mRNA in the MP21-treated macrophages. As shown in Fig. 3A,

MP21 increased iNOS protein levels in a concentration-dependent
manner. MP21 significantly increased iNOS protein levels from
500 �g/mL (p < 0.01) and was  almost equivalent to that in LPS at
1000 �g/mL (Fig. 3B). Simultaneously, the transcription level of
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Fig. 2. (A) Macrophage-mediated cytotoxicity of activated RAW264.7 (MФ) and cul-
tured supernatant (P-MФ-CM) towards HepG-2 tumor cells; (B) Effect of MP21 on
p
a

g

i
a
5
w
fi
p
a

3
c

i
t
c
f
C
r

hagocytosis activity of RAW264.7. Each value is presented as mean ± S.D. (n = 5).
P < 0.05 compared to normal control group. aaP < 0.01 compared to normal control
roup.

NOS mRNA was also altered in a dose-dependent manner (Fig. 3C),
nd MP21 significantly increased iNOS mRNA levels at doses of
00 �g/mL and up (p < 0.05) (Fig. 3D). These results were consistent
ith iNOS protein expression and NO production. Given the above
ndings, these results suggest that MP21 most likely increases NO
roduction via the upregulation of iNOS expression at the protein
nd gene levels.

.10. Effects of MP21 on TNF-  ̨ and IL-1  ̌ secretion in RAW264.7
ells

Cytokines are intercellular signaling proteins released by both
mmune and non-immune cells. They play important roles in con-
rolling the homeostasis of the whole organism by the induction of

ell differentiation, proliferation and apoptosis, as well as defense
unctions, such as immune responses and inflammatory reactions.
ytokines are important in immune responses and play a pivotal
ole in fighting against tumor growth. The induction of cytokine
istry 51 (2016) 542–553 549

synthesis is one method to evaluate the augmentation activity
of innate immunity. Activated macrophages could generate and
sequentially secrete a variety of proinflammatory cytokines, such
as TNF-� and IL-� [42]. To evaluate the effects of MP21 on cytokine
secretion in RAW264.7 macrophages, ELISA assays were performed
to measure TNF-� and IL-� levels in culture supernatants of
RAW264.7 treated with MP21. As shown in Table 1, MP21 increased
the secretion of TNF-� and IL-� in a dose-dependent manner, the
secretion levels of TNF-� and IL-� were significantly increased after
treatment with 250, 500 and 1000 �g/mL MP21 (p < 0.01). More-
over, the secretion levels of TNF-� at 500 and 1000 �g/mL and IL-�
at 1000 �g/mL were higher than with LPS treatment. At 125 �g/mL,
the release of TNF-� was  enhanced by 18.3% and at 250 �g/mL IL-�
was enhanced by 94.2% compared to the control group. Fang et al.
reported that the polysaccharide from Laminaria japonica at the
concentration of 200 �g/mL can caused a 13.8% and 75.0% increase
in the production of TNF-� and IL-1� [43]. The effect of MP21 on
cytokine production further indicated that MP21 effectively acti-
vated macrophages.

3.11. Effects of MP21 on ROS production in RAW264.7 cells

ROS synthesized by NADPH oxidase acts as secondary mes-
sengers in many cellular processes, including signal transduction,
redox signaling, autophagy and respiratory burst. In macrophages,
ROS is a key functional effector of differentiation, activation
and function. A consequence of heightened ROS synthesis is
the activation of the MAPK and NF-�B signaling pathways, the
activation of these pathways increases the expression of proin-
flammatory mediators [44]. The generation of ROS by MP21 was
assessed by measuring DCF fluorescence. The fluorescence inten-
sity in cells treated with MP21 was significantly increased in a
dose-dependent manner (Fig. 4A), which was confirmed under
fluorescence microscopy (Fig. 4B). When compared with the con-
trol group, the fluorescence intensity was noticeably enhanced
(p < 0.01), and the highest activity was exhibited at 1000 �g/ml,
which presented a 2.8-fold enhancement compared to the con-
trol (Fig. 4A). This result demonstrated that MP21 treatment
mediated the upregulation of intracellular ROS production. Lee
et al. determined the fluorescence intensity of Cordyceps mili-
taris polysaccharide CM (500 �g/mL), which represented a 1.4-fold
enhancement compared with that of the control treatment in
RAW264.7 [42], while the fluorescence intensity of this study was
higher than that reported by Lee et al. at same concentration. It
may  also be partly explained by the increased NO level caused by
MP21 treatment. The surplus NO competed with oxygen, causing
the displacement of oxygen from cytochrome-c oxidase, which led
to a limitation in the rate of transfer in the electron transport chain,
thus resulting in the generation of ROS [45].

Macrophages activation plays critical roles in host defense,
including phagocytosis of pathogens and apoptotic cells, produc-
tion of cytokines, proteolytic processing and presentation of foreign
antigens. A variety of plant polysaccharides have been reported
to exhibit beneficial pharmacological effects via their ability to
modulate macrophage function. In particular, these compounds
have been shown to increase macrophage cytotoxic activity against
tumor cells, activate phagocytic activity, increase ROS and NO pro-
duction and enhance secretion of cytokines and chemokines, such
as TNF-� and IL-1� [46]. MP21 had no direct cytotoxicity towards
tumor cells, but the cultural supernatant of macrophages treated
with MP21 could kill HepG-2 cells. MP21 could also promote the
releases of TNF-a, IL-1�, NO and ROS by macrophages, indicating

that MP21 polysaccharides may  indirectly play the role of anti-
tumors through the releases of effector molecules by macrophages.
Therefore, MP21-mediated activation of macrophages and produc-
tion of various effector molecules may  contribute to its antitumor
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Fig. 3. (A) Effect of MP21 on the iNOS protein expression level in RAW264.7; (B) Densitometry analyses are presented as iNOS proteins expression ratio to �-actin using
Quantity One software; (C) Effect of MP21 on the iNOS mRNA expression level in RAW264.7; (D) Densitometry analyses are presented as iNOS genes expression ratio to
�-actin  using Quantity One software. aP < 0.05 compared to normal control group. aaP < 0.01 compared to normal control group.
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ig. 4. (A) Effect of MP21 on intracellular ROS generation of RAW264.7; (B) Fluores
n  = 5). aP < 0.05 compared to normal control group. aaP < 0.01 compared to normal c

ctivity. In general, polysaccharides are highly diversified in their
lycosidic linkage, molecular mass, monosaccharide composition,
onformation, degree of branching and other physicochemical
roperties, which together have effect on the immunomodulatory
ctivity and other bioactivity [47]. Previous studies suggested that
he branched spherical shape structures of polysaccharides were
eneficial for their bioactivities [48]. Furthermore, in the study of
ther polysaccharides, the authors suggested that higher molecular
eight polysaccharides could induce greater amount of NO produc-

ion from RAW264.7 [46]. It also has been found that the bioactivity
olysaccharides were mainly composed of rhamnose, galactose and
rabinose. Lo et al. reported that mannose, arabinose, xylose, and
alactose played a key role in the activation of macrophage, but not
lucose [49]. In this study, MP21 were found to consist of similar

onosaccharide compositions. Taken together, we can conclude

hat MP21 has significant immunomodulatory activity.
microscopic images of cells stained for ROS. Each value is presented as mean ± S.D.
l group.

3.12. The protein expression of NF-�B p65

NF-�B is one of the most important regulators of gene expres-
sion in macrophages and usually stays in the cytoplasm due to
its inactive non-covalent binding form with p50-p65-I�B trimer.
When signals for the activation of NF-�B are received, serine
residues in I�B are phosphorylated and dissociated from NF-�B,
which is then transferred to the nucleus as an activated transcrip-
tion factor [50]. After the dissociation of I�B, the binding sites of
the p50–p65 dimer are exposed to combine with the �B motif.
The NF-�B p65 subunit then transfers from the cytoplasm to the
nucleus with potent activity leading to the transcription of a vari-
ety of genes, such as iNOS, ROS and macrophage-related cytokines
[3]. In this study, the protein expression of nuclear NF-�B p65

was analyzed as a pathway potentially involved in the stimulation
of macrophages by MP21. The NF-�B p65 protein showed higher
expression after stimulation MP21 at 125 �g/mL to 1000 �g/mL
(Fig. 5A), and the protein expression level at 1000 �g/mL was  sig-
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ificantly enhanced compared with that of the normal control
roup (p < 0.01) (Fig. 5B). In addition, the increasing trend in NF-
B p65 protein expression was consistent with analytical results
f other functional indexes (e.g., phagocytosis and NO, ROS, TNF-

 and IL-1� secretion) of activated macrophages. Similar NF-�B
ctivation activities were also observed in macrophages treated
ith polysaccharides from Lentinula edodes,  Ganoderma lucidum

nd C. militaris [51]. Therefore, NF-�B signaling pathway might play
 central role in macrophage-mediated immunomodulatory activ-
ty treated with polysaccharides and the effect of MP21 to activate
he protein expression of NF-�B p65 provides further evidence that
ts immunomodulatory properties. Detailed intracellular signaling
athways will be further explored in the future.

. Conclusions

In this study, a purified polysaccharide, MP21, was obtained
rom maca. MP21 had indirect cytotoxicity towards HepG-

 by stimulating macrophage responses. MP21 could activate

acrophages by promoting phagocytosis and stimulating the pro-

uction of NO, ROS and cytokines (TNF-�  and IL-1�) in RAW264.7.
he enhancement of NO secretion might be due to an increase
n iNOS mRNA and protein levels. In addition, MP21 most likely
sitometry analyses are presented as NF-�B p65 proteins expression ratio to �-actin
ared to normal control group.

enhanced macrophage activities by activating the NF-�B signal-
ing pathway. All the data in this study provide evidence that
MP21 has potent immunomodulatory properties and might be con-
sidered as a novel potential immunomodulator for use in drugs
or functional foods to substitute for current pharmaceutical and
food industry substances. The structure-function relationships and
immune-regulatory mechanisms of MP21 will be studied in future
investigations.
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