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Banana is a delicious fruit with potent immunomodulatory function. In this study, a-D-(1/6)-glucan was

purified from banana pulp. It could significantly promote pinocytic activity and production of nitric oxide

(NO), interleukin-6 (IL-6), and tumor necrosis factor-a (TNF-a). The mRNA expression of nitric oxide

synthase (iNOS), IL-6 and TNF-a was increased in RAW264.7 macrophages. a-D-(1/6)-glucan could not

only increase the expression levels of p-p65 and p-IkBa, but also induce the translocation of nuclear

factor-kappa B (NF-kB) p65 into the nucleus. Moreover, mitogen-activated protein kinases (MAPKs),

including p-ERK, p-JNK and p-p38, were upregulated. These results suggested that NF-kB and MAPK

signaling pathways were involved in the immunomodulatory mechanisms of a-D-(1/6)-glucan. The results

revealed that a-D-(1/6)-glucanmight be the critical component responsible for the health benefits of banana.
Introduction

Consumption of fruits is benecial for health maintenance and
prevention of diseases, including cancer, diabetes, cardiovas-
cular disorders, Alzheimer disease, and age-related functional
decline.1,2 Banana is a fruit widely accepted by people over the
world due to its pleasant avor and great health benets.3 A
variety of bioactive compounds have been found in banana
fruits. Among these compounds, polysaccharides are the
predominant bioactive components.4 Starch, one of the most
important polysaccharides in banana pulp, is a polymeric
mixture of glucose polymers, amylose and amylopectin.5 Other
polysaccharides, which included homogalacturonans, arabino-
galactan, rhamnogalacturonan and mannan have been re-
ported in banana pulp previously.6,7

Polysaccharides have attracted much attention recently due
to their signicant bioactivities,8,9 especially the immunomod-
ulatory effects.10 Our previous studies found that poly-
saccharides from longan pulp and Citrus reticulata Blanco peel
show great immunomodulatory activity.11,12 Moreover, poly-
saccharides from Gracilaria lemaneiformis possess immuno-
modulatory effect by inducing nitric oxide (NO) and cytokines
secretion in macrophages.13 Macrophages play an important
role in the immune system, and act as a part of the host defense
system. Once the body is invaded by xenobiotics, macrophages
are the rst line of defense to recognize them and will be acti-
vated immediately.14 Furthermore, activated macrophages
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could act as the “bridge cell”, which is of great importance to
the specic and non-specic immune reactions.15

Banana fruit is important component of a healthy diet with
medicinal importance, including regulating immunity, lowering
blood pressure and cholesterol, and improving intestinal
health.16 Shiga et al. have pointed out that banana fruitsmay have
a potential immunomodulatory activity due to the presence of
arabinogalactan and mannans.6 However, no further investiga-
tions about the immunomodulatory activity of such poly-
saccharides from banana have been reported. The predominant
neutral polysaccharide was isolated in banana pulp, and its
precise structure was identied to be a-D-(1/6)-glucan in our
previous work. Moreover, a-D-(1/6)-glucan has showed potent in
vivo immunomodulatory activity.17 a-D-(1/6)-glucan was found
to be the predominant polysaccharides in banana pulp, which
may be responsible for the immunomodulatory effect of banana
fruit. However, the mechanism of its immunomodulatory activity
remains unknown. In the present work, the immunomodulatory
activity of a-D-(1/6)-glucan was further examined using murine
macrophage RAW264.7 cells, by determining the effects on the
secretions of NO and cytokines, and related gene expression. The
possible mechanism of its immunomodulatory effect was
analyzed as well. The results could be evidence that poly-
saccharides from banana pulp acts as immunomodulatory agent
by enhancing macrophage function.
Materials and methods
Materials

Fresh bananas at the ripe stage were collected from a local farm
in Guangzhou, China. Ripe banana fruits were peeled, and were
immediately subjected to polysaccharides extraction.
RSC Adv., 2019, 9, 6995–7003 | 6995

http://crossmark.crossref.org/dialog/?doi=10.1039/c9ra00113a&domain=pdf&date_stamp=2019-02-28
http://orcid.org/0000-0003-4789-6409
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra00113a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA009012


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
M

ar
ch

 2
01

9.
 D

ow
nl

oa
de

d 
on

 6
/1

6/
20

26
 1

1:
22

:0
1 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Chemicals

Lipopolysaccharide (LPS), neutral red, and 3-(4,5-
dimethylthiazol-2-y1)-2,5-diphenyltetrazoliumbromide (MTT)
were purchased from Sigma-Aldrich Chemical Co. (St. Louis,
MO, USA). Dulbecco's modied Eagle's medium (DMEM), fetal
bovine serum (FBS), phosphate-buffered saline (PBS), and other
reagents for cell culture were purchased from Gibco Life Tech-
nologies (Grand Island, NY, USA). The primary monoclonal
antibodies against NF-kB p65, phospho-IkBa, phospho-p65,
phospho-ERK, phospho-SAPK/JNK, phospho-p38 MAPK and
GAPDH, and horseradish peroxidase-conjugated secondary
antibodies were purchased from Cell Signaling Technology,
Inc., (Boston, MA, USA). Anti-TATA binding protein TBP
antibody-Nuclear Loading Control was obtained from Abcam
plc., (Cambridge, UK). The ECL western blot detection kit was
from Bio-Rad Laboratories (Shanghai) Co., Ltd. (Shanghai,
China). The specic inhibitors, including BAY11-7082,
SB203580, SP600125 and PD98059 were purchased from
Target Molecules Corp. (Boston, MA, USA). All the other
chemicals used were of analytical grade.
Preparation of a-D-(1/6)-glucan from banana pulp

The water-soluble polysaccharides in banana pulp were
prepared by hot water extraction, as described previously.7 The
crude polysaccharides were treated with Sevag reagent
(chloroform/butanol ¼ 4 : 1, v/v) to remove the proteins. Then
the polysaccharides were subjected to column chromatography,
which was performed over DEAE Sepharose Fast Flow and
Sephadex G-100, respectively. The neutral banana pulp poly-
saccharide (NBPP) was obtained aer lyophilization. NBPP
accounted for 83.2 � 5.6% of crude polysaccharides, indicating
that NBPP was the dominant fraction in banana poly-
saccharides. The precise structure of NBPP was identied to be
a-D-(1/6)-glucan by monosaccharide composition assay and
NMR assay, as described in our previous report.17 Themolecular
weight of NBPP was higher than 2990 kDa by high performance
gel permeation chromatography.
Cell culture

Mus macrophage cell RAW264.7 (ATCC TIB-71) was purchased
from the American Tissue Culture Collection (Manassas, VA,
USA). The cells were cultured in a growth medium containing
DMEM plus 10% FBS, and penicillin-streptomycin-neomycin
(PSN) antibiotics mixture (Gibco Life Technologies, Grand
Island, NY, USA). The cells were kept in a humidied incubator
at 37 �C with an atmosphere containing 5% CO2.
Cytotoxicity assay

The cytotoxicity assay of a-D-(1/6)-glucan was performed by
MTT staining method as previously described.18 Briey,
RAW264.7 cells (1.7� 104 cells per well) were placed in a 96-well
at-bottom plate for 24 h. The growth medium was discarded
from each well, and the cells were washed by PBS before the
treatment of various concentrations of a-D-(1/6)-glucan (10–
400 mg mL�1). Aer incubation for 24 h, 10 mL of MTT solution
6996 | RSC Adv., 2019, 9, 6995–7003
(5 mg mL�1) were added to each well. The cells were stained for
4 h, then media was carefully removed from each well. The
formazan crystals were dissolved in DMSO before measuring
the absorbance at 570 nm. The cells without a-D-(1/6)-glucan
or LPS treatment was set as normal control, and LPS (200 ng
mL�1) was used as positive control.
Pinocytic activity assay

The pinocytic activity of a-D-(1/6)-glucan was measured
according to the method of Zhao et al.19 RAW264.7 cells were
pretreated with a variety of concentrations (10, 20, 40, 80 and
120 mg mL�1) of a-D-(1/6)-glucan for 24 h as described
before. Then culture media was discarded, and 0.075%
neutral red (100 mL per well) was added. Aer incubation for
3 h, media were removed, and the cells were wash with PBS
twice before adding 100 mL of cell lysate (ethanol : acetic acid
¼ 1 : 1 v/v). The absorbance was measured at 520 nm, and the
pinocytic activity was calculated as following:

pinocytic activity ð%Þ ¼ A1
A0

� 100%; where A1 and A0 were

the absorbance of tested sample and the absorbance of the
normal control, respectively.
Measurement of nitric oxide and cytokines secretion

Aer incubated for 24 h in a 96-well at-bottom plate,
RAW264.7 cells were treated with different concentrations (10,
20, 40, 80 and 120 mg mL�1) of a-D-(1/6)-glucan. Supernatants
were collected following another 24 h incubation, nitric oxide
(NO), tumor necrosis factor alpha (TNF-a) and interleukin-6 (IL-
6) secretion were measured by using NO assay kit (Beyotime
Biotechnology, Shanghai, China), TNF-a and IL-6 ELISA kits
(Neobioscience Technology Co., Ltd. Shenzhen, China)
according to the manufacturer's instructions, respectively. LPS
was used as the positive control.
Gene expression analyses

RAW264.7 cells (6 � 105 cells per well) were seeded in a 6-well
at-bottom plate followed by incubation of 24 h. Then, the cells
were incubated with a-D-(1/6)-glucan at different concentra-
tions (10, 20, 40, 80 and 120 mg mL�1) for 24 h. Total RNA was
isolated using the HiPure total RNA Mini kit (Magen Biological
Technology Co., Ltd., Guangzhou, China). The rst strand cDNA
synthesis, and quantitative real-time (qRT-PCR) analysis were
conducted as described by Li et al.20 The qPCR primers used
were: inducible nitric oxide synthase (iNOS) (F: AAG-
CAGCTGGCCAATGAG, R: CCCCATAGGAAAAGACTGC), TNF-
a (F: GGGAGCAAAGGTTCAGTGAT, R: CCTGGCCTCTCTACC
TTGTT), IL-6 (F: CTGACAATATGAATGTTGGG, R: TCCAA-
GAAACCATCTGGCTAGG), interleukin-10 (IL-10) (F: GGTT
GCCAAGCCTTATCGGA, R: ACCTGCTCCACTGCCTTGCT), and
GAPDH (F: GTCATTGAGAGCAATGCCAG, R: GTGTTCCTAC
CCCCAATGTG). Data were analyzed by using the DDCT method,
and GADPH was applied as an endogenous control.
This journal is © The Royal Society of Chemistry 2019
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Western blotting analyses

RAW264.7 cells were seeded in 6-well at-bottom plates at
a concentration of 1 � 106 cells per well followed by incubation
of 24 h. Then, the cells were incubated with a-D-(1/6)-glucan at
different concentrations (20, 40 and 80 mg mL�1) for 30 or
90 min (for the expression of nuclear NF-kB p65). The cells
receiving the same level of treatment were collected together for
protein extraction and further western blot analysis was per-
formed as previously described.2 The expressions of GAPDH
and anti-TATA binding protein TBP antibody were analyzed as
an internal standard for process control, and nuclear lysate
loading control, respectively. The bands were nally quantied
using Image J soware (National Institutes of Health, USA),
normalized with corresponding GAPDH or TBP antibody.
Statistical analyses

All data were expressed as the means of three replicated deter-
minations. Results were subjected to analysis of variance and
differences between means were located using Duncan or
Dunnett's T3 test. p < 0.05 or p < 0.01 was regarded as signicant
value.
Results and discussion
The cytotoxicity activity of a-D-(1/6)-glucan

The potential cytotoxicity of a-D-(1/6)-glucan varying from 10–
400 mg mL�1 on RAW264.7 cells was investigated by measuring
cell viability. As shown in Fig. 1, a-D-(1/6)-glucan and LPS were
nontoxic to the cells within the tested concentrations. On the
contrary, a-D-(1/6)-glucan could signicantly promote cell
proliferation of RAW264.7 cells at a low concentration (10 mg
mL�1). These results indicated that a-D-(1/6)-glucan from
banana fruit pulp was a noncytotoxic polysaccharide.
Fig. 1 Effects of a-D-(1/6)-glucan and LPS on the cell viabilities of
RAW264.7 macrophages. NBPP refers to a-D-(1/6)-glucan. Bars with
no letters in common are significantly different (p < 0.05).

This journal is © The Royal Society of Chemistry 2019
Effect of a-D-(1/6)-glucan on pinocytic activity

Activation of macrophages is one of the most important steps in
innate immune response through initiating and propagating
defensive reactions against xenobiotics.21 Therefore, phagocy-
tosis functions play signicantly important roles for macro-
phages to exert innate immunity. An increase in pinocytotic
activity is one of the most signicant feature of macrophage
activation.19 As shown in Fig. 2, a-D-(1/6)-glucan signicantly
up-regulated the pinocytotic activity of RAW264.7 cells in
a dose-dependent manner. Similarly, polysaccharide from Ficus
carica and b-glucan from Durvillaea antarctica were reported to
improve pinocytic capacity of RAW264.7 cells.22,23
Effect of a-D-(1/6)-glucan on NO and cytokines production

To further investigate whether a-D-(1/6)-glucan could activate
macrophages, the productions of NO and cytokines (TNF-a and
IL-6) in RAW264.7 macrophages were determined as well.
Without a-D-(1/6)-glucan or LPS treatment, the concentrations
of NO, TNF-a and IL-6 in RAW264.7 macrophages were 0.294
mmol L�1, 7.94 and 183.8 pg mL�1, respectively. Compared to
the normal control, a-D-(1/6)-glucan could signicantly alle-
viate the productions of NO, TNF-a and IL-6 in a dose-
dependent manner (Fig. 3). The secretions of NO, TNF-a and
IL-6 for a-D-(1/6)-glucan treatment at 120 mg mL�1 were
signicantly higher than those of LPS stimulation.

Previous report indicated that when macrophages were
activated, they could promote phagocytosis, NO and cytokine
production. It was consistent with our present results.13,14

Phagocytosis, which elevates the innate immune response aer
activation, is the rst step of macrophages response to foreign
bodies.24 NO is a free-radical gas that can diffuse freely through
cells and is synthesized from L-arginine by NO synthases (NOS),
which included neuronal NOS (nNOS), iNOS and endothelial
NOS (eNOS).25,26 Bogdan has suggested that NO is one of the
most important mediators in the immune system. It contributes
Fig. 2 Effects of a-D-(1/6)-glucan and LPS on the pinocytotic
activities of RAW264.7 macrophages. NBPPmeans a-D-(1/6)-glucan.
Values with different letters show significant differences (p < 0.05).

RSC Adv., 2019, 9, 6995–7003 | 6997
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Fig. 3 Effects of a-D-(1/6)-glucan and LPS on the productions of NO
and cytokines in RAW264.7 macrophages. NBPP refers to a-D-(1/6)-
glucan. Bars with different letters are significantly different (p < 0.05).
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to killing, and inhibiting microorganisms and tumor cells via
activating macrophages.26 The concentration of NO in
RAW264.7 cells was extremely low without a-D-(1/6)-glucan or
LPS treatment, while a signicant promotion in the NO
synthesis was observed in the present study, implying the acti-
vation of macrophages induced by a-D-(1/6)-glucan. Addi-
tionally, NO was able to modulate the production and function
6998 | RSC Adv., 2019, 9, 6995–7003
of cytokines, including IL-1, IL-6, IL-8, IL-10, IFN-g, and TNF.26

Cytokines are mainly produced by immune cells and play
important roles in the activation, differentiation, and matura-
tion of a variety of immune cells.27 Among reported cytokines,
TNF-a is a product of activated macrophages, natural killer cells
and T lymphocytes, involving in regulation of TNF-dependent
adaptive immunity by activating monocytes and macro-
phages.13 IL-6, which is produced in monocytes and macro-
phages at sites of inammation during acute inammation and
in T cells in chronic inammation, is a pro-inammatory and
immunoregulatory cytokine as a results of host defense against
infections and tissue injuries.28,29 Moreover, IL-6 is a key regu-
latory signal in the differentiation of naive T cells to Th17 cells,
which can lead to autoimmunity when the level is increased.30

Compared to other pro-inammatory cytokines, TNF-a and IL-6
have unique immunomodulatory actions in immune
response.28 NO, TNF-a and IL-6 are common biomarkers to
evaluate the immunomodulatory effect of polysaccharides.13,15,24

Our results indicated that a-D-(1/6)-glucan might generate
immunostimulatory effects via activated macrophages, which
plays an important role for the immunological activity exerted
by polysaccharides.

Our results indicated that a-D-(1/6)-glucan prepared from
banana showed potent immunological activity. Ferreira et al.
have also reviewed a-D-(1/6)-glucan from Aconitum carmichaeli,
Armillariella tabescens, Ipomoea batatas and Lepista sordida which
showed immunomodulatory effect in vitro and/or in vivo.31

Therefore, a-D-(1/6)-glucan might be the key component
responsible for the health benets of banana. Furthermore, a-D-
(1/6)-glucan from the cultured Armillariella tabescens mycelia
could induced NO and cytokines production in macrophages
from 50 to 200 mg mL�1.32 However, the immunomodulatory
effect was weaker than that of a-D-(1/6)-glucan from banana.
Previously, polysaccharides with relatively low molecular weight
likely possess greater bioactivities.8 However, a-D-(1/6)-glucan
prepared from banana showed signicantly better immunolog-
ical activity than other polysaccharides reported previously, such
as GLP from Gracilaria lemaneiformis, and HSP from Hibiscus
sabdariffa. All these polysaccharides possessed lower molecular
weight than a-D-(1/6)-glucan in the present work, but signi-
cantly weaker immunomodulatory effect.13,33 Thereby, a-D-(1/6)-
glucan isolated from banana could potentially be used as
a potent immunomodulatory agent in functional foods.
Effects of a-D-(1/6)-glucan on mRNA expression of NO and
cytokines

As shown in Fig. 4, the mRNA expression levels of iNOS, IL-6
and IL-l0 were signicantly induced in a concentration-
dependent manner aer treating by a-D-(1/6)-glucan for
24 h. When the concentration of a-D-(1/6)-glucan was up to
120 mg mL�1, the expression levels of iNOS, IL-6 and IL-10 were
higher than those of LPS. Furthermore, the TNF-a expression
level of a-D-(1/6)-glucan-treated cells increased steadily within
the concentrations of 20–120 mg mL�1. Signicant promotion of
TNF-a expression was observed within test concentration,
comparing with the normal control group. Therefore, a-D-(1/
This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Effects of a-D-(1/6)-glucan and LPS on the mRNA expression of iNOS and cytokines in RAW264.7 macrophages. NBPP means a-D-(1/
6)-glucan. “*” refers to a significant difference from the normal control at p < 0.05, “**” refers to a significant difference from the normal control at
p < 0.01.
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6)-glucan regulated NO and cytokines secretion at the mRNA
level. The endogenous control GAPDH was constitutively
expressed and was unaffected by a-D-(1/6)-glucan treatment.
Thus, a-D-(1/6)-glucan regulated the transcriptional stimula-
tions of iNOS, TNF-a, IL-6 and IL-10.

Among NOS, iNOS is responsible for most NO production in
a wide array of cells.34 iNOS is helpful in preventing excessive
immune reactions, protecting to some extent against autoim-
munity and acting as an inter- and intra-cellular signaling
molecule shaping the immune response.26 IL-10 is also an
important immunoregulatory cytokine that can be produced by
innate and adaptive immune cells. Generally, IL-10 is an anti-
inammatory cytokine, inhibiting the production of a number
of pro-inammatory cytokines such as TNF-a and IL-6.27 As
mentioned before, pro-inammatory mediators, including TNF-
a and IL-6, are important for host survival from abnormal cells
and tissues, and can be produced by the activation of immune
cells. However, hypernomic production of pro-inammatory
cytokines by over-activating immune cells can lead to chronic
This journal is © The Royal Society of Chemistry 2019
inammation. Therefore, anti-inammatory cytokines like IL-
10 also secrete to prevent potential harmful effects from
immoderate macrophage activation.35 A balanced ratio of IL-6 to
IL-10 decreases the risk of chronic inammation.36 Previous
study has indicated that IL-10 is induced to suppress the over-
activation of RAW264.7 cells, thus avoiding potential occur-
rence of severe inammation.35 Our results demonstrated that
considerable expression of IL-10 was induced by a-D-(1/6)-
glucan treatment. Moreover, a higher concentration of a-D-(1/
6)-glucan triggered a drastic increase of expression levels
(39.67–48.59 times to the normal control) compared with the
lower concentration (4.57–11.17 times to the normal control).
Thereby, the present results implied that a-D-(1/6)-glucan
might be an immunostimulatory polysaccharide that activated
macrophages via producing pro-inammatory mediators while
suppressing the excessive activation by releasing anti-
inammatory cytokines. Similar phenomenon has been
observed in polysaccharides from Enteromorpha prolifera, sug-
gesting that a-D-(1/6)-glucan is a good immunostimulators.35
RSC Adv., 2019, 9, 6995–7003 | 6999
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Effects of a-D-(1/6)-glucan on nuclear factor-kappa B (NF-kB)
activation and nuclear translocation

To investigate the a-D-(1/6)-glucan-mediate signal trans-
duction pathways in the regulation of gene expression, western
blotting assay was carried out to analyze the expression levels of
NF-kB proteins, including phosphorylated p65 (p-p65), phos-
phorylated IkB-a (p-IkB-a), and NF-kB subunit p65. The results
are displayed in Fig. 5. The western blotting assay demonstrated
that the expression level of p-IkB-a in RAW264.7 cells stimu-
lated with a-D-(1/6)-glucan signicantly increased from 3.19 to
5.49 times comparing with the normal control, in a dose-
dependent manner (Fig. 5B and D). Similarly, the level of p-
p65 was signicantly increased aer a-D-(1/6)-glucan
Fig. 5 Effects of a-D-(1/6)-glucan and LPS on NF-kB activation and nu
show the expression of phospho-p65 (A), phospho-IkBa (B), and nuclear
protein expression levels of phospho-p65, phospho-IkBa, and nucle
comparing to the normal control (D), the asterisk “*” or “**” indicates a
respectively; effects of NF-kB activation on a-D-(1/6)-glucan and LPS in
mL) were pretreated with BAY 11-7082 (1 or 5 mM) for 30 min, and then sti
24 h. The level of NO production was determined by measuring concentr
significantly different (p < 0.05). NBPP refers to a-D-(1/6)-glucan.
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treatment (Fig. 5A). Moreover, a-D-(1/6)-glucan signicantly
elevated the nuclear levels of NF-kB subunit p65 (Fig. 5C).
However, all the expression levels were lower than those of LPS
treatment. To further conrm the role of NF-kB in a-D-(1/6)-
glucan-induced NO production, BAY 11-7082, which could
specically inhibit NF-kB activation, was used. As shown in
Fig. 5E, pretreating with BAY11-7082 signicantly inhibited NO
production stimulated by a-D-(1/6)-glucan and LPS, especially
at 5 mM, where a-D-(1/6)-glucan-induced NO production was
almost completely suppressed. All the results implied that the
NO production was induced by a-D-(1/6)-glucan through a NF-
kB-dependent mechanism.

The expression of iNOS in murine macrophages is predom-
inantly regulated by transcription factor NF-kB. Additionally,
clear translocation in RAW264.7 macrophages. Western blotting assays
NF-kB p65 (N-p65) (C) after a-D-(1/6)-glucan or LPS treatment; the
ar NF-kB p65 (N-p65) after a-D-(1/6)-glucan or LPS stimulation,
significant difference from the normal control at p < 0.05 or p < 0.01,
duced NO production (E), RAW264.7 macrophages (1.7 � 105 cells per
mulated with a-D-(1/6)-glucan (80 mg mL�1) or LPS (200 ng mL�1) for
ation of NO in the culture medium, bars with no letters in common are
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Fig. 6 Effects of a-D-(1/6)-glucan and LPS on MAPK activation in RAW264.7 macrophages. Effects of a-D-(1/6)-glucan and LPS on phos-
phorylation of ERK1/2 (A), p38MAPK (B), and JNK (C) by western blotting analysis; the protein expression levels of phospho-ERK1/2 (D), phos-
phor-p38 (D), and phospho-JNK (E) induced by a-D-(1/6)-glucan or LPS, comparing to the normal control, “*” indicates a significant difference
from the normal control at p < 0.05, “**” indicates a significant difference from the normal control at p < 0.01; effects of MAPK activation on a-D-
(1/6)-glucan induced NO production (F), RAW264.7 macrophages (1.7 � 105 cells per mL) were pretreated with SB 203580 (20 mM), SP600125
(20 mM), PD98059 (20 mM) for 30 min, respectively, and then stimulated with a-D-(1/6)-glucan (80 mg mL�1) for 24 h. The level of NO
production was determined by measuring concentration of NO in the culture medium. Values with different letters show significant differences
(p < 0.05). NBPP refers to a-D-(1/6)-glucan.
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NF-kB is also one of the most important regulators for the
expression of the genes associated with immune and inam-
matory responses, including macrophage-related cytokines and
antioxidant enzymes.37,38 In the resting cells, NF-kB is seques-
tered in cytosol by interacting with IkB, which is the inhibitory
protein of NF-kB. Once the cells are exposed to stimuli, the
phosphorylation, ubiquitinated and subsequent degradation of
IkB leads to NF-kB activation. Then free NF-kB rapidly trans-
locates to the nucleus to induce transcription of target genes.14

In the present work, a-D-(1/6)-glucan induced IkBa and NF-kB
subunit p65 phosphorylation, and nuclear translocation of NF-
kB subunit p65. BAY11-7082, an IkBa kinase inhibitor, speci-
cally inhibits the activation of NF-kB by preventing the phos-
phorylation of IkBa.39 a-D-(1/6)-glucan induced NO
production was effectively inhibited by BAY11-7082. These
ndings suggested that a-D-(1/6)-glucan could induce NF-kB
activation through increasing IkBa and p65 phosphorylation.
Similar phenomenon has been reported in polysaccharides
from Hibiscus sabdariffa Linn. and Cheonggukjang.24,33
Effects of a-D-(1/6)-glucan on mitogen-activated protein
kinase (MAPK) activation

MAPKs, a family of serine/threonine-specic protein kinase,
mainly consists of three members, including ERK1/2,
p38MAPK, and JNK1/2. Reportedly, MAPKs play a predomi-
nant role in cellular response to extracellular stimuli, such as
LPS and polysaccharides, leading to activation of macrophages
to induce relevant genes transcription and cytokines secre-
tion.23 The phosphorylation of MAPKs was reported to activate
the NF-kB signaling pathway.40 In the present work, RAW264.7
cells stimulated with a-D-(1/6)-glucan concentration-
dependently increased the expressions levels of phosphoryla-
tion of ERK1/2 (Fig. 6A and D) and JNK1/2 (Fig. 6C and E). The
expression levels of phosphorylation of ERK1/2 and JNK1/2 in a-
D-(1/6)-glucan treatment group (80 mg mL�1) were 2.37/2.57-
fold, and 10.49/15.62-fold, respectively, as much as normal
control, but lower than those of LPS stimulation. The expres-
sion levels of p-p38 were 1.53, 5.37, and 2.79-fold at varying
concentrations of a-D-(1/6)-glucan treatment, comparing to
the normal control (Fig. 6B and D). MAPK phosphorylation was
found to be a precondition for NO and cytokine production in
activated macrophages.41 MAPK inhibitors, such as SB 203580,
SP600125 and PD98059, which are p38 MAPK, JNK, and ERK
inhibitors, respectively, were used to verify the effects of MAPK
activation on a-D-(1/6)-glucan-induced NO production. As
shown in Fig. 6F, SB 203580, SP600125 and PD98059 signi-
cantly inhibited NO production stimulated by a-D-(1/6)-glucan
to different extents.

MAPKs are essential regulators for both innate and adaptive
immune responses. MAPK activity is regulated by reversible
phosphorylation at threonine and tyrosine residues.42 Studies
have revealed that polysaccharides from Hibiscus sabdariffa
Linn., Ficus carica, and Durvillaea antarctica can promote
expression of p-ERK1/2, p-p38, and p-JNK1/2 in MAPK signaling
pathways of RAW264.7 macrophages.22,23,33 Consequently,
phosphorylated p38, ERK1/2, and JNK1/2 were induced aer a-
7002 | RSC Adv., 2019, 9, 6995–7003
D-(1/6)-glucan treatment. Previous report has also showed that
MAPK inhibitors effectively inhibited polysaccharide-induced
NO production in rIFN-g-primed RAW264.7 macrophages, in
accordance with present results.24 Taken together, a-D-(1/6)-
glucan activated macrophages partly through the activation of
p38, JNK, and ERK in the MAPK signaling pathway, and then
promoted mediator production corresponding to immunity
response.
Conclusions

In this study, the predominant polysaccharide, a-D-(1/6)-
glucan was prepared from banana. It could signicantly
promote the pinocytic activity of RAW264.7 macrophages and
increase the secretions of NO, TNF-a and IL-6. NF-kB and MAPK
signaling pathways were involved in the macrophage activation
induced by a-D-(1/6)-glucan. These results suggested that a-D-
(1/6)-glucan could potentially be used as a potent immuno-
modulatory agent in functional foods and pharmaceuticals.
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