
Arabian Journal of Chemistry (2022) 15, 104030
King Saud University

Arabian Journal of Chemistry

www.ksu.edu.sa
www.sciencedirect.com
ORIGINAL ARTICLE
Structural characterization and immune-enhancing

activity of a novel acid proteoglycan from Black

soybean
* Corresponding authors.

E-mail addresses: zhaojz@sxau.edu.cn (J. Zhao), lip@sxau.edu.cn

(P. Li).
1 These authors have contributed equally to this work.

Peer review under responsibility of King Saud University.

Production and hosting by Elsevier

https://doi.org/10.1016/j.arabjc.2022.104030
1878-5352 � 2022 Shanxi Agricultural university. Published by Elsevier B.V. on behalf of King Saud University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Wuxia Zhang
a,1
, Yihua Hu

a,1
, Jiaqi He

a
, Yongpo Zhang

a
, Aiqin Yue

b
, Weijun Du

b
,

Jinzhong Zhao a,*, Peng Li a,*
aDepartment of Basic Sciences, Shanxi Agricultural University, Taigu 030801, Shanxi, China
bCollege of Agriculture, Shanxi Agricultural University, Taigu 030801, Shanxi, China
Received 4 April 2022; accepted 5 June 2022

Available online 9 June 2022
KEYWORDS

Black soybean;

Proteoglycan;

Immunoregulatory activity;

Mannose receptor;

NF-jB
Abstract Black soybean (Glycine max (L.) merr), as an edible seed of the leguminous plant, pos-

sesses a high amount of proteins and carbohydrates. However, few studies have been conducted on

the protein-polysaccharide polymer (proteoglycan) in Black soybean. Here, we aim to characterize

the proteoglycan in Black soybean. Firstly, a crude extract from Black soybean was obtained by

water extraction and alcohol precipitation. Then, DEAE-52 cellulose and Sephadex G-100 column

chromatography were used to isolate proteoglycans in the crude extract, and a novel proteoglycan

named BBWPS2 was obtained. Moreover, the chemical analysis showed that BBWPS2 was a pro-

teoglycan of 2.02 � 105 Da, and composed of 7 kinds of monosaccharides and 16 kinds of amino

acids. b-elimination reaction identified the carbohydrate chain was connected to peptide chain with

O-glycosidic bonds. Finally, the immunomodulatory tests indicated that BBWPS2 can significantly

promote the primary splenocyte proliferation and activate mouse peritoneal macrophages to pro-

duce TNF-a. Subsequent pathway studies revealed that BBWPS2 activated macrophages through

the mannose receptor-mediated NF-jB/MAPK signaling pathway. Our work indicated that

BBWPS2 from Black soybean could be explored as a promising natural immunopotentiator in food

and pharmaceutical industries.
� 2022 Shanxi Agricultural university. Published by Elsevier B.V. on behalf of King Saud University. This

is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Black soybean (Glycine max (L.) merr) was a plant of medicine food

homology around East Asia, and riches in nutrients including protein,

fatty acids, carbohydrates and vitamins (Jakab, 2016). Pharmacologi-

cal studies have demonstrated that Black soybean possesses a variety

of activities, including antioxidant activity, anti-diabetic activity

(Hsieh-Lo and Castillo-Herrera, 2020), and anti-inflammatory activity
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(Reverri et al., 2015) and immune-enhancing activity (Hayat et al.,

2014). However, the chemical basis of these biological activities

remains unknown. At present, there have been reports of confirmation,

that soybean-fragmented proteoglycans may fight skin aging with an

improvement in skin roughness (Barba et al., 2017). Proteoglycan iso-

lated from Phellinus linteus activates murine B lymphocytes (Kim

et al., 2003). Here, inspired by the fact that Black soybean contains

plentiful proteins and polysaccharides, we consider that there may be

protein-polysaccharide polymers in the Black soybean. This work

aimed to isolate proteoglycans from Black soybean and identified their

immune activities.

In this study, we intend to obtain proteoglycans from Black soy-

bean by water extraction and alcohol precipitation, and column chro-

matography. Its structure was characterized by monosaccharide

compositions, amino acid analysis, b-elimination reaction, Infrared

spectra (IR) and Scanning Electron Microscopy (SEM) analysis. Then,

the immunomodulatory function of BBWPS2 was examined at molec-

ular and cellular levels.

2. Materials and methods

2.1. Materials and chemicals

Black soybean was produced in Taigu District, Shanxi Pro-

vince, China. 1-phenyl-3-methyl-5-pyrazolone (PMP), bovine
serum albumin, concanavalin A (ConA), lipopolysaccharide
(LPS), mannose (Man), rhamnose (Rha), galacturonic acid

(GalA), glucose (Glc), galactose (Gal), xylose (Xyl), arabinose
(Ara) and fucose (Fuc) were purchased from Solarbio Science
& Technology Co., Ltd. (Beijing, China). 3-(4-methylphenylsul
fonyl)-2-propenenitrile (BAY 11–7082), Antibody NF-jB p65,

FITC labeled Goat Anti-Rabbit IgG (H + L) and nuclear dye
(DAPI) were purchased from Beyotime (Shanghai, China). All
other chemicals were of analytical grade as available.

2.2. Cells

Mouse peritoneal macrophages (RAW264.7 cell line) were pre-

viously preserved in our laboratory. RAW264.7 cells were cul-
tured with RPMI-1640 medium containing 10% fetal bovine
serum. Primary spleen cells were obtained by lysis with Red

Blood Cell Lysis Buffer, and cultured with RPMI-1640
medium containing 10% fetal bovine serum (Zhang et al.,
2015a).

2.3. Extraction and purification of crude extract

Black soybean was peeled and pulverized. The dried Black soy-
bean powder was pre-extracted with 95% ethanol to remove

lipids. The residue powder was extracted 3 times with distilled
water at 80 �C for 2 h. The supernatants were concentrated
and collected with alcohol sedimentation. The precipitate

was dissolved, dialyzed and lyophilized to obtain Black soy-
bean crude extract named BBWP. BBWP was dissolved in dis-
tilled water and the mixture was centrifuged. The supernatant

was loaded on DEAE-52 cellulose (5 � 50 cm, Cl- form), and
eluted with distilled water and different concentrations of gra-
dient NaCl solution (0.1, 0.2, 0.5 mol/L) at a flow rate of
0.5 mL/min consecutively. Finally, 0.2 mol/L NaCl elution

components were collected and further purified on Sephadex
G-100 (Packing particle size: 40 � 120 lm) and eluted with dis-
tilled water at a flow rate of 0.2 mL/min. Proteoglycan
BBWPS2 was obtained. The isolation and purification steps

are shown in Fig. 1.

2.4. Molecular weight determination

High-performance gel permeation chromatography (HPGPC)
was used to determine the molecular weight (Zhang et al.,
2015b). Series Dextrans (5.2, 11.6, 23.8, 48.6, 148, 668 kDa)

and BBWPS2 were eluted by 3 mmol/L sodium acetate solu-
tion at 0.5 mL/min. The calibration curve of log (Mw) vs. elu-
tion time (T) is log (Mw) = �0.1719 T + 11.58.

2.5. Chemical and amino acid analysis

Neutral carbohydrate, protein and uronic acid content of
BBWPS2 were determined by the phenol–sulphuric acid

method (Zhang et al., 2020), Bradford’s method (Hayes
2020) and m-hydroxydiphenyl–sulphuric acid method
(Blumenkrantz and Asboe-Hansen 1973), respectively.

The amino acids of BBWPS2 were analyzed by an amino
acid analyzer (S-433D, Sykam, Germany). Briefly, 2 mg
BBWPS2 was completely hydrolyzed at 110 �C for 22 h with

6 mol/L HCl (solid–liquid ratio: 1:1) under the protection of
nitrogen. The hydrolysate was filtered and adjusted to
10 mL. Then 1 mL filtrate was collected and dryness with
the addition of 2 mL sample diluent water to redissolve. The

solution was shaken, filtered with a 0.22 mm filter membrane
and determined by Amino Acid Analyzer (Zeng et al., 2015).
The free amino acids of BBWPS2 monomers were analyzed

by using acidic buffer as mobile phase, cation exchange resin
as stationary phase and a dual-wavelength detector. The col-
umn temperature was 58�C. After reacting with ninhydrin,

the derivatives of amino acids were detected by ultraviolet
detection at 570 nm and 440 nm.

2.6. Monosaccharide composition analysis

Monosaccharide compositions were analyzed by high-
performance liquid chromatography (HPLC) after
precolumn-derivatization of the hydrolysate with PMP

(Honda et al., 1989). Briefly, the BBWPS2 solution was hydro-
lyzed by TFA at 110 �C for 4 h and the sample was completely
hydrolyzed. After the hydrolysate is cooled, the residual TFA

is removed by rotary evaporation, and the hydrolysate is redis-
solved by distilled water. After fully mixing the polysaccharide
hydrolysate or the standard solutions (Man, Rha, GalA, Glc,

Gal, Ara, Fuc) with 0.6 mol/L sodium hydroxide solution,
100 lL 0.5 mol/L PMP-methanol solutions were added and
mixed. The derivatization reaction was performed at 70 �C
for 100 min. Neutralize the reaction solution with the
hydrochloric acid and remove residual PMP with chloroform.
The prepared sample solution was filtered by a 0.22 lm filter
and analyzed by high performance liquid chromatography

analyzer (1260, AGILENT, America). The ZORBAX Eclipse
XDB-C18 column (4.6 mm � 250 mm, internal diam.5 mm)
analytical column was used at 20 �C. Mobile phase A consisted

of 15% acetonitrile and 85% phosphate-buffered saline, and



Fig. 1 Extraction and purification scheme of the proteoglycan

BBWPS2 from Black soybean.
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mobile phase B consisted of 40% acetonitrile and 60%
phosphate-buffered saline. The mobile phases were gradient

eluted at a rate of 1 mL/min. The calibration factor was calcu-
lated by the ratio of the peak area of the standard monosac-
charide, and then the ratio of the peak area of the

monosaccharide in the sample was multiplied by the calibra-
tion factor to calculate the molar ratio of each monosaccharide
in the sample.

2.7. Infrared spectra and scanning Electron microscopy analysis

Dried BBWPS2 was mixed with KBr at a volume ratio of

1:100, and pressed into thin slices for Fourier transform infra-
red spectrophotometer (BRUKER TENSOR 27, BRUCK,
Germany) measurement between 400 cm�1 and 4000 cm�1

(Liu et al., 2020).

BBWPS2 dried powder sample was glued to the sample
table with the conductive adhesive. After gold spraying, the
surface structure of BBWPS2 was observed by scanning elec-

tron microscopy (Sun et al., 2017).

2.8. b-elimination reaction and ultraviolet spectrum analysis

3 mg BBWPS2 was dissolved in distilled water or 5 mL
0.2 mol/L NaOH. After incubation at 45�C for 30 min, ultravi-
olet spectrum full wavelength scanning was performed (Downs

et al., 1977).
2.9. Determination of immune activity

2.9.1. Splenocyte proliferation assay

MTT (methyl thiazolyl tetrazolium) assay is a test for cell sur-

vival and growth (Kumar et al., 2018). The splenocyte prolif-
eration assay was evaluated in vitro by the MTT method.
The cells (1 � 107/mL) were incubated with different concen-
trations BBWPS2 (50, 100, 200 lg/mL) with or without ConA

(5 lg/mL) and LPS (2.5 lg/mL) for 48 h. 0.5 mg/mL MTT was
added and the samples were further incubated for 4 h at 37 �C.
The optical density was measured at 570 nm.

2.9.2. Effects of BBWPS2 on cytotoxicity and TNF-a
production in macrophages

1 � 105/mL RAW264.7 cells were cultured in a 96-well plate.

The cells were treated with various concentrations of BBWPS2
(50, 100, 200 lg/mL) or LPS (2.5 mg/mL) for 24 h. The cell
culture liquid was collected for TNF-a production determina-

tion using the enzyme-linked immunosorbent assay (ELISA)
kits (R&D) according to the instructions. The optical density
was measured at 450 nm. Meanwhile, 90 lL new culture med-

ium and 10 lL MTT (0.5 mg/mL) was added to the 96-well
plates, and further incubated for 4 h at 37�C. After the cell cul-
ture medium was removed as much as possible, 100 lL
dimethyl sulfoxide (DMSO) was added to dissolve formazan,

and the absorbance was measured at 570 nm with a microplate
reader.

2.9.3. Mannose receptor inhibitor assay

We determined the effect of mannose receptor inhibitor on
BBWPS2 activation of RAW264.7 cells. After pretreatment
with mannose solution (0.5 mg/mL) for 1 h, RAW264.7 cells

were incubated with 200 lg/mL BBWPS2 or 2.5 lg/mL LPS
for 24 h. As described in 2.9.2, the content of TNF-a in the cul-
ture medium was determined.

2.9.4. NF-jB inhibitor and translocation kit assay

We tested whether BBWPS2 activated macrophages through
the NF-jB signaling pathway using NF-jB inhibitor BAY

11–7082 (2 mmol/L). The specific experimental steps are the
same as 2.9.3.

In addition, the nuclear translocation of the p65 subunit in

BBWPS2-treated RAW264.7 cells was tracked by a confocal
laser-scanning microscope (Leica TCS SP, LEICA, Germany).
RAW264.7 cells were inoculated in 24-well plates, treated with

PBS, 200 lg/mL BBWPS2, or 2.5 lg/mL LPS for 3 h. Then,
the cells were washed, fixed and sealed for 1 h. NF-jB p65
antibody or secondary antibody FITC labeled goat anti-
rabbit IgG (H + L) were respectively added and incubated

for 1 h. After treatment with DAPI for 5 min, the blue fluores-
cent nucleus and green fluorescent p65 subunits were observed
under the microscope.

2.9.5. Real-time quantitative polymerase chain reaction

RAW264.7 cells were inoculated into 24-well plates and trea-
ted with 800 lg/mL BBWPS2 for 6 h, then total RNA was

extracted using total RNA Kit I according to the instructions.
PrimeScriptTM RT Master Mix was used to reverse transcribe
the total RNA into cDNA, and the TB Green Premix Ex

TaqTM II system was used for quantitative analysis. The reac-



Table 2 Amino acid content of the proteoglycan BBWPS2.

Amino acid classification Amino acid name Content/%

essential amino acid Thr 0.6

Val 0.5

Met 0.2

Ile 0.3

Leu 0.7

Phe 0.3

His 0.8

Lys 1.1

nonessential amino acid Asp 1.2

Ser 0.8

Glu 1.5

Gly 0.5

Tyr 0.2

Arg 0.5

Ala 0.7

Pro 0.5

Cys 0.0
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tion conditions of RT-qPCR were 95 �C for 30 s, 95 �C denat-
urations for 5 s, 60 �C annealing for 30 s, and 40 cycles. The
relative mRNA expression was calculated by the 2-DDCt

method. Actin-b gene was used as an internal reference gene,
and the RT-qPCR data were normalized. Oligonucleotide
sequences of primers were designed by Primer Premier 5.0 soft-

ware or determined by literature (Xia et al., 2012, Wang et al.,
2019). Primer sequences were shown in Table 1.

2.10. Statistical analysis

Results were expressed as mean ± standard deviation (SD).
Data were analyzed by One-Way and Two-Way ANOVA with

the Prism software for Windows (version 8.00; GraphPad
Software).

3. Results

3.1. Preparation of Black soybean proteoglycan

We extracted protein-polysaccharide polymers through water
extraction and alcohol precipitation (Fig. 1). Firstly, crude
extract was isolated from Black soybean with a yield of

17.2%. Then, the proteoglycan BBWPS2 was collected with
a yield of 2.1% from the crude extract by column
chromatography.

3.2. Molecular weight and chemical compositions determination

The molecular weight is an important index to study the prop-

erties of proteoglycan (Hundschell et al., 2020). As determined
by detecting the sample signal and calculating the retention
time, the molecular weight of BBWPS2 was 2.02 � 105 Da.
The chemical composition results showed that the carbohy-

drate, protein and uronic acid contents of BBWPS2 were 42.
30 ± 2.43%, 22.48 ± 1.38% and 21.78 ± 0.63%, respectively.
These results showed that BBWPS2 was an acid proteoglycan.

3.3. Amino acids and monosaccharide composition analysis

The amino acid analysis results were shown in Table 2,

BBWPS2 contained 16 kinds of amino acids, and the total con-
tent is 10.4%. It includes 8 kinds of essential amino acids (total
content: 4.5%) and 8 kinds of non-essential amino acids (total

content: 5.9%).
Table 1 Primer sequences used for RT-qPCR.

Gene Primer sequences (50�30)

actin-b F: TCACCCACACTGTGCCCATCTACGA; R:

GGATGCCACAGGATTCCATACCCA

TNF-a F: ATAGCTCCCAGAAAAGCAAGC; R:

CACCCCGAAGTTCAGTAGACA

TLR4 F: TCAGCAAAGTCCCTGATGACATTCC; R:

AGAGGTGGTGTAAGCCATGCCA

JNK F: ATTGAACAGCTCGGAACACC; R:

GAGTCAGCTGGGAAAAGCAC

ERK F: TGACCTCAAGCCTTCCAACC; R:

ATCTGGATCTGCAACACGGG
To determine the monosaccharide composition, BBWPS2
was hydrolyzed with trifluoroacetic acid, the hydrolysates were
further precolumn-derivatization with PMP for HPLC analy-

sis (Zhang et al., 2021). As shown in Fig. 2, the monosaccha-
ride composition analysis indicated that BBWPS2 was
composed of Man, Rha, GalA, Glc, Gal, Ara and Fuc in a

molar ratio of 2.35: 2.40: 24.48: 32.89: 21.13: 28.45: 1.37.
Fig. 2 The monosaccharide compositions of mixed monosac-

charide standards (A) and BBWPS2 (B).
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3.4. IR and ultraviolet spectrum analysis

As shown in Fig. 3A, there was a wide absorption peak at
3401.12 cm�1, indicating that the structure of BBWPS2 con-
tained hydroxyl functional groups. Combined with the chemi-

cal composition analysis, the absorption peak of C = O
stretching vibration near 1654 cm�1 may be caused by the
stretching vibration of the amide bond in the protein structure,
and it may also be caused by the C = O bond in the uronic

acid structure. The absorption peaks between 950 cm�1 and
1200 cm�1 were caused by the stretching vibration of C-O-C
and C-O (Biao et al., 2020).

Under alkaline conditions, the O-glycosidic bond under-
goes the b-removal reaction, and the absorbance value at
240 nm increased significantly, while the N-glycosidic bond

does not undergo the b-elimination reaction (Kishimoto
et al., 1999). The ultraviolet scanning result of BBWPS2 was
shown in Fig. 3B. After NaOH treatment, the absorbance

value at 240 nm increased obviously, and the spectral shape
changed. It indicated that the glycosidic bond type of BBWPS2
was O-type.

In addition, the SEM images of BBWPS2 at 800-fold and

2000-fold were presented in Fig. 3C, 3D. As observed,
BBWPS2 had a smooth surface and has irregular lamellar
structure. It may indicate powerful intermolecular forces in

BBWPS2.

3.5. BBWPS2 promoted splenocyte proliferation

Splenic lymphocytes are transformed from stationary lympho-
cytes to lymphoblastic cells by mitogen stimulation, resulting
in mitosis. Therefore, splenocyte proliferation is an important
indicator of immune cell level. Mitogen ConA and LPS stimu-

late T and B cell proliferation, respectively. (Chen et al., 2003).
As shown in Fig. 4A, BBWPS2 had the potential to promote
Fig. 3 Infrared spectra (A), Uv scan (B) and Ele
the proliferation of splenic lymphocytes. BBWPS2 also pro-
moted LPS-stimulated B cells proliferation and ConA-
stimulated T cells proliferation in a concentration-dependent

manner (Fig. 4B, 4C). The results indicated that BBWPS2 pro-
moted the proliferation of T/B cells.

3.6. BBWPS2 promoted TNF-a production

MTT assay showed that BBWPS2 had no cell cytotoxicity to
RAW264.7 macrophages at different concentrations

(Fig. 5A). TNF-a is a kind of small molecular peptide synthe-
sized and excreted by immune cells, which plays an important
role in immune regulation (Liu et al., 2017). Here, we mea-

sured the secretion amount of TNF-a to determine whether
BBWPS2 could activate macrophages. Our results found that
BBWPS2 promoted the production of TNF-a and significantly
increased the accumulation of TNF-a (p < 0.01). There was a

positive correlation between TNF-a production and BBWPS2
concentration (Fig. 5B). The result indicated that BBWPS2
significantly activated the immune response of macrophages.

3.7. BBWPS2 activated macrophages via the mannose receptor

The mannose receptors (MR) are antigenic proteins on the sur-

face of macrophages that recognize and bind mannose or
fucose residues to activate macrophages (Gordon 2002). Based
on the monosaccharide composition analysis results, BBWPS2
contained mannose and fucose. Thus, we used mannose inhibi-

tors to detect whether BBWPS2 activated macrophages
through mannose receptors. As expected, mannose inhibitors
have no impact on the control group and the LPS-treated

group (p > 0.05), but the TNF-a content in the culture super-
natant was significantly decreased in the BBWPS2-treated
group (p < 0.001) (Fig. 5C). These data suggested that
ctron microscopy images (C, D) of BBWPS2.



Fig. 4 Effects of BBWPS2 on the splenocyte proliferation. The mice spleen cells were incubated with BBWPS2 at different

concentrations (50, 100, 200 lg/mL) alone (A), in the presence of mitogens ConA (5 lg/mL). (B) or LPS (2.5 lg/mL) (C) for 48 h. MTT

was added and incubated. The optical density was measured. Data shown were mean ± SD of 3 independent experiments. (###)

p < 0.001 compared with the control group, (***) p < 0.001, (**) p < 0.01, and (*) p < 0.05 compared with the control (A), LPS (B) or

ConA (C) group.
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BBWPS2 activated RAW264.7 cells through the MR-mediated

signaling pathway to promote TNF-a secretion.

3.8. BBWPS2 activated macrophages via the NF-jB signaling
pathway

The NF-jB signaling pathway is one of the classical pathways in
macrophage activation by exogenous antigens. NF-jB, a ‘‘fast-

acting” primary transcription factor, is an important hub of this
pathway (Dresselhaus and Meffert 2019). LPS stimulates macro-
phages to release cytokines through NF-jB. BAY 11-7082 is a
specific inhibitor of NF-jB. As shown in Fig. 5C, BAY 11-

7082 did not affect the control group (p > 0.05), and TNF-a
contents in the culture supernatant of the BBWPS2-treated
group and the LPS-treated group were significantly decreased

(p < 0.001). These results indicated that BBWPS2 could pro-
mote the production of TNF-a by activating the nuclear tran-
scription factor NF-jB in RAW264.7 cells.
To further demonstrate whether BBWPS2 could activate NF-

jB, we used the immune fluorescence labeling to trace the
translocation of the p65 subunit (Kim et al., 2019). After LPS
or BBWPS2-treated RAW264.7 cells, the p65 subunit (green flu-

orescence) in RAW264.7 cells was translocated to the nucleus
(blue fluorescence) under the fluorescence microscope (Fig. 6).
Thus, it further confirmed that the NF-jB signaling pathway
was involved in the BBWPS2-induced activation of RAW264.7

cells. These results indicated that BBWPS2 was an effective
NF-jB activator and could participate in the inflammatory
response and immune response of cells.

3.9. BBWPS2 activated macrophages via the MAPK signaling

pathway

As shown in Fig. 7, compared with the control group, the
TNF-a was significantly up-regulated after BBWPS2 treat-
ment (p < 0.001). The RT-qPCR results also indicated that



Fig. 5 Effects of BBWPS2 on the secretion of TNF-a in RAW264.7 cells. (A, B) RAW264.7 cells were treated with BBWPS2 or LPS for

24 h. (C) RAW264.7 cells was pretreated with BAY 11–7082 (2 mmol/L) or mannose (500 mg/mL) for 1 h before incubation with 200 lg/
mL BBWPS2 or 2.5 lg/mL LPS for 24 h. The content of TNF-a in the culture medium was determined by ELISA kit.
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BBWPS2 can activate TNF-a mRNA expression level of

macrophages. The mitogen-activated protein kinase (MAPK)
signaling pathway is the core pathway of cell exogenous signal
transmission, and the c-Jun N-terminal kinase (JNK) and the
extracellular regulated protein kinases (ERK) signaling path-

ways are the main branch routes of the MAPK signaling path-
way that are responsible for cell inflammation, growth and
differentiation, and JNK and ERK are the key factors in these

two branch routes (Ko et al., 2019). Compared with the con-
trol group, JNK and ERK genes were significantly upregulated
(p < 0.05). These results suggest that BBWPS2 may also acti-

vate macrophages through MAPK signaling to trigger cellular
immune responses.

4. Discussion

In the present work, we identified a novel proteoglycan with
immunomodulatory activity from Black soybean. The struc-

tural analysis displayed that BBWPS2 is a proteoglycan linked
by an O-glycosidic bond, containing various monosaccharides,
amino acids and 21.78 ± 0.63% uronic acid. The immunolog-
ical activity analysis indicated BBWPS2 significantly promotes

splenocyte proliferation and activates macrophages to secrete
cellular messengers TNF-a.

Moreover, we try to confirm the underlying molecular
actions of BBWPS2 for enhancing the immune system. It has

been known that bioactivities of protein-polysaccharide are
closely related to their chemical structures such as composi-
tional monosaccharides and amino acids, types of chemical

linkages, and molecular weight distributions (Tabarsa et al.,
2015, Kelly and Pearce 2020). Exogenous protein-
polysaccharide polymers usually activate macrophages

through receptor-mediated activation, which in turn triggers
a cascade of signals within the cell to initiate an immune
response (Zong et al., 2012, Han et al., 2018). The results of

monosaccharide composition showed that BBWPS2 contained
mannose and fucose. These two monosaccharides are classical
ligands for the mannose receptor, which is the surface recogni-
tion receptors of macrophages, participates in antigen presen-

tation and acquired immune response and play an important
role in natural immune defense against pathogen infection
(Taylor et al., 2005, Liu et al., 2008). Here, the mannose



Fig. 6 BBWPS2 activated the NF-jB signaling in RAW264.7 cells. RAW264.7 cells were treated with BBWPS2 (200 lg/mL) or LPS

(2.5 lg/mL) for 3 h. p65 subunit translocated into nuclei (DAPI) was obtained by confocal laser microscopy.
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receptor-specific inhibitor block assay showed that BBWPS2
can recognize and bind to mannose receptors and activate
Fig. 7 The effects of BBWPS2 on the mRNA expression level of

pathway-related genes in RAW264.7 cell. The expression of genes

was investigated after treatment with BBWPS2 for 6 h. Compared

to the control group, (***) p < 0.001, (*) p < 0.05.
macrophage. However, surface receptor binding is only the
first step in macrophage activation. Cell surface signals are
transmitted into the cell and trigger intracellular signaling

pathways that activate macrophages to produce an immune
response (Yang et al., 2019; Feng et al., 2021). NF-jB specific
inhibitor blocking assay and p65 protein subunit translocation

observation showed that BBWPS2 could regulate macrophage
immune response by activating NF-jB (Fig. 5 and Fig. 6). In
addition, the RT-qPCR assay revealed that BBWPS2 also trig-

gered macrophage immune response via the MAPK signaling
pathway (Fig. 7). In brief, BBWPS2 was recognized by man-
nose receptors of macrophage surface, further triggering NF-

jB/MAPK signaling pathway to regulate macrophage immune
response and induce macrophages to secrete TNF-a.

In addition, it can be seen from Fig. 2 that mannose and
fructose in the sample are minor components, while other sug-

ars are dominant in the sample. We suspect that other recep-
tors may be involved in BBWPS2 activating macrophage
immune responses. Therefore, the immune activity and related

molecular mechanism of BBWPS2 will be further explored in
animal models in the next stage.
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5. Conclusion

In summary, a novel acid proteoglycan BBWPS2 with the molecular

weight of 2.02 � 105 Da was successfully isolated from the water

extract of the Black soybean. Its immune activity and the underlying

mechanism were explored. Our data demonstrated that BBWPS2 pro-

moted splenocyte proliferation, and activated macrophages through

the classical MR-mediated NF-jB/MAPK signaling pathway. Thus,

the current study demonstrates that BBWPS2 has the potential for

becoming a novel natural immunopotentiator and also provides strong

evidence for the immunomodulatory activity of Black soybean

proteoglycan.
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