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A B S T R A C T   

A water-soluble heteropolysaccharide (SGP2-1) was purified from Suillus granulatus fruiting bodies by anion- 
exchange chromatography and gel permeation chromatography. The structural characteristics were analyzed 
by high-performance gel permeation chromatography, high-performance liquid chromatography, Fourier 
transform infrared spectroscopy, gas chromatography-mass spectrometry, and nuclear magnetic resonance 
spectroscopy. The immunostimulatory activity was investigated using RAW 264.7 macrophages. Results showed 
that SGP2-1 with weight average molecular weight of 150.75 kDa was composed of mannose, glucose, and 
xylose. The backbone of SGP2-1 was mainly composed of → 4)-α-Glcp-(1→, and the terminal group α-D-Glcp → 
was linked to the main chain by O-6 position. SGP2-1 could significantly enhance pinocytic capacity, reactive 
oxygen species production, and cytokines secretion. SGP2-1 exerted immunomodulatory effects through inter
acting with toll-like receptor 2, and activating mitogen-activated protein kinase, phosphatidylinositol-3-kinase/ 
protein kinase B, and nuclear factor-kappa B signaling pathways. These findings indicated that SGP2-1 could be 
explored as a potential immunomodulatory agent for application in functional foods.   

1. Introduction 

Natural polysaccharides have received increasing attention due to 
their low toxicity and diverse health-promoting effects such as immu
nomodulatory (Liu, Amakye, & Ren, 2021), antioxidant (Teng et al., 
2021), anti-photoaging (Yao et al., 2021), and anti-tumor activities (Li, 
You, Dong, Yao, & Chen, 2020). Mushrooms have a long history of 
medicinal applications and their polysaccharides have been considered 

as major bioactive components. The innate immune system is the first 
line of host defense against infections, pollutants, and pathogens (Run
gelrath, Kobayashi, & DeLeo, 2020). In recent decades, extensive studies 
have demonstrated that mushroom polysaccharides exert remarkable 
immunostimulating effects. They improve immune function through 
activating host immune cells such as macrophages (Ren et al., 2019), 
dendritic cells (Liu, Choi, Xue & Cheung, 2019), and natural killer cells 
(Lemieszek, Nunes, & Rzeski, 2019). As examples, the polysaccharides 
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from Ganoderma leucocontextum exhibited immunoregulatory activity 
through promoting the production of nitric oxide (NO), cytokines, and 
chemokines from macrophages in vitro (Gao et al., 2020). A water- 
soluble polysaccharide from Hericium erinaceus could significantly 
ameliorate the immunosuppression in cyclophosphamide-treated mice 
by enhancing splenocyte proliferation, natural killer cell activity, and 
macrophage phagocytosis (Wu & Huang, 2021). Therefore, some 
mushroom polysaccharides have been used in functional food and 
pharmaceutical industries (Ren, Zhang, & Zhang, 2021). 

Suillus granulatus, which belongs to Eumycota Basidiomycetes, is a 
wild edible mushroom available in China and other countries. Because 
of its rich nutrients and unique flavor, S. granulatus is very popular 
among consumers (Zhao, Wei, Gong, Xu, & Xin, 2020). It has been found 
that S. granulatus possesses a variety of active ingredients and health 
benefits (Reis et al., 2014; Ribeiro et al., 2008). To the best of our 
knowledge, the chemical structure and biological activity of 
S. granulatus polysaccharides have not been well-documented. Only 
Chen, Su, and Wang (2018) reported that two polysaccharide fractions 
from S. granulatus fruiting bodies had antioxidant activity and could 
promote lymphocyte proliferation in vitro. However, the structural in
formation of S. granulatus polysaccharides is still needed to be further 
elucidated, and the immunoregulatory mechanism remains unclear. 

In the current study, a new polysaccharide fraction, designated 
SGP2-1, was separated from S. granulatus. The chemical structure of 
SGP2-1 was characterized by high-performance gel permeation chro
matography (HPGPC), gas chromatography-mass spectrometry (GC- 
MS), Fourier transform infrared spectroscopy (FT-IR), and nuclear 
magnetic resonance spectroscopy (NMR). In addition, the immunosti
mulatory activity in vitro of SGP2-1 and its underlying mechanism were 
evaluated by using RAW 264.7 murine macrophages. Knowledge ob
tained from this study is of importance for understanding the structure 
and immunoregulatory activities of S. granulatus polysaccharides. 

2. Materials and methods 

2.1. Materials 

RAW 264.7 cell line was obtained from the American Type Culture 
Collection (Manassas, VA, USA). S. granulatus fruiting bodies were 
purchased from Beiyuzhenqi Forest Food Co., Ltd. (Ning’an, China), and 
the species was identified by the senior engineer Huiping Hu (Guang
dong Institute of Microbiology, Guangzhou, China). Lipopolysaccha
rides (LPS), deuterium oxide (D2O), 2′,7′-dichlorofluorescein diacetate 
(DCFH-DA), 1-phenyl-3-methyl-5-pyrazolone (PMP), dextran standards 
(5.2, 11.6, 23.8, 48.6, 148, 273, 410, 668 kDa), and neutral red were 
purchased from Sigma (St. Louis, USA). Monosaccharide standards were 
obtained from Bo Rui Saccharide Biotech Co., Ltd. (Yangzhou, China). 
Tumor necrosis factor-α (TNF-α), monocyte chemoattractant protein-1 
(MCP-1), and interleukin-6 (IL-6) enzyme-linked immunosorbent assay 
(ELISA) kits were obtained from NeoBioScience Technology Co., Ltd. 
(Shenzhen, China). NE-PER nuclear and cytoplasmic extraction re
agents, radioimmunoprecipitation assay (RIPA) buffer, NuPAGE Bis-Tris 
gels, Dulbecco’s modified Eagle’s medium (DMEM), Dulbecco’s 
phosphate-buffered saline (DPBS), and TRIzol reagent were purchased 
from Thermo Scientific (Rockford, USA). SP600125, U0126, SB203580, 
LY294002, BAY 11-7082, and cell counting kit-8 (CCK-8) were obtained 
from MedChemExpress (Monmouth Junction, USA). The antibodies 
against extracellular signal-regulated kinase (ERK), p-ERK, and protein 
kinase B (Akt) were obtained from Affinity Biosciences (Cincinnati, 
USA). The antibodies against nuclear factor-kappa B (NF-κB) p65, p-NF- 
κB p65, c-Jun N-terminal kinase (JNK), p-JNK, p38, p-p38, I kappa B 
alpha (IκBα), p-IκBα, phosphatidylinositol-3-kinase (PI3K) p85, p-Akt, 
GAPDH, and Lamin B1 were obtained from Cell Signaling Technology 
(Boston, USA). The antibodies against toll-like receptor 4 (TLR4), toll- 
like receptor 2 (TLR2), and p-PI3K p85 were obtained from Abcam 
(Cambridge, UK). The endotoxin removal kit was purchased from 

Yeasen Biotech Co., Ltd. (Shanghai, China). 

2.2. Extraction and purification of polysaccharides 

Ground fruiting bodies of S. granulatus were defatted by pretreating 
twice with 95% ethanol (75 ◦C, 2 h) in a 1:20 solid–liquid ratio (w/v). 
After filtration, the defatted residue was dried at 60 ◦C. The dried res
idue was extracted with distilled water (90 ◦C) 3 times in a 1:20 solid
–liquid ratio (w/v) for 2 h. The extraction solutions were concentrated 
and mixed with ethanol (final concentration 30%) at 4 ◦C for 3 h to 
precipitate insoluble polysaccharides (Yi et al., 2019). After centrifu
gation, the ethanol concentration in the supernatant was increased to 
80% (4 ◦C, 16 h). The precipitate was collected by centrifugation and 
deproteinized using Sevag reagent (Shi, Zhong, Zhang, & Yan, 2020). 
The aqueous phase was dialyzed against ultrapure water (cut-off Mw 
3.5 kDa) and then lyophilized to obtain crude S. granulatus poly
saccharides (CSGP). 

The CSGP (150 mg) was redissolved in 6 mL ultrapure water and 
subjected to a DEAE-Sepharose fast flow column (2.6 × 30 cm). The 
column was eluted with ultrapure water and different concentration of 
NaCl solutions (0.1–1.0 M, 2 mL/min). The eluates (8 mL/tube) were 
collected, and the total carbohydrate content was sequentially detected 
using the phenol–sulfuric acid method. Three sections (SGP1, SGP2, and 
SGP3) were obtained, dialyzed and freeze-dried. SGP2 fraction, which 
had the highest yield, was further purified using a Sephacryl S-300 HR 
column (2.6 × 60 cm). NaCl solution (0.1 M, 1 mL/min) was applied to 
elute the column. The major eluted fraction was dialyzed, lyophilized, 
and named as SGP2-1. 

2.3. Component analysis and molecular weight determination 

The contents of the total carbohydrates and proteins were deter
mined according to our previous method (Gao et al., 2020). The mo
lecular weight of SGP2-1 was measured by HPGPC. The polysaccharide 
sample was eluted with NaNO3 (0.1 M, 0.4 mL/min), and the column 
was calibrated by dextran standards. 

2.4. Monosaccharide composition analysis 

Monosaccharide composition of SGP2-1 was performed on high 
performance liquid chromatography (HPLC) as described by a previous 
study (Niu et al., 2014). Briefly, SGP2-1 (2 mg) was mixed with 1 mL of 
2 M trifluoroacetic acid and hydrolyzed at 110 ◦C for 6 h. The solution 
was cooled, and the excess trifluoroacetic acid was removed through 
multiple co-evaporation with methanol. The residue was dissolved in 
ultrapure water (200 μL) and then added with 0.3 M NaOH (100 μL). 
Subsequently, the derivatization was conducted by adding 0.5 M PMP 
(100 μL) at 70 ◦C for 100 min. The resulting solution was neutralized by 
0.3 M HCl (100 μL), and then 0.5 mL of chloroform was added. After 
centrifugation (3000 rpm, 10 min, 15 ◦C), the aqueous phase was 
detected by an Agilent 1200 Series HPLC system equipped with an 
Eclipse XDB-C18 column. The mobile phase was mixed with 84% PBS 
(0.1 M, pH 6.5) and 16% acetonitrile. The detection wavelength, column 
temperature, and flow rate were set to 250 nm, 30 ◦C, and 0.8 mL/min, 
respectively. The monosaccharide standards were processed with the 
same procedure. 

2.5. FT-IR, methylation, and NMR analysis 

The FT-IR spectrum of SGP2-1 from 400 cm− 1 to 4000 cm− 1 was 
analyzed by the potassium bromide disk method using a Bruker Vertex 
70 spectrometer. 

Methylation analysis of SGP2-1 was analyzed as described by a 
previous method (Chen, Zhu, Ma, Zhang, & Wu, 2019). 

SGP2-1 (50 mg) was redissolved in D2O at a concentration of 100 
mg/mL after exchange with D2O two times. The 1D and 2D NMR spectra 
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of SGP2-1 were obtained by using the Bruker AVANCE III 600 MHz 
apparatus. 

2.6. Immunomodulatory activity of SGP2-1 

2.6.1. Cell viability 
To avoid endotoxin contamination in immunoregulatory experi

ments, the potential endotoxin in SGP2-1 was removed by using endo
toxin removal kit. RAW 264.7 cells (5 × 105 cells/mL) were seeded on a 
96-well plate and treated with various concentrations of SGP2-1 (40, 80, 
160, and 320 µg/mL) for 24 h. Afterward, CCK-8 solution (200 µL) 
diluted in serum-free DMEM was added to each well, and the absorbance 
was recorded at 450 nm. 

2.6.2. Pinocytic activity 
The pinocytic capacity was evaluated according to the neutral red 

staining method. Briefly, RAW 264.7 cells (5 × 105 cells/mL) were 
seeded on a 96-well microplate incubated with different concentrations 
of SGP2-1 (40, 80, 160, and 320 µg/mL) or LPS (100 ng/mL) for 24 h. 
Subsequently, the medium was replaced with 0.1% neutral red (100 μL), 
and the plate was further incubated for 1 h. Finally, the cells were lysed 
with 100 μL of cell lysates (ethanol and acetic acid mixed in equal vol
ume) after washing with DPBS three times. The absorbance was recor
ded at 540 nm. 

2.6.3. Measurement of intracellular reactive oxygen species (ROS) 
DCFH-DA fluorescence probe was used to determine the intracellular 

ROS level as described by a previous study (Ren, Lin, Alim, Zheng, & 
Yang, 2017). RAW 264.7 cells (5 × 105 cells/mL) were seeded on a 6- 
well plate. After treatment with various concentrations of SGP2-1 or 
LPS (100 ng/mL) for 24 h, cells were stained with DCFH-DA solution 
(10 μM) in dark for 30 min. Finally, CytoFLEX flow cytometer and Axio 
Observer A1 fluorescence microscope were applied to analyze the 
intracellular ROS level. 

2.6.4. Measurement of NO, TNF-α, IL-6, and MCP-1 
RAW 264.7 cells (5 × 105 cells/mL) were treated with different 

concentrations of SGP2-1 or LPS (100 ng/mL) for 24 h. Then the cell 
culture supernatants were collected. The NO, IL-6, TNF-α, and MCP-1 
levels were measured by Griess reagent and commercial ELISA kits. 

The effects of signal transduction pathways on SGP2-1-induced 
macrophage activation were further investigated. RAW 264.7 cells (5 
× 105 cells/mL) were pretreated with SP600125 (30 µM), U0126 (30 
µM), SB203580 (30 µM), LY294002 (30 µM), and BAY 11-7082 (10 µM) 
for 1 h and then co-cultured with SGP2-1 (320 µg/mL). After 24 h 
treatment, the NO, TNF-α, and IL-6 levels were determined as described 
above. 

2.6.5. RNA extraction and reverse transcription-polymerase chain reaction 
(RT-PCR) 

RAW 264.7 cells (5 × 105 cells/mL) were treated with different 
concentrations of SGP2-1 or LPS (100 ng/mL) for 24 h. Then TRIzol 
reagent was used to extract total RNA. cDNA Synthesis Kit (Servicebio 
Technology Co., Ltd., Wuhan, China) was used to reverse-transcribe 
cellular RNA into cDNA. All primers were listed as follows: β-Actin, F: 
5′-CCACCATGTACCCAGGCATT-3′ and R: 5′-CAGCTCAGTAA
CAGTCCGCC-3′; Inducible nitric oxide synthase (iNOS), F: 5′- 
CCTCACGCTTGGGTCTTGTT-3′ and R: 5′-TGAGAACAGCA
CAAGGGGTTT-3′; MCP-1, F: 5′-GCAGGTCCCTGTCATGCTTCT-3′ and R: 
5′-TGTCTGGACCCATTCCTTCTTG-3′; TNF-α, F: 5′-AAGTTCC
CAAATGGCCTCCC-3′ and R: 5′-TTGCTACGACGTGGGCTAC-3′; IL-6, F: 
5′-CCCCAATTTCCAATGCTCTCC-3′ and R: 5′-CGCACTAGGTTTGCC
GAGTA-3′. Quantitative real-time RT-PCR was performed on a CFX 
Connect system using SYBR Green qPCR Master Mix (Servicebio Tech
nology Co., Ltd.). The relative mRNA expression level was analyzed by 
the 2–ΔΔCt method. 

2.6.6. Toll-like receptors blocking experiment 
RAW 264.7 cells (5 × 105 cells/mL) were pretreated with 10 μg/mL 

of anti-TLR2, anti-TLR4, or anti-TLR2 + anti-TLR4 for 1 h before 
treatment with SGP2-1 (320 μg/mL). After 24 h incubation, the NO and 
IL-6 levels were determined as described in Section 2.6.4. 

2.6.7. Western blot analysis 
After treatment with different concentrations of SGP2-1 or LPS (100 

ng/mL) for 30 min, RIPA buffer added with phosphatase and protease 
inhibitors (ApexBio Technology, Houston, TX, USA) was used to extract 
the whole cellular proteins. In addition, NE-PER nuclear and cyto
plasmic kit was used to extract the cellular nuclear and cytoplasmic 
proteins. The extracted proteins were separated on NuPAGE Bis-Tris gels 
and transferred to a polyvinylidene fluoride membrane (Millipore, 
Billerica, USA). Next, the membrane was blocked with 5% non-fat milk 
and incubated at 4 ◦C overnight with primary antibodies. Finally, the 
membrane was incubated with secondary antibody. The protein band 
was visualized via enhanced chemiluminescence reagent on an Omega 
Lum G imaging system. 

2.7. Statistical analysis 

The data were analyzed by SAS v9.2 software (Cary, USA) and 
expressed as mean ± standard deviation. Duncan’s multiple-range test 
and one-way analysis of variance (ANOVA) were used to evaluate sig
nificant differences between the groups. p < 0.05 was considered to be 
statistically significant. 

3. Results and discussion 

3.1. Extraction and purification 

The CSGP was extracted from S. granulatus fruiting bodies in a yield 
of 1.69% by hot-water extraction, ethanol precipitation, and deprotei
nation. Sequentially, CSGP was subjected to DEAE-Sepharose fast flow, 
and three fractions (SGP1, SGP2, and SGP3) were obtained (Fig. 1A). 
The yields of SGP1, SGP2, and SGP3 were 0.15%, 0.47%, and 0.20%, 
respectively. In the present study, Sephacryl S-300 HR was used to 
further purify SGP2 fraction due to its highest yield (Fig. 1B). The main 
peak SGP2-1 with a yield of 0.27% was obtained and its total carbohy
drate content was 94.84%. In addition, no absorption at 260 nm and 
280 nm were found in the UV–visible spectrum of SGP2-1, suggesting 
that the absence of nucleic acids or proteins (Fig. 1C). The protein 
content of SGP2-1 was only 0.08%, which was supported by the result of 
UV–visible spectrum. 

3.2. Molecular weight and monosaccharide composition 

A single and symmetrical peak was observed in the HPGPC chro
matogram, implying that SGP2-1 was a homogeneous polysaccharide 
(Fig. 1D). The weight average molecular weight (Mw) of SGP2-1 was 
estimated to be 150.75 kDa. The monosaccharide composition analysis 
of SGP2-1 is shown in Fig. 1E. SGP2-1 was composed of mannose, 
glucose, and xylose in a molar ratio of 7.6: 89.2: 3.2. The result indicated 
that SGP2-1 was a heteropolysaccharide with high glucose content. 

3.3. FT-IR spectroscopy 

The FT-IR spectrum of SGP2-1 is shown in Fig. 1F. The characteristic 
peaks at 3379.14 and 2929.28 cm− 1 were the stretching vibrations of 
O–H and C–H, respectively (Yu et al., 2019). The band at 1647.36 
cm− 1 was probably assigned to the associated water (Wang, Yin, Huang, 
& Nie, 2020). The bands at 1417.28 and 1367.14 cm− 1 were assigned to 
the bending vibrations of CH2 and CH, respectively (Ren, Zhao, Zheng, 
Alim, & Yang, 2019; Wu, Zhou, Zhou, Ou, & Huang, 2017). The intense 
bands at 1155.00, 1080.28, and 1024.36 cm− 1 implied the presence of 
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pyran-glycosides (Cheng et al., 2017). The peak at 929.36 cm− 1 was 
ascribed to the asymmetric stretching vibration of pyranose ring (Teng 
et al., 2021). Both bands at 852.43 and 762.07 cm− 1 were assigned to 
the symmetrical stretching vibrations of α-isomeric pyranose (Cheng 
et al., 2017). In addition, the bands at 576.43 cm− 1 also suggested that 
SGP2-1 contained the pyranose residue (Shi et al., 2020). 

3.4. Methylation analysis 

To elucidate the types of glycosidic linkages, the methylation of 
SGP2-1 was identified by GC-MS. According to the literatures as well as 
mass spectral analysis (Tabarsa et al., 2020; Teng et al., 2021; Zheng 
et al., 2020), the linkage types in SGP2-1 are shown in Table 1 and 
Fig. S1. SGP2-1 contained six glycosidic bonds: 2,3,4-Me3-Xylp, 2,3,4,6- 
Me4-Glcp, 2,3,6-Me3-Glcp, 2,4,6-Me3-Manp, 4,6-Me2-Manp, and 2,3- 
Me2-Glcp. The dominant residues including Glcp-(1→, →4)-Glcp-(1→, 
and → 4,6)-Glcp-(1 → accounted for 17.7%, 58.8%, and 11.6%, 
respectively. Additionally, a small amount of Xylp-(1→ (2.6%), →3)- 
Manp-(1→ (6.4%), and → 2,3)-Manp-(1→ (2.9%) residues were also 
found. This result is consistent with the monosaccharide composition 
analysis. 

Fig. 1. Stepwise elution profile of SGP2-1 on a DEAE-Sepharose fast flow column (A); Elution profile of SGP2 on a Sephacryl S-300 HR column (B); UV–visible 
spectrum of SGP2-1 (C); HPGPC chromatogram of SGP2-1 (D); Monosaccharide composition of SGP2-1 analyzed by HPLC (1-mannose, 2-ribose, 3-rhamnose, 4-glu
curonic acid, 5-galacturonic acid, 6-glucose, 7-galactose, 8-xylose, 9-arabinose, and 10-fucose) (E); FT-IR spectrum of SGP2-1 (F). 

Table 1 
Methylation analysis of SGP2-1 by GC-MS.  

Methylated 
sugar 

Linkage 
pattern 

Molar 
ratios 

Mass fragments (m/z) 

2,3,4-Me3- 
Xylp 

T-Xylp- 
(1→  

2.6 43,71,87,101,117,129,131,161 

2,3,4,6- 
Me4-Glcp 

T-Glcp- 
(1→  

17.7 43,71,87,101,117,129,145,161,205 

2,3,6-Me3- 
Glcp 

→4)- 
Glcp- 
(1→  

58.8 43,87,99,101,113,117,129,131,161,173,233 

2,4,6-Me3- 
Manp 

→3)- 
Manp- 
(1→  

6.4 43,71,85,87,99,101,117,129,161,201,233 

4,6-Me2- 
Manp 

→2,3)- 
Manp- 
(1→  

2.9 43,85,87,99,101,127,129,161,201,261 

2,3-Me2- 
Glcp 

→4,6)- 
Glcp- 
(1→  

11.6 43,71,85,87,99,101,117,127,159,161,201  
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3.5. NMR spectra 

The chemical structure of SGP2-1 was further elucidated by NMR 
spectroscopy. According to previous literatures (Cao et al., 2020; Teng 
et al., 2021; Wang et al., 2017; Xie et al., 2020; Zhai et al., 2021), all the 
carbon and proton signals were assigned and presented in Table S1. The 
signals at 101.05, 99.88, 101.33, 104.81, 103.96, and 103.35 ppm in the 
13C NMR spectrum were assigned to C1 of A, B, C, D, E, and F, respec
tively (Fig. 2A). No significant peaks at 170–180 ppm suggested that 
SGP2-1 contained a very low content of uronic acid. The signals at 5.31, 
4.89, 5.26, and 4.36 ppm in the 1H NMR spectrum corresponded with H1 
of A, B, C, and D, respectively (Fig. 2B). Additionally, the distortionless 
enhancement by polarization transfer (DEPT)-135 spectrum revealed 
the C6 chemical shifts of sugar residue (Fig. S2). 

All the C/H chemical shifts of SGP2-1 were further assigned by 2D 

NMR spectra. Residue A (→4)-α-Glcp-(1 → ) was taken as an example. 
An anomeric proton signal at 5.31 ppm was detected. Two cross-peaks at 
5.31/3.55 and 3.55/3.90 ppm were obtained from 1H-1H correlation 
spectroscopy (1H-1H COSY) spectrum (Fig. 2C). It indicated that 3.55 
and 3.90 ppm corresponded with H2 and H3, respectively. The typical 
H4 (3.58 ppm), H5 (3.78 ppm), and H6 (3.79 ppm) showed intra- 
correlations in the 1H-1H COSY spectrum. From the heteronuclear sin
gle quantum correlation (HSQC) spectrum (Fig. 2D), a strong signal of 
H1/C1 (5.31/101.05 ppm) in the anomeric region suggested that H1 
exhibited close connectivity with C1. Additionally, the carbon peaks of 
C2 (72.91 ppm), C3 (74.56 ppm), C4 (78.31 ppm), C5 (72.53 ppm), and 
C6 (61.89 ppm) were also observed. These values were corresponded 
closely with previous study (Xie et al., 2020). The assignments of other 
residues were conducted following the same procedure. 

The heteronuclear multiple bond correlation (HMBC) spectrum was 

Fig. 2. 13C NMR (A), 1H NMR (B), 1H–1H COSY (C), HSQC (D), and HMBC (E) spectra of SGP2-1, and the main backbone of SGP2-1 (F).  
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conducted to figure out the linkage sequences of SGP2-1 (Fig. 2E). The 
cross-peaks A C1/H4, A H1/C4, and A H1/B C4 suggested that the 
presence of → 4)-α-Glcp-(1 → 4)-α-Glcp-(1 → 4,6)-α-D-Glcp-(1→. Based 
on the monosaccharide composition, methylation, and NMR data, it 
could be concluded that the backbone of SGP2-1 was mainly composed 
of → 4)-α-Glcp-(1→. The terminal group α-D-Glcp → was linked to the 
main chain via O-6 position of glucose (Fig. 2F). Additionally, the result 
of methylation analysis showed that SGP2-1 also contained Xylp-(1→, 
→3)-Manp-(1→, and → 2,3)-Manp-(1 → residue. However, no obvious 
linkages of these residues could be obtained from the HMBC spectrum, 
which was partly attributed to their low content. 

3.6. Immunomodulatory effects of SGP2-1 on RAW 264.7 cells 

3.6.1. SGP2-1 promoted cell proliferation 
In this study, RAW 264.7 macrophages were applied to evaluate the 

immunoregulatory activities of SGP2-1. RAW 264.7 macrophages were 
treated with SGP2-1 (40, 80, 160, and 320 μg/mL), and the viability was 
determined by the CCK-8 assay. Compared with the untreated group, 
SGP2-1 notably promoted RAW 264.7 cells proliferation (Fig. 3A). The 
result suggested that SGP2-1 showed no cytotoxic effects in the con
centration range. 

3.6.2. SGP2-1 enhanced pinocytic capacity 
Macrophage activation is very crucial for immune responses against 

invading pathogens. The enhancement of endocytosis, including 
phagocytosis and pinocytosis, is a distinguishing characteristic of 
macrophage activation (Yang et al., 2018; Zhan et al., 2020). Fig. 3B 
showed that SGP2-1 (40–320 μg/mL) remarkably increased neutral red 
uptake in RAW 264.7 macrophages. The result suggested that SGP2-1 
could enhance the pinocytosis of RAW 264.7 macrophages. 

3.6.3. SGP2-1 stimulated ROS generation 
During phagocytosis, ROS generation helps in the eradication of 

invading pathogens (Lee et al., 2015). Additionally, ROS are essential 
second messengers to modulate signal transduction pathways in innate 

immune responses (West, Shadel, & Ghosh, 2011). To investigate 
whether SGP2-1 (40, 80, 160, and 320 μg/mL) treatment could stimu
late ROS production, the DCFH-DA staining method was used to deter
mine the intracellular ROS levels. Flow cytometry analysis suggested 
that, compared with the untreated cell, the mean fluorescence intensity 
of DCF was significantly increased in the SGP2-1 treated group (Fig. 3C). 
A similar result was found under fluorescence microscopy (Fig. 3D). 
These results indicated that the immunoregulation of SGP2-1 against 
invading pathogens in macrophages might be dependent on ROS 
generation. 

3.6.4. SGP2-1 promoted inflammatory factors production and mRNA 
expression 

Macrophages activated by immunomodulatory agents can promote 
the secretion of inflammatory factors, including NO and cytokines (TNF- 
α, IL-6, IL-10, MCP-1, etc.) (Liu, Chen, Chen, Huang, & Cheung, 2016). 
NO synthesized by iNOS is an indicator of macrophage activation. It is 
partly responsible for the killing of pathogenic microorganisms and 
tumor cells (Zhou et al., 2020). Fig. 4A showed that NO production was 
significantly increased in cells treated with SGP2-1 (40, 80, 160, and 
320 μg/mL). Meanwhile, SGP2-1 treatment markedly up-regulated the 
mRNA levels of iNOS (Fig. 4E). These consistent results indicated that 
SGP2-1 promoted NO production through increasing the transcriptional 
levels of iNOS. 

Apart from NO production, the secretion of cytokines such as TNF-α, 
IL-6, and MCP-1 by macrophages is also crucial for regulating the im
mune system. For instance, TNF-α can be involved in the defense against 
invading pathogens through improving the phagocytic functions of 
macrophages (Zhou et al., 2020). IL-6 functions as a critical cytokine in 
activating macrophages as well as a crucial signal molecule in altering 
the phenotype of macrophages. MCP-1 can regulate the migration and 
infiltration of macrophages (Liu et al., 2016). Thus, investigating the 
levels of TNF-α, IL-6 and MCP-1 is a good approach to examine the 
immunoregulatory activities of polysaccharides. As shown in Fig. 4B-D, 
SGP2-1 (40, 80, 160, and 320 μg/mL) treatment significantly promoted 
the secretion of TNF-α, IL-6, and MCP-1 compared with the control 

Fig. 3. Effect of SGP2-1 on the proliferation of RAW 264.7 cells (A); Effect of SGP2-1 on the pinocytic capacity of neutral red (B); Effect of SGP2-1 on ROS generation 
in RAW 264.7 cells analyzed by flow cytometry (C) and fluorescence microscope (D). 
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group. Moreover, the up-regulation of TNF-α, IL-6, and MCP-1 mRNA in 
RAW 264.7 cells were similar to the above results of cytokine production 
(Fig. 4F-H). These results suggested that SGP2-1 could elevate TNF-α, IL- 
6, and MCP-1 production by regulating gene transcription. During 
macrophage activation, the production of NO, TNF-α, and IL-6 are 
involved in M1 polarization, while the secretion of MCP-1 is found to be 
associated with M2 polarization (Liu et al., 2016; Liu et al., 2020). The 
above results suggested that SGP2-1 could cause an M1/M2 balance in 
macrophages. 

3.6.5. Recognition of SGP2-1 by TLR2 
Increasing evidence suggest that polysaccharides can exert immu

nomodulatory activities through binding to toll-like receptors of mac
rophages, such as TLR2 and TLR4 (Lee et al., 2015; Wu et al., 2017; Zhan 
et al., 2020). Therefore, whether TLR2 or TLR4 could be recognized by 
SGP2-1 to modulate macrophage activation was further investigated in 
this study. Compared with the group treated with SGP2-1 only, cells 
pretreated with TLR2 antibody remarkably reduced the secretion of NO 
and IL-6. However, no obvious change was found in the group treated 
with TLR4 antibody (Fig. S3). These results implied that TLR2 was 
involved in SGP2-1-mediated macrophage activation. Lee et al. (2015) 
found that polysaccharides from Cordyceps militaris culture broth 
induced TNF-α secretion in macrophages through TLR2, TLR4, and 
Dectin-1. Wu et al. (2017) reported that polysaccharides from Hericium 
erinaceus fruiting bodies were recognized by TLR2 and mannose re
ceptors to exert immunostimulatory activity. These inconsistent results 
about the recognition of polysaccharides by receptors might be related 
to different structural characteristics. Several studies have demonstrated 
that polysaccharides structural features, including molecular weight, 
monosaccharide composition, glycosidic bonds, and degree of branch
ing, are crucial for their immunostimulatory activity (Ferreira, Passos, 
Madureira, Vilanova, & Coimbra, 2015). A previous study indicated that 
(1 → 4)-α-glucans was recognized by TLR2 and exhibited immunomo
dulation in macrophages (Bittencourt et al., 2006). Several researches 
demonstrated that polysaccharides from Ganoderma leucocontextum 
(Gao et al., 2020), Cordyceps sinensi (Wang et al., 2017), and Paecilo
myces cicadae (Ren et al., 2019) were mainly composed of → 4)-α-Glcp- 
(1 → residue and exhibited strong immunomodulatory activity. There
fore, the immunostimulatory activity of SGP2-1 might be partly attrib
uted to its (1 → 4)-α-Glcp backbone structure. 

3.3.6. SGP2-1 activated mitogen-activated protein kinase (MAPKs), PI3K/ 
Akt, and NF-κB signaling pathways 

MAPKs are a family of serine/threonine-specific protein kinases, 
including JNK, ERK, and p38. They have been proposed to participate in 
and control cellular response to the extracellular stimulus such as lipo
polysaccharides, pro-inflammatory cytokines, and polysaccharides (Ren 

et al., 2017). Several researches have reported that polysaccharides from 
Durvillaea Antarctica (Yang et al., 2018), Gynostemma pentaphyllum (Ren 
et al., 2019), and Isaria cicadae (Xu et al., 2020) can activate macrophage 
through MAPKs phosphorylation. In the present study, whether MAPKs 
signaling pathway participated in SGP2-1-mediated RAW 264.7 
macrophage activation was investigated. As presented in Fig. 5A, SGP2- 
1 (40, 80, 160, and 320 μg/mL) remarkably enhanced the phosphory
lation of JNK, ERK, and p38. After treatment with 320 µg/mL of SGP2-1, 
the protein expression levels of p-JNK, p-ERK, and p-p38 were increased 
to 3.81, 5.95, and 6.88-fold, respectively. Moreover, specific inhibitors 
(SP600125, U0126, and SB203580) markedly reduced NO, TNF-α, and 
IL-6 secretion (Fig. 5D-E). These results indicated that SGP2-1 could 
stimulate macrophage through activating the MAPKs pathway. 

PI3K signaling is crucial for proliferation, migration, survival, and 
growth in different types of cells. PIK3 and the downstream serine/ 
threonine kinase Akt have recently attracted great attention due to their 
important functions in the immune system (Ren et al., 2017; Wu et al., 
2017). Whether PI3K/Akt pathway participated in SGP2-1-mediated 
macrophage activation was investigated. Results showed that SGP2-1 
treatment remarkably enhanced the phosphorylation of PI3K p85 and 
Akt compared with the control group. After treatment with 320 µg/mL 
of SGP2-1, the protein expression levels of p-PI3K p85 and p-Akt were 
increased to 1.51 and 2.50-fold, respectively (Fig. 5B). Moreover, the 
PI3K inhibitor LY294002 inhibited the stimulating effects of SGP2-1 on 
NO, TNF-α, and IL-6 production (Fig. 5D-E). These results implied that 
SGP2-1 activated RAW 264.7 cells was partly attributed to the regula
tion of PI3K/Akt pathway. 

NF-κB is a crucial transcription factor. It can modulate mRNA tran
scription of various immune genes such as iNOS, TNF-α, and IL-6 (Ren 
et al., 2017; Zhan et al., 2020). Basically, NF-κB sequestered by IκB 
proteins exists as dimers in the cytoplasm in an unstimulated state. 
However, IκB proteins are phosphorylated and degraded through the 
ubiquitin–proteasome pathway under stimulation. Subsequently, 
released NF-κB migrates into the cell nucleus and regulates the tran
scription of target genes (Xu et al., 2020). It has been documented that 
the phosphorylation of MAPKs and Akt can mediate immunomodulatory 
effects through activating NF-κB transcription factor (Ren et al., 2019). 
Thus, whether SGP2-1 induced NF-κB activation was further explored. 
As can be seen from Fig. 5C, SGP2-1 (40, 80, 160, and 320 μg/mL) 
significantly enhanced the phosphorylation of NF-κB p65 and IκBα and 
decreased the protein expression level of IκBα. Additionally, SGP2-1 
obviously promoted the translocation of NF-κB p65 into the nucleus. 
Furthermore, the NF-κB inhibitor BAY 11-7082 significantly reduced 
NO, TNF-α, and IL-6 secretion induced by SGP2-1 (Fig. 5D-E). Taken 
together, all these results suggested that SGP2-1-mediated cytokine 
secretion in macrophage was attributed to the activation of MAPKs, 
PI3K/Akt, and NF-κB pathways. 

Fig. 4. Effects of SGP2-1 on the secretion of NO (A), TNF-α (B), IL-6 (C), and MCP-1 (D) in the cell culture supernatants and the mRNA expression of iNOS (E), TNF-α 
(F), IL-6 (G), and MCP-1 (H) in RAW 264.7 macrophages. 
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Fig. 5. Effects of SGP2-1 on MAPKs (A), PI3K/Akt (B), and NF-κB (C) signaling pathways in RAW 264.7 cells; Effects of SP600125, U0126, SB203580, LY294002, and 
BAY 11-7082 on NO (D), TNF-α (E), and IL-6 (F) secretion in RAW 264.7 cells induced by SGP2-1. **p < 0.01 indicates significant difference from the group treated 
with SGP2-1 (320 μg/mL) only. 
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4. Conclusion 

In this study, a new heteropolysaccharide, designated SGP2-1, was 
isolated from S. granulatus fruiting bodies. Its chemical structure was 
characterized by HPGPC, HPLC, FT-IR, GC–MS, and NMR. SGP2-1 with 
Mw of 150.75 kDa consisted of mannose, glucose, and xylose in a molar 
ratio of 7.6: 89.2: 3.2. It had a main backbone consisted of → 4)-α-Glcp- 
(1→, and the terminal group α-D-Glcp → was connected to the main 
chain by O-6 position. Moreover, SGP2-1 significantly promoted pino
cytic capacity and ROS, NO, TNF-α, IL-6, and MCP-1 production in RAW 
264.7 macrophages. SGP2-1 exerted immunostimulatory activity 
through recognizing TLR2 and activating MAPKs, PI3K/Akt, and NF-κB 
signaling pathways. Therefore, SGP2-1 could be developed as a potential 
functional food component for hypoimmunity and immunodeficiency 
diseases. 
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