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ABSTRACT
Polysaccharides are one of many bioactive compounds found in
edible mushrooms. Edible mushrooms have become attractive as
“health foods” and as source materials for immunomodulators.
The aim of this project was to study the immunoregulatory
effects of a purified polysaccharide derived from wild Russula
griseocarnosa (PRG1-1) on macrophages. Our data showed that in
RAW264.7 macrophage cells, PRG1-1 increased expression of
inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-
2). Furthermore, PRG1-1 increased the production of nitric oxide
(NO) and cytokines, including interleukin 6 (IL-6) and tumour
necrosis factor alpha (TNF-α). Western blotting demonstrated that
the regulation of NO and cytokines was mediated through the
nuclear factor kappa B (NF-κB) and mitogen-activated protein
kinase (MAPK) signalling pathways. Therefore, PRG1-1 has the
capacity to activate macrophages via the NF-κB and MAPK
pathways. These findings helped to elucidate the immune-
modulatory properties of the polysaccharide from R. griseocarnosa.
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Introduction

Macrophages are an important type of immune cell that play a critical role in protecting
the host against pathogens and phagocytosis through immune-inflammatory responses
(Junt et al., 2007). The activation of macrophages initiates the innate immune response
and induces antigen processing and presentation to promote adaptive immunity (Shi &
Pamer, 2011).

Macrophage function is improved through the secretion of such factors as nitric oxide
(NO) and pro-inflammatory cytokines (such as IL-1, IL-6, IL-10 and TNF-α) (Doyle &
O’Neill, 2006; Kim, Cheon, Kim, Kim, & Kim, 1999; Wang & Mazza, 2002). It has been
reported that many stimuli induce the activation of macrophages. NO endows host
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macrophages with cytotoxic activity against viruses, bacteria and tumour cells (Boscá,
Zeini, Través, & Hortelano, 2005). Meanwhile, cytokines are key regulators mediating
multiple processes, including the activation of T and B cells, anti-tumour processes, and
anti-infection processes (Belardelli, 1995; Vitenberga & Pilmane, 2017). Hence, the acti-
vation of macrophages and the subsequent immune response is an effective strategy for
promoting human health.

Recently, studies have demonstrated that polysaccharides have various bioactive prop-
erties and can potentially impede the function of macrophages (Deng et al., 2016). In par-
ticular, polysaccharides from edible mushrooms have attracted the interest of a wide range
of researchers. These polysaccharides are considered to be a potential source of natural
immunomodulatory agents that could be useful in protecting humans frommany diseases,
including cancers, diabetes mellitus and neurodegenerative diseases (Fu et al., 2015; Han
et al., 2012; Sheng, Liu, Wang, Lv, & Du, 2017; Yamac et al., 2016). Crude polysaccharides
from the medicinal mushroom Amauroderma rude were shown to increase macrophage
activity as well as levels of spleen lymphocytes and natural killer cells (Pan et al., 2015).
A medium-to-high molecular weight exopolysaccharide from Schizophyllum commune
was shown to have intestinal anti-inflammatory activity (Du, Yang, Bian, & Xu, 2017).
The polysaccharides from Dictyophora indusiata significantly affected macrophage
immune function by promoting the secretion of NO and pro-inflammatory cytokines,
including IL-1, -6, -12 and TNF-α (Deng et al., 2016).

R. griseocarnosa, a wild ectomycorrhizal mushroom commonly called Dahongjun, is
found in southern China. This mushroom was first recorded as a new species in 2009
(Li et al., 2010). Previous studies of R. griseocarnosa-derived polysaccharides had
mainly focused on their composition (X.-H. Chen, Xia, Zhou, & Qiu, 2010) and genetic
diversity (Li et al., 2010), while reports of the biological activities of these polysaccharides
are few. In our previous study, crude polysaccharides were extracted from R. griseocarnosa
(PRG) using Response Surface Metholology (RSM) combined with a Box–Behnken Design
(BBD) (Yuan et al., 2017). A 630 kDa polysaccharide component named as PRG1-1 was
purified from PRG, and the monosaccharide composition of PRG1-1 was consisted of
glucose, galactose, mannose, xylose and fructose in a molar ration of
66.5:29.2:3.17:0.663:0.447, and the presence of C=O, C–O-H, C–O-C and C–H bands
were observed (Liu, Zhang, & Meng, 2017). In the present study, we evaluated the
immune-enhancing effects and the potential mechanism of action of PRG1-1 in the
mouse macrophage cell line RAW264.7.

Materials and methods

Chemicals and materials

Dulbecco’s Modified Eagle’s Medium (DMEM), fetal bovine serum (FBS) and biomyc-3
antibiotic solution were obtained from Biological Industries. Primary antibodies against
COX-2, iNOS, phospho-SAPK/JNK, phospho-p38, phospho-c-Jun, phospho-NF-κB p65,
IKKβ, IκBα and phospho-IκBα were purchased from Cell Signalling (Boston, MA, USA).
NE-PER Nuclear and Cytoplasmic extraction reagents were purchased from Pierce Biotech-
nology (Rockford, IL, USA). The Thermo Scientific Pierce BCA protein assay kit was
obtained from Thermo Fisher Scientific (Waltham, MA, USA). Mouse IL-6 and TNF-α
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ELISA kits were purchased from eBioscience, Inc. (San Diego, CA, USA). LPS (Escherichia
coli 055:B5) was obtained from Sigma-Aldrich (St. Louis, MO, USA). The TransDetect Cell
Counting Kit (CCK) was obtained from TransGen Biotech (Beijing, China) and the NO
assay kit was purchased from Beyotime Biotechnology (Jiangsu, China). The murine macro-
phage cell line RAW264.7 was obtained from the China Cell Line Bank (Beijing, China).

Purification of PRG1-1

PRG was extracted as our previous report using RSM [18], and the PRG1-1 was purified
from PRG with multiple column chromatography including DEAE-52 and Sephadex G-
100 (Liu et al., 2017).

Cell culture and cell viability assays

The murine macrophage cell line RAW264.7 was cultured in DMEM medium sup-
plemented with 10% FBS and 1% biomyc-3. Cells were grown at 37°C in a humidified
5% CO2 atmosphere.

Cell viability was determined using the Cell Counting Kit according to the manufacturer’s
instructions. 1 × 104 RAW264.7 cells were plated into 96-well plates, incubated overnight,
and then treated with different concentrations (0, 50, 100, 150, 200, 300, 400 μg/mL) of
PRG1-1 for 24 h. The supernatants were removed and 100 μL CCK solution (10 μL CCK:
100 μL medium) was added to each well. The plate was incubated at 37°C for 2 h in the
dark. After 2 h, absorbance was detected at 450 nm using the mirco-plate reader.

Measurement of nitric oxide (NO)

Griess reagent was used to determine NO levels in the cell culture medium. 100 μL of
RAW264.7 cells (1 × 105 cells/mL) were plated into 96-well plates overnight and stimu-
lated with different concentrations of PRG1-1 (0, 50, 100, 150, 200, 300, 400 μg/mL) or
LPS (1 μg/mL) for 24 h. The supernatant was collected for NO detection. 100 μL of super-
natant was mixed with an equal volume of Griess reagent (0.1% N-(1-naphthyl) ethylene-
diamine dihydrochloride, 1% sulfanilamide, and 2.5% H3PO4). After 15 min, the optical
density of each well was read at 450 nm. The concentration of nitrite in the supernatant
was determined by comparison to a sodium nitrite standard curve.

Determination of TNF-α and IL-6 production

Macrophage RAW264.7 cells were plated in 96-well plates and stimulated with PRG1-1
(50, 100, 150 and 200 μg/mL) or LPS (1 μg/mL) for 24 h. The supernatant was collected
by centrifugation and the TNF-α and IL-6 levels were determined by ELISA kits according
to the manufacturer’s protocol. All experiments were performed in triplicate.

Extraction of nuclear and cytosolic protein fractions

Cytoplasmic and nuclear proteins were isolated using the NE-PER Nuclear and Cyto-
plasmic extraction reagents. The cells were digested with trypsin, collected by
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centrifugation, and subsequently washed with PBS. Protein was isolated at 4°C or on ice
following the manufacturer’s instructions.

Western blot analysis

Western blotting was performed according to previously described methods (X. Chen
et al., 2017). The BCA assay kit was used to assess concentrations of protein extracts
according to the manufacturer’s protocol. 40 μg of protein was separated by SDS-PAGE
gel electrophoresis and then transferred to a polyvinylidene fluoride (PVDF) membrane.
The membranes were incubated with the optimal primary antibody dilution at 4°C for
12 h. The membrane was washed with PBST and then incubated with the optimal horse-
radish peroxidase (HRP)-conjugated secondary antibody dilution for 1 h. The bands were
visualized using a chemiluminescence (ECL) plus reagent (Amersham Pharmacia Biotech,
Piscataway, NJ) and detected using the ChemiDoc XRS imaging system (Bio-Rad, Rich-
mond, CA). Band intensities were quantified using Image Lab software. All experiments
were performed in triplicate.

Statistical analysis

All values are presented as the mean ± standard deviation (SD). Data were analyzed with
one-way analysis of variance (ANOVA) followed by Student’s t-test to compare various
experimental groups. GraphPad Prism (version 5.0) was used to carry out the analyses.
All experiments were repeated at least three times (n≥ 3), and *<0.05 or **<0.01 was con-
sidered to be statistically very significant and significant.

Results

Effects of PRG1-1 on viability of RAW264.7 macrophage cells

The effects of PRG1-1 on macrophage viability were determined using the CCK kit.
RAW264.7 cells were incubated with various concentrations (0, 50, 100, 150, 200,

Figure 1. Viability of RAW264.7 cells treated with PRG1-1. Values are presented as the means ± SD (n = 3).
Analyses were performed using a one-way ANOVA. *p < 0.05, **p < 0.01 compared to untreated control.
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300, 400 μg/mL) of PRG1-1. As shown in Figure 1, concentrations below 150 μg/mL
had no significant effect on macrophage viability. Macrophage viability began to
decrease at 200 μg/mL, and the decrease reached significance at 300 μg/mL of PRG1-1.
When the PRG1-1 concentration was increased to 400 μg/mL, cell viability was dra-
matically reduced (65.5%). These results indicated that PRG1-1 was not toxic to
RAW264.7 cells below 200 μg/mL but was significantly cytotoxic at concentrations
higher than 200 μg/mL. Thus, concentrations below 200 μg/mL were selected for
further investigation.

Effects of PRG1-1 on the production of NO and pro-inflammatory cytokines

Our results demonstrated that PRG1-1 significantly induced the production of NO com-
pared with the untreated group (Figure 2A). Additionally, to evaluate the effect of PRG1-1
on immune stimulation, cytokine levels were measured using ELISA kits. As shown in
Figure 2B-C, stimulation with PRG1-1 for 24 h significantly increased the secretion of
cytokines, including IL-6 and TNF-α, compared with untreated cells.

PRG1-1 induces iNOS and COX-2 production in RAW264.7 macrophages

Stimulation of RAW264.7 cells using various concentrations of PRG1-1 (0, 50, 100, 150,
200 μg/mL) significantly increased iNOS and COX-2 production compared to the negative
control (Figure 3A-B). As shown in Figure 3A, LPS (1μg/mL) clearly enhanced the pro-
duction of iNOS and COX-2. PRG1-1 concentrations between 0 and 150 μg/mL signifi-
cantly increased the production of iNOS in RAW264.7 cells in a concentration-
dependent manner. However, stimulation with 200 μg/mL PRG1-1 led to a lower iNOS
level than that produced with 150 μg/mL PRG1-1. This might be due to decreased cell via-
bility at 200 μg/mL. COX-2 production trends in PRG1-1-induced RAW264.7 cells were
consistent with the iNOS trends (Figure 3B).

Effects of PRG1-1 on the mitogen-activated protein kinase (MAPK) pathway in
RAW264.7 macrophages

MAPK is widely recognized as a typical inflammatory pathway. It plays a crucial role in the
regulation of cell growth, differentiation and cellular response to cytokines (Chardin,
Schenk, Hirt, Colcombet, & Krapp, 2017). We examined whether PRG1-1 induced the
secretion of NO and cytokines, including TNF-α and IL-6, through the MAPK
pathway. Western blot data showed an increase in the phosphorylation of SAPK/JNK
(Figure 4A), p38 (Figure 4B) and c-Jun (Figure 4C) in RAW264.7 cells exposed to
PRG1-1 compared with the negative control.

Effects of PRG1-1 on the NF-κB pathway in RAW264.7 macrophages

Our results suggested that stimulation with PRG1-1 significantly increased nuclear
levels of NF-κB (p65) and reduced cytoplasmic levels of NF-κB (p65) compared with
the untreated group (Figure 5A-B). Furthermore, we found that PRG1-1 increased
IKKβ and phospho-IκB-α levels in RAW264.7 cells. Additionally, degradation of IκB-
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α was observed after treatment with various concentrations of PRG1-1. These results
suggested that PRG1-1 treatment activates the NF-κB pathway in RAW264.7
macrophages.

Figure 2. Effects of PRG1-1 on NO (A), IL-6 (B) and TNF-α (C) levels in RAW264.7 cells. RAW264.7 cells
were stimulated with different concentrations of PRG1-1 or with a standard concentration of LPS (1 μg/
mL). LPS was used as the positive control. Values are presented as the means ± SD (n = 3). Analyses
were performed using a one-way ANOVA. *p < 0.05, **p < 0.01 compared to the untreated control.
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Discussion

Polysaccharides derived from edible mushrooms have been widely investigated. Many
mushroom-derived polysaccharides have potential biological activities, including antitu-
mor, antiviral, antioxidant, anti-inflammatory and immunoregulatory activities
(Minato, Laan, Ohara, & van Die, 2016; Siu, Xu, Chen, & Wu, 2016; Tian, Zhao, Zeng,
Zhang, & Zheng, 2016). In this study, we investigated the immunostimulatory effects of
a purified polysaccharide from R. griseocarnosa on macrophages and the mechanism by
which PRG1-1 enhances the expression of NO and pro-inflammatory cytokines.

Macrophages play a critical role in the host defensive immune response. These cells
eliminate pathogens and recruit other cells to sites of ongoing inflammation by secret-
ing regulatory cytokines [24]. The activation of macrophages promotes the production
of NO and pro-inflammatory cytokines, such as IL-1β, IL-6 and TNF-α. Our results
demonstrated that PRG1-1 significantly increased the production of NO in
RAW264.7 macrophages compared to the untreated group. It is acknowledged that
iNOS and COX-2 are crucial in the regulation of NO and are the key mediators in
many inflammatory conditions (Lee, Lee, Shin, Jang, & Lee, 2017). PRG1-1 treatment
increased the expression levels of iNOS and COX-2, both of which are associated with
NO production. The release of NO is involved in many physiological processes, such as
vasodilatation (Khan et al., 2017), neurotransmission (Kusek et al., 2017), immune
responses (Cinzia, Maria Pia, Angela, & Marco, 2016), and platelet aggregation
(Smyth et al., 2017). Furthermore, activated macrophages produce cytokines, including
IL-6 and TNF-α, that play important roles in the cellular immune process by aiding in
the elimination of abnormal cells(Ying et al., 2009). In our study, we found that PRG1-
1 significantly induced the expression of immunostimulatory cytokines, including TNF-
α and IL-6, in macrophage cells. NO, TNF-α, and IL-6 all play critical roles in the
development of innate immunity during septic shock and inflammation (Zhao et al.,

Figure 3. Effects of PRG1-1 on the expression of iNOS (A) and COX-2 (B) in RAW264.7 macrophage cells.
Cytoplasmic proteins were extracted from cells stimulated with PRG1-1 (0, 50, 100, 150 and 200 μg/mL)
or with 1 μg/mL LPS.
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2007). Based on the results above, we concluded that PRG1-1 is involved in immune
enhancement in RAW264.7 cells.

To elucidate the possible mechanism by which PRG1-1 activates the MAPK pathway in
RAW264.7 macrophage cells, we examined the effects of PRG1-1 on p-SAPK/JNK, p-p38
and p–c-Jun. SAPK/JNK and p38 are members of the MAPK family. We found that the
MAPK pathway was activated by PRG1-1 through enhancement of SAPK/JNK and p38
phosphorylation. MAPKs are Ser/Thr protein kinases that convert extracellular stimuli
into a wide range of cellular responses, including the production of macrophage-related
cytokines and chemokines. When SAPK/JNK is activated as a dimer, it can translocate
into the nucleus and regulate transcription through c-Jun. Our results showed that c-
Jun phosphorylation levels were increased upon PRG1-1 treatment in a concentration
dependent manner. In addition, we found that PRG1-1 activated the NF-κB pathway.
NF-κB is an essential transcription factor that regulates genes involved in both the

Figure 4. PRG1-1 activates the MAPK pathway in RAW264.7 macrophage cells. Cells were stimulated
with PRG1-1 (0, 50, 100, 150 and 200 μg/mL μg/mL) or with LPS (1 μg/mL). Phospho-SAPK/JNK (A),
phospho-p38 (B) and phospho-c-Jun (C) protein levels were determined by Western blot analysis.
LPS was used as the positive control. Values are presented as the means ± SEM (n = 3). Analyses
were performed using a one-way ANOVA. *p < 0.05, **p < 0.01 compared to untreated control.
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innate and adaptive immune responses. Our results showed that PRG1-1 induced phos-
phorylation and degradation of IκBα, up-regulated the phosphorylation of p65 in the
nucleus, and down-regulated the phosphorylation of p65 in the cytoplasm. These data
suggested that PRG1-1 enables the nuclear translocation of NF-κB. Therefore, PRG1-1
exerts its immunostimulatory effects through the activation of the MAPK and NF-κB
pathways in RAW264.7 macrophages.

The immunoregulatory activity of polysaccharides has raised the interest of many
researchers. Minato reported that Pleurotus citrinopileatus-derived polysaccharides
could induce the activation of human dendritic cells through multiple pathways(Minato
et al., 2016). Wu found that polysaccharides derived from Boletus edulis had anti-inflam-
matory effects in the pathology of asthma (Wu, Wang, Yang, & Cui, 2016). Many studies

Figure 5. PRG1-1 activates the NF-κB pathway in RAW264.7 macrophage cells. Cells were stimulated
with PRG1-1 (0, 50, 100, 150 and 200 μg/mL) or with LPS (1 μg/mL). Protein levels of nucl-phospho-p65,
cyto-phospho-p65 (A), IKKβ (B), phospho-IκBα, and IκBα (C) were determined by Western blot analysis.
LPS was used as the positive control. Values are presented as means ± SEM (n = 3). Analyses were per-
formed using a one-way ANOVA. *p < 0.05, **p < 0.01 compared to untreated control.
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suggest that polysaccharides from herbal medicines, plants and mushrooms function as
immunomodulators by recognizing cell surface receptors (such as TLRs) to trigger an
immune response (J. Chen & Seviour, 2007; Zhang, Liu, Peng, Han, & Yang, 2014).
Additionally, it has been reported that the MAPK pathway plays a critical role in TLR4
signalling and the production of pro-inflammatory mediators (Kawai & Akira, 2010).
In this study, we robustly demonstrated that PRG1-1 enhances cytokine production in
RAW264.7 cells through the MAPK and NF-κB pathways. The RAW264.7 receptors tar-
geted by PRG1-1 still need to be identified.
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