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A B S T R A C T

Poria cocos polysaccharide (PCP), extracted from Poria cocos sclerotium, has many biological activities. The
present study explored the immunomodulatory effect and the underlying molecular mechanism of PCP in RAW
264.7 macrophages. Griess reaction, ELISA assays and confocal laser scanning microscopy revealed that the
production of nitric oxide (NO), TNF-α, IL-1β, IL-6 and intracellular calcium level were increased by PCP.
However, this effect on cytokines was suppressed with a Ca2+ channel blocker or a p38 inhibitor, which in-
dicates that Ca2+ and p38 are crucial to the immunomodulatory effect of PCP. We further demonstrated that
PCP-treated cells also exhibited increased the activity of PKC, mRNA and protein expression levels of p38 and
NF-κB, which is also reduced with a Ca2+ channel blocker. Taken together, the Ca2+/PKC/p38/NF-κB signaling
pathway may involve in the immunomodulatory effects of PCP.

1. Introduction

Poria cocos is a common traditional Chinese medicine with diuretic,
sedative [1], and immunomodulatory effects [2]. Poria cocos poly-
saccharide (PCP), extracted from Poria cocos sclerotium, has been re-
ported to be beneficial to human health [3]. Recent studies have shown
that PCP exhibits antitumor [1], hepatoprotective [4], mitogenic [5],
and also immunomodulatory effects [6]. It's relative molecular weight
is about 160 kDa [7]. PCP was composed of ribose, arabinose, xylose,
mannose, glucose, and galactose in the molar contents of 1.49, 1.17,
0.62, 10.34, 86.39 and 1.31 μM, respectively [8]. However, the mole-
cular mechanisms of immunomodulatory effects of PCP have not yet
been elucidated clearly.

Previous studies have shown that PCP is involved in immune reg-
ulation by activating NF-κB through the CD14, TLR4, and CR3 mem-
brane receptors in macrophages [9]. However, there are few studies
regarding PCP can play an immunomodulatory effect by increasing
Ca2+.

Ca2+, as a multifunctional cation, acts as a second messenger in the
immune cell including macrophages, T and B lymphocytes. The amount
and duration of the flow of Ca2+ will affect the type and duration of
intracellular signal transduction [10]. Further calcium signaling is
central to many cellular processes including immune responses [11],
which can involve in cytokines production by activating NF-κB [12].

Protein kinase C (PKC), as a downstream molecule of Ca2+-depen-
dent signaling pathways [13], is a ubiquitous serotonin protein kinase
that catalyzes the phosphorylation of many cell proteins. It can as-
sociates with receptors on the surface of immune cells to activate
downstream signal transduction cascades and play an important role in
immune responses [14].

Lipopolysaccharides (LPS) are bacterial components that can sti-
mulate the secretion of proinflammatory cytokines, including TNF-α
and IL-6 in macrophages through the TLR4/NF-κB signaling pathway
[15]. Furthermore, many reports have shown that Ca2+ plays an im-
portant role in LPS-induced NF-κB activation [16,17] by stimulating the
activity of downstream Ca2+-dependent signaling pathways, such as
PKC [18].

In the present study, we investigated the immunomodulatory effect
of PCP and the ability of PCP to activate NF-κB via the Ca2+/PKC/p38
signaling pathway in RAW264.7 macrophage cells. LPS was used as a
positive control to stimulate RAW264.7 macrophage cells and NiCl2
was used, as it is a calcium channel blocker that can reduce the in-
tracellular Ca2+ concentration [19–21]. And SB203580 was as a p38
inhibitor.
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2. Materials and methods

2.1. Reagents

Dulbecco's Modified Eagle's Medium (DMEM), 0.25% EDTA/
trypsin, and fetal bovine serum (FBS) were obtained from Hyclone
(Logan City, UT, USA). LPS (extracted from Escherichia coli O111: B4)
and the Ca2+ channel blocker, NiCl2, were purchased from Sigma-
Aldrich (MO, USA). The p38 inhibitor SB203580 was purchased from
MedChem Express (NJ, USA). Ci Yuan Biotechnology Co., Ltd. (Xian,
China) was the source of PCP (> 90% pure). The endotoxin level in PCP
was<0.1 EU/μg detected by Tachypleus amebocyte lysate (TAL) assay
using Bioendo™ EC Endotoxin Test Kit (Xiamen Bioendo Technology
Co., Ltd., Xiamen, China). Griess reagent Kit was from Beyotime
Biotechnology (Shanghai, China).

2.2. Cell culture

The murine macrophage cell line RAW 264.7 was a gift from
Professor Jianping Gong (Department of Hepatobiliary Surgery, the
Second Affiliated Hospital of Chongqing Medical University). The cells
were maintained in DMEM (supplemented with 10% (v/v) FBS, 100 U/
ml penicillin, and 100 μg/ml streptomycin) in a humidified atmosphere
with 5% CO2 at 37 °C. Cells treated with LPS were considered as posi-
tive controls; while cells cultured in DMEM without any other treat-
ment were considered as controls. Cells were treated with or without
LPS (100 ng/ml), PCP (200 μg/ml) or PCP (200 μg/ml) together with
NiCl2 (1 mM) or PCP (200 μg/ml) together with SB203580 (20 μM).

2.3. Griess reaction

Macrophages (5×104 cells/ml) were seeded onto 24-well culture
plates and treated with or without LPS (100 ng/ml) or PCP (200 μg/ml)
for different periods of time (4 h, 8 h, 16 h, 24 h, 32 h, 48 h and 72 h).
NO levels of isolated culture medium in different time groups were
determined by the Griess reaction. Then, the isolated culture media
were incubated with an equal amount of Griess solution (1% sulfani-
lamide, 0.1% naphthylethydiamine dihydrochloride, and 2% phos-
phoric acid). The accumulation of NO2−, an indicator of NO produc-
tion, was determined with a microplate reader (Multiskan FC, Thermo,
Waltham, MA, USA) at 540 nm with a sodium nitrite standard curve.

2.4. ELISA

Macrophages (5×105 cells/ml) were seeded onto 24-well culture
plates treated with or without LPS (100 ng/ml), PCP (200 μg/ml), or
PCP (200 μg/ml) and NiCl2 (1 mM) or PCP (200 μg/ml) and SB203580.
The culture supernatant was collected from each group, and the levels
of TNF-α, IL-1β, and IL-6 were analyzed using the corresponding
commercial mouse ELISA kits (4A Biotech, Beijing, China) according to
the manufacturer's instructions. The absorbance was measured at
450 nm with a microplate reader (Mul-tiskan FC, Thermo, Waltham,
MA, USA). A standard curve prepared from standard-samples TNF-α, IL-
1β, and IL-6 was used to calculate cytokines production.

2.5. Measurement of PKC activity

Macrophages (107 cells/well) were seeded onto 6-cm dishes and
incubated in DMEM with treatments as mentioned above for different
periods of time (4 h, 8 h, 16 h, 24 h, and 48 h). Cells were collected and
PKC levels were measured using the PKC activity quantitative detection
kit (Genmed Scientific Inc., Shanghai, China). Total protein was ex-
tracted and protein concentration was measured using BCA protein
assay kit (Beyotime, Nantong, China). Then equal amounts of protein
added with the appropriate reagent in turn according to the instruc-
tions. Finally, absorbance was measured at 340 nm with a microplate

reader (Multiskan FC, Thermo, Waltham, MA, USA).

2.6. Measurement of intracellular calcium concentration

Macrophages (103 cells/well) were seeded onto the confocal plate
and incubated for 24 h. The cells were washed with Hanks' Balanced
Salt Solution (HBSS) and then incubated in DMEM containing 8 μM
Fluo-4/AM (Dojindo, Mashiki, Japan) and 0.04% Pluronic acid F-127
for probes to get better into cells at 37 °C for 50min. Next, cells were
washed 3 times with HBSS to remove the remaining Fluo-4/AM and
Pluronic acid F-127, then treated with PCP or PCP and NiCl2, as men-
tioned above. And then the cells were washed with phosphate-buffered
saline (PBS) and fixed in 4% paraformaldehyde for 10min. To visualize
nuclei, cells were stained with 10 μg/ml DAPI. The confocal laser
scanning microscope (Nikon, Tokyo, Japan) was used to detect the
fluorescent images of the intracellular calcium value.

2.7. qRT-PCR

The total mRNA in cells was extracted with TRIzol reagent and re-
verse transcribed into cDNA with the Prime Script RT-PCR kit (Takara,
Dalian, China). qRT-PCR was performed with the CFX-96 Touch™ real-
time PCR system (Bio-Rad, Foster City, CA, USA) using the SYBR-Green
method and began with initial denaturation for 30 s at 95 °C, followed
by 40 cycles of denaturation at 95 °C for 5 s, and annealing and exten-
sion at 58 °C for 30 s. The relative mRNA expressions of p38 and NF-κB
were calculated by the comparative Ct method and normalized to the
endogenous reference β-actin. Reactions were run in triplicate and the
following qRT-PCR primer pairs were used: p38 (forward: 5′-GTACCA
CGATCCTGATGATG-3′ and reverse: 5′-CAGTAGAGTGGGATCAA
CAG-3′), NF-kB (forward: 5′-CCAAAGAAGGACACGACAGAATC-3′ and
reverse: 5′-GGCAGGCTATTGCTCATCACA-3′), and β-actin (forward:
5′-AGATTACTGCTCTGGCTCCTAGC-3′ and reverse: 5′-ACTCATCGTAC
TCCTGCTTGCT-3′).

2.8. Western blot

The proteins were extracted from the treated macrophage cells with
the Total Protein Extraction Kit (Keygen, Nanjing, China). Then the
protein concentration in the lysates was evaluated using a BCA protein
assay kit (Beyotime, Nantong, China). After denaturation, equal
amounts of protein were separated by 10% SDS-PAGE and transferred
onto a PVDF membrane (Millipore, Boston, USA). Then the membranes
were blocked with 5% (w/v) skimmed milk and incubated with rabbit
anti-p-p38 antibody (1:800, Cell Signaling Technology, USA), rabbit
anti-p-NF-kB antibody (1:1000, Cell Signaling Technology, USA), and
mouse anti-β-actin antibody (1:1000, Beyotime, China) at 4 °C over-
night. After washing three times for 30min, the membrane was in-
cubated with HRP-conjugated secondary antibodies (1:1000, Beyotime,
China). Finally, the blots were visualized using an enhanced chemilu-
minescence (ECL) kit (Millipore, Boston, USA).

2.9. Statistical analysis

The data were expressed as mean ± standard deviation (SD) and
analyzed using SPSS 20.0 (IBM, Armonk, NY, USA). Group comparison
was performed using one-way analysis of variance (ANOVA) and t-test.
Experiments were performed in triplicate. p < 0.05 was considered
statistically significant.

3. Results

3.1. PCP induces nitric oxide (NO) production in macrophages

To determine the effects of PCP on NO production, we detected the
accumulation of nitrite using Griess reagent. As shown in Fig. 1, PCP
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and LPS significantly increased (p < 0.05) NO production compared
with controls from 16 h–72 h. This demonstrates that PCP can stimulate
NO production in macrophages.

3.2. PCP enhances [Ca2+]i in macrophages

Since Ca2+ plays an important role in NF-κB activation and the
cytokines secretion, including TNF-α and IL-6 [20,22], we have a test
for analyzing the effects of PCP on [Ca2+]i by measuring fluorescence
intensity. The cells were exposed to PCP, with or without pretreatment
with NiCl2. As shown in Fig. 2, the fluorescence intensity of PCP-
treatment cells significantly increased (2.39-fold, p < 0.05) compared
with controls. While cells treated with PCP and NiCl2 exhibited sig-
nificantly decreased fluorescence (0.46-fold, p < 0.05) compared with
PCP treatment alone. These findings demonstrate that Ca2+ may be a
necessary factor for PCP to perform immune effects.

3.3. PCP stimulates PKC activity in macrophages

PKC, as a Ca2+- and phospholipid-dependent protein kinase [23],
has an important effect on the activation of NF-κB [13]. To further
exclude the possibility that PKC is downstream of cell im-
munomodulatory pathway, we determined PKC activities. As shown in
Fig. 3, PCP/LPS treatment significantly increased (p < 0.05) PKC ac-
tivity in macrophages from 8 h–48 h. However, PKC activity was sig-
nificantly decreased (p < 0.05) in cells treated with the presence of
NiCl2. These results suggested that there may be a correlation between
PKC and immunomodulatory effect of PCP.

3.4. PCP affects p38 and NF-κB mRNA and protein expression

In order to further study the immunoregulatory mechanism of PCP,
we measured the mRNA and protein expression levels of p38 and NF-κB
with qRT-PCR (Fig. 4A) and Western blot (Fig. 4B, C). PCP and LPS

Fig. 1. Effects of PCP on NO production by RAW 264.7 macrophage at different
time points (4 h, 8 h, 16 h, 24 h, 32 h, 48 h and 72 h). After macrophages were
cultured with PCP (200 μg/ml) or LPS (100 ng/ml), the NO concentration was
detected by Griess reaction using the culture medium. * p < 0.05, ** p < 0.01
vs. control group.

Fig. 2. The magnitude of [Ca2+]i in RAW 264.7 macrophage cells was detected by confocal laser scanning microscope. Fluorescence imaging in RAW 264.7 cells is
demonstrated. (A) RAW 264.7 cells were treated with or without PCP or PCP and NiCl2. Cells were stained with calcium (green) and DAPI (blue). (B) Relative
fluorescence intensity of Ca2+ Data was represented as mean ± SD. * p < 0.05 vs. control, # p < 0.05 vs. PCP. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Fig. 3. The PKC activity at different time points in RAW 264.7 cells treated with
or without PCP ((200 μg/ml), PCP (200 μg/ml) and NiCl2 (1 mM). The level of
PKC activity was measured by power-spectral method. The PKC activity was
significantly induced by PCP from 8 h–48 h, but this effect was reduced with
NiCl2.
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significantly increased the mRNA and protein expression of p38 and
NF-κB compared with controls (p < 0.05). However, the expression
levels of p38 and NF-κB were significantly reduced in cells treated with
PCP and NiCl2 compared with PCP-treated cells (p < 0.05). These re-
sults suggest that p38 and NF-κB may be also involved in the im-
munoregulatory effect of PCP.

3.5. PCP affects TNF-α, IL-1β, and IL-6 expression levels

To investigate the immunomodulatory effects of PCP on macro-
phages, we examined the levels of cytokines by ELISA. The levels of
TNF-α, IL-1β, and IL-6 were significantly elevated after PCP or LPS
treatment (p < 0.05) and significantly decreased (p < 0.05) after
treatment with the presence of NiCl2 or SB203580 (Fig. 5A, B, C). These
results suggest that PCP can stimulate macrophages to secrete cyto-
kines, and Ca2+ and p38 are crucial for TNF-α, IL-1β, and IL-6 pro-
duction.

4. Discussion

PCP has been reported to have multiple immune effects, such as
promoting the production of B lymphocyte antibodies and spleen an-
tibodies [6,9], increasing levels of serum antibody IgG, and enhancing
phagocytosis of peritoneal macrophages [24]. In recent years, studies
have shown that many plant polysaccharides play an immune role
through the TLR4/NF-κB signaling pathway [25,26] and PCP may ac-
tivate NF-κB through TLR4 [9]. However, whether other pathways
besides the TLR4/NF-κB signaling pathway are also involved in the
immune effects of PCP remains unclear. In the present study, we de-
termined the immunomodulatory effects and underlying molecular
mechanisms of PCP in macrophages.

Many plant polysaccharides play an immunomodulatory role by
activating macrophages [27-29]. Macrophages, as specific antigen-
presenting cells, clean foreign antigens or release cytotoxic molecules

such as NO, TNF-α, and IL-1β, which are critical for successful defense
against invading pathogens [30]. In the present study, PCP and LPS
increased the secretion of NO, TNF-α, IL-1β, and IL-6. These findings
indicate that PCP can induce the secretion of immunomodulatory fac-
tors in macrophages.

Ca2+ channels are known to take part in a variety of physiological
processes and have been reported to activate NF-κB in macrophages
[16,17]. Although previous studies have reported that plant poly-
saccharides have immunostimulatory properties related to increasing
[Ca2+]i [31,32], few studies have focused on whether Ca2+ plays a role
in the immunomodulatory effects of PCP. Therefore, we measured the
magnitude of [Ca2+]i in macrophages. The level of Ca2+ increased in
PCP-treated cells, whereas it decreased in cells treated with PCP and
NiCl2. In addition, the secretion of TNF-α, IL-1β, and IL-6 also sig-
nificantly decreased after NiCl2 treatment. These results suggest that
Ca2+ is vital in the immunomodulatory function of PCP.

PKC plays a crucial role in signal transduction of various bioactive
substances. Evidence shows that PKC activation plays an essential role
in inducing the secretion of TNF-α and IL-1β by activating NF-κB
[13,33]. In this study, we found that PCP/LPS resulted in an up-reg-
ulation of PKC activity in macrophages. Additionally, PKC activity was
down-regulated after NiCl2 treatment, suggesting that PKC may be the
downstream molecule of Ca2+ involved in the immune regulation
process.

The p38 kinase plays an important role in LPS-induced signal
transduction pathways leading to cytokine synthesis [34] and can
regulate the activation of NF-κB [35,36]. The results showed that TNF-
α, IL-1β, and IL-6 were inhibited by the addition of p38 (SB203580)
inhibitors. And the present study demonstrated that p38 and NF-κB
were increased after PCP/LPS treatment and decreased after NiCl2
treatment. Taken together, besides the classical TLR4/NF-κB signaling
pathway involved in immunomodulatory effects of PCP [9], our results
suggest that the Ca2+/PKC/p38/NF-κB signaling pathway may be also
involved in the immunomodulatory effects of PCP. However, whether

Fig. 4. The relative expressions of mRNAs and proteins of p38 and NF-κB in macrophages. (A) The mRNA expression was detected with qRT-PCR. (B) The protein
expression was detected with Western blot. * p < 0.05 vs. control, # p < 0.05 vs. PCP.
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there is a link between the two pathways and whether other pathways
or other receptors involved in increased intracellular calcium are un-
known and need further study.

In conclusion, our studies have demonstrated an im-
munomodulatory effect of PCP with a molecular mechanism that is
related to the activation of NF-κB through the Ca2+/PKC/p38 signaling
pathway.
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