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Abstract. Macrophage polarization has been well documented. 
Macrophages can aquire two phenotypes, the pro-inflammatory 
M1 phenotype, and the anti-inflammatory and wound healing 
M2  phenotype. The M1  macrophage phenotype has been 
linked to metabolic disease and is also associated with cancer-
related inflammation. Of note, macrophage polarization can 
be influenced by the extracellular environment. In the current 
study, we examined the effects of Pyropia yezoensis glyco-
protein  (PYGP) on M1 to M2  macrophage polarization in 
lipopolysaccharide (LPS)-stimulated macrophages. RAW 264.7 
macrophages stimulated with LPS exhibited an upregulated 
expression of pro-inflammatory mediators, namely of the 
M1 markers, nitric oxide (NO), reactive oxygen species (ROS), 
interleukin (IL)-6, IL-1β, tumor necrosis factor-α (TNF‑α), 
interferon-γ  (IFN-γ) and nitric oxide synthase‑2  (NOS-2). 
Treatment with PYGP inhibited the production of M1 markers 
and increased arginase 1 (ARG1), chitinase-like 3 (Chil3; also 
known as Ym1), resistin like beta  (RETNLB; also known 
as FIZZ1), IL-10, CD163, CD206, peroxisome proliferator-
activated receptor γ (PPARγ) and Krüppel-like factor 4 (KLF4) 
M2 marker gene expression. The signal transducer and activator 
of transcription (STAT)3 and STAT6 transcription factors were 
phosphorylated following treatment with PYGP. However, the 
silencing of STAT3 and STAT6 using siRNA in the macro-
phages decreased ARG1, Ym1 and FIZZ1 M2 marker gene 
expression in spite of treatment of PYGP. These findings suggest 
that PYGP exerts anti-inflammatory effects by regulating the 
M1  to M2 phenotypic switch through STAT3 and STAT6. 
Thus, PYGP may have potential for use as a natural remedy for 
inflammatory diseases.

Introduction

Macrophages are well-known not only as major regulators of 
innate and adaptive immunity, but also important mediators of 
systemic metabolism, hematopoiesis, vasculogenesis, apoptosis, 
malignancy and reproduction (1-4). There are two differen-
tiation patterns, M1 and M2. M1 macrophages  (classically 
activated macrophages) act as regulators of the host defense 
system. They protect from infection due to bacteria, protozoa 
and viruses  (5). M2  macrophages  (alternatively activated 
macrophages) have been reported to have anti-inflammatory 
activity and are important in wound healing (6). This plasticity 
can change according to the macrophage environment.

M1  activation is induced by interferon-γ  (IFN-γ) and 
lipopolysaccharide (LPS). The M1 phenotype upregulates pro-
inflammatory cytokines and chemokines [e.g., tumor necrosis 
factor-α (TNF-α), interleukin (IL)-12, IL-6, IL-1β and CCL2] 
and promotes the production of reactive oxygen and nitrogen 
species (ROS and RNS) (8,9). LPS is well known as a stimu-
lant for macrophages, and it is recognized for the activation 
of the Toll-like receptor 4 (TLR4)-related signaling pathway. 
TLR4 leads to the activation of the MyD88 and MaL/Tirap 
-dependent pathways, leading to the rapid switch to the 
M1 phenotype (10). The secretion of cytokines and chemokines 
in macrophages with the M1 phenotype is related to various 
transcription factors, such as nuclear factor-κB (NF-κB), acti-
vator protein 1 (AP-1), interferon-regulatory factors (IRF)s and 
signal transducer and activator of transcription (STAT)1 (11). 
M1 macrophages have been reported to play an important role 
in chronic inflammatory diseases. Consequently, the abnormal 
or long-term activation of macrophages must be controlled to 
prevent damage to the host.

M2 activation is related to Th2-produced IL-4 and IL-13 (12). 
M2  macrophages are associated with the upregulation of 
galactose receptor, mannose receptor-1, chitinase-like 3 (Chil3; 
also known as Ym1), resistin like beta (RETNLB; also known 
as FIZZ1) and arginase 1 (ARG1) (13). Different metabolic 
processes are induced between M1 and M2. In particular, 
L-arginine metabolizes to produce nitric oxide  (NO) in 
M1 macrophages, but in M2 macrophages L-arginine metabo-
lizes to produce polyamines (1).

Pyropia yezoensis (P. yezoensis; Rhodophyta, Bangiaceae) 
is widely used as a food in Korea, China and Japan. P. yezoensis 
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had been used as a medicine for the treatment of emesis, diarrhea 
and hemorrhoids in oriental medicine (14). P. yezoensis protein 
has been reported to have angiotensin I converting enzyme 
inhibitory activities (15), and to exert anti-inflammatory (16) 
and liver protective effects against acetaminophen (17). 

In this study, we examined the effects of P.  yezoensis 
glycoprotein (PYGP) on M1 to M2 macrophage polarization in 
lipopolysaccharide (LPS)-stimulated macrophages. In particu-
lary, we focused on the similarities of the biological functions 
of anti-inflammation and wound healing between P. yezoensis 
and M2 polarization. 

Materials and methods

Cell culture. RAW 264.7 cells were obtained from the American 
Type Culture Collection (ATCC, Manassas, VA, USA). The cells 
were grown in Dulbecco's modified Eagle's medium (DMEM; 
Gibco-BRL, Gaitherburg, MD, USA) containing 10% fetal 
bovine serum (FBS) and 1% penicillin/streptomycin (both from 
Gibco-BRL). The cells were maintained at 37˚C in 5% CO2 
humidified atmosphere, and were subcultured at approximately 
70-80% confluence in 100 mm diameter culture dish, and the 
medium was replaced every 2 days.

Preparation of PYGP. P. yezoensis was obtained from the 
Republic of Korea in 2014 (Suhyup, Busan, South Korea). 
P. yezoensis powder (40 g) was diluted with 1 liter distilled 
water and stirred for 4 h at room temperature. The solution was 
centrifuged at 3000 x g, 4˚C for 20 min and vacuum filtered, 
and triple volumes of ethanol (supernatant 1:ethanol 3) were 
added. After 24 h, the solution was filtered and concentrated 
by rotary evaporation at 40˚C. The concentrated solution was 
divided into 1.5 ml tubes, freeze-dried and stored at -70˚C until 
further use.

Cell treatment. The cells were treated with PYGP (2.5, 5, 10, 20 
and 40 µg/ml) for 24 h and then stimulated with 1 µg/ml LPS 
with PYGP (2.5, 5, 10, 20 and 40 µg/ml) for 24 h. 

Determination of nitrite concentration. The nitrite concen-
tration in the cultured medium was determined using Griess 
reagent (Enzo Life Sciences, Farmingdale, NY, USA). Fifty 
microliters of supernatant from the 96-well plates were mixed 
with the same volume of Griess reagent. After 30 min, the absor-
bance was measured at 540 nm using a Benchmark Plus 10730 
microplate reader (Benchmark; Bio-Rad Laboratories, Inc., 
Hercules, CA, USA). Phe percentage of nitrite concentration 
was calculated using the following formula: NO (%) = AT/
AC x100, where AC is the absorbance of the control and AT is 
the absorbance of the test group.

Determination of prostaglandin E2 (PGE2) levels. The levels of 
PGE2 in the RAW 264.7 macrophages were measured using the 
PGE2 express EIA kit according to the manufacturer's instruc-
tions (Cayman, Ann Arbor, MI, USA). The absorbance was 
measured using a microplate reader (Benchmark plus 10730; 
Bio-Rad Laboratories,  Inc.). The percentage of PGE2 was 
calculated using the following formula: PGE2  (%)  =  AT/
AC x100, where AC is the absorbance of the control and AT is 
the absorbance of the test group.

Determination of ROS generation. The levels of ROS 
were determined using 2',7'-dichlorofluorescenin diace-
tate  (DCF‑DA; Sigma-Aldrich, St. Louis, MO, USA). The 
RAW 264.7 cells were incubated with DCF-DA for 30 min 
in the dark. The cells were then washed twice with ice-cold 
phosphate-buffered saline  (PBS). The level of ROS was 
analyzed at an excitation wavelength of 480 nm and an emis-
sion wavelength of 535 nm using a fluorescence microplate 
reader (FilterMAX F5; Molecular Devices, LLC, Sunnyvale, 
CA, USA). The percentage of ROS was calculated as follows: 
ROS (%) = AT/AC x100, where AC is the absorbance of the 
control and AT is the absorbance of the test group.

Determination of thiobarbituric acid reactive substances 
(TBARS). The levels of TBARS in the RAW  264.7 cells 
were measured using the TBARS assay kit according to the 
manufacturer's instructions (Cell Biolabs, San Diego, CA, 
USA). The absorbance was measured using a microplate 
reader (Benchmark plus 10730; Bio-Rad Laboratories, Inc.). 
The percentage of TBARS was calculated as follows: 
TBARS (%) = AT/AC x100, where AC is the absorbance of the 
control and AT is the absorbance of the test group.

Western blot analysis. The RAW 264.7 cells were washed with 
ice-cold PBS (0.15 M sodium phosphate, 0.15 M sodium chloride, 
pH 7.4; Gibco-BRL), followed by lysis buffer [150 mM sodium 
chloride, 50 mM Tris-HCl (pH 7.5), 0.5% sodium deoxycholate, 
0.1% sodium dodecyl sulfate, 1% Triton X-100, and 2 mM 
ethylenediaminetetra-acetic acid; Intron Biotechnology Inc., 
Seongnam, Korea] with inhibitors (1 mM Na3VO4, 1 µg/ml 
aprotinin, 1 µg/ml leupeptin, 1 µg/ml pepstatin A and 1 mM 
PMSF; Sigma-Aldrich). Protein levels were determined using 
the bichinchominic acid assay kit  (Pierce Biotechnology, 
Rockford, IL, USA). Equal protein amounts (20 µg) of each 
sample were separated by 10-15%  sodium dodecyl sulfate 
(SDS)-polyacrylamide gel and transferred onto a polyvinyli-
dene fluoride membrane (Millipore, Billerica, MA, USA). The 
transferred membrane was blocked with 1% bovine serum 
albumin (BSA) in TBS-T [10 mM Tris-HCl (pH 7.5), 150 mM 
NaCl, and 0.1%  Tween‑20; USB  Corporation, Cleveland, 
OH, USA]. Subsequently, the membrane was incubated for 
4 h at room temperature with the following primary immu-
noglobulin G antibodies, diluted to 1:1,000 in BSA/TBS-T: 
rabbit anti-mouse STAT3 polyclonal antibody (sc‑482), goat 
anti‑mouse p-STAT3 polyclonal antibody (sc‑7993), rabbit anti-
mouse STAT6 polyclonal antibody (sc‑621), rabbit anti-mouse 
p-STAT6 polyclonal antibody (sc‑11762), rabbit anti-mouse 
CD163 polyclonal antibody (sc‑33560), rabbit anti-mouse 
CD206 polyclonal antibody (sc‑48758), rabbit anti-mouse glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH) polyclonal 
antibody (sc‑25778) (all from Santa Cruz Biotechnology Inc., 
Dallas, TX, USA). The secondary antibodies were peroxi-
dase‑conjugated anti-goat (81‑1620), anti-mouse (62‑6520), and 
anti-rabbit (65‑6120) antibodies (1:10,000; Bethyl Laboratories, 
Montgomery, TX, USA). Antibody binding was visualized using 
the Super Signal West Pico Stable Peroxide Solution and the 
Super Signal West Pico Luminol/Enhancer solution (Thermo 
Fisher Scientific Inc., Rockford, IL, USA). The signal was moni-
tored using Kodak X-ray film and a developer and fixer twin 
pack (both from Kodak, Rochester, NY, USA).
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Reverse transcription-quantitative polymerase chain reac-
tion (RT-qPCR). Total RNA was extracted from the cells using 
TRIzol reagent (Invitrogen, Carlsbad, CA, USA). cDNA was 
sythesized using RevoScript™  RT preMix (Intron 
Biotechnology Inc.). The synthesized cDNA and primer were 
added to 2X TOPsimple™ DyeMIX‑nTaq (Enzynomics Inc., 
Deajeon, Korea). Amplifications were performed using 
TOPreal™ qPCR 2X PreMIX SYBR‑Green (Enzynomics Inc.) 
in a Eco™ Real-Time PCR system (Illumina Inc., San Diego, 
CA, USA). Gene expression levels were normalized to GAPDH 
and calculated using the comparative ΔΔCT method, as previ-
ously described (18). The oligonucleotide primers used for PCR 
were as follows: IL-12 forward, 5'-CGT GCT CAT GGC TGG 
TGC AAA-3' and reverse, 5'-CTT CAT CTG CAA GTT CTT 
GGG-3'; IFN-γ, forward, 5'-ACA CTC ATT GAA AGC CTA 
GAA AGT CTG-3' and reverse, 5'-ATT CTT CTT ATT GGC 
ACA CTC TCT ACC-3'; IL-6 forward, 5'-GTT CTC TGG GAA 
ATC GTG GA-3' and reverse, 5'-TGT ACT CCA GGT AGC 
TAT GG-3'; nitric oxide synthase‑2 (NOS-2) forward, 5'-CTG 
CAT GGA ACA GTA TAA GGC AAA C-3' and reverse, 5'-CAG 
ACA GTT TCT GGT CGA TGT CAT GA-3'; IL-1β forward, 
5'-GTG TGG ATC CCA AGC AAT ACC CA-3' and reverse, 
5'-CCA GCC CAT ACT TTA GGA AGA CAC AGA-3'; Ym1 
forward, 5'-GGA TGG CTA CAC TGG AGA AA-3' and reverse, 
5'-AGA AGG GTC ACT CAG GAT AA-3'; FIZZ1 forward, 
5'-CCC TCC ACT GTA ACG AAG-3' and reverse, 5'-GTG GTC 
CAG TCA ACG AGT AA-3'; ARG1 forward, 5'-CTC CAA 
GCC AAA GTC CTT AGA G-3' and reverse, 5'-AGG AGC 
TGT CAT TAG GGA CAT C-3'; IL-10 forward, 5'-CTG CTC 
CAC TGC CTT GCT CTT ATT-3' and reverse, 5'-GTG AAG 
ACT TTC TTT CAA ACA AAG-3'; Krüppel-like factor 4 (KLF4) 
forward, 5'-GCA CAC CTG CGA ACT CAC AC-3' and reverse, 
5'-CCG TCC CAG TCA CAG TGG TAA-3'; peroxisome prolif-
erator-activated receptor γ (PPARγ) forward, 5'-ACC ACT CGC 
ATT CCT TTG AC3' and reverse, 5'-AAC CAT TGG GTC AGC 
TCT TG-3'; GAPDH forward, 5'-ACT CCA CTC ACG GCA 
AAT TCA-3' and reverse, 5'-CGC TCC TGG AAG ATG GTG-3'.

Small interfering RNA (siRNA) transfection. STAT3 (5'-CCC 
GCC AAC AAA UUA AGA ATT-3' and 3'-UUC UUA AUU 
UGU UGG CGG GTT-5') and STAT6 (5'-CCA AGA CAA 

CAA CGC CAA ATT-3' and 3'-UUU GGC GUU GUU GUC 
UUG GTT-5') and silencer negative control siRNAs were 
purchased from GenePharma (Shanghai, China). It should be 
noted that initially, we purchased 3 types of siRNAs for STAT3 
and STAT6 (siRNA-1-3, respectively). From these siRNAs, 
STAT3  siRNA-3 and STAT6  siRNA-3 most effectively 
suppressed the expression of STAT3 and STAT6, respectively. 
Thus, these siRNAs were recorded and used in our experiments.
The RAW 264.7 cells were transiently transfected with siRNA 
for 24  h using Lipofectamine  2000 reagent (Invitrogen), 
according to the manufacturer's instructions. Following trans-
fection, the medium was replaced with fresh culture medium.

Statistical analysis. Values are presented as the means ± stan-
dard deviation and data were analyzed with SPSS ver. 10.0 
software (SPSS Inc., Chicago, IL, USA) using an analysis of vari-
ance followed by a Duncan's multiple range test. P-values <0.05 
were considered to indicate statistically significant differences.

Results

Effect of PYGP on LPS-induced NO release. We used Griess 
reagent to determine the production of NO (Fig. 1A). In the 
macrophages stimulated with LPS, NO production was signifi-
cantly increased, and NO was released into the extracellular 
matrix. However, the NO concentration was high in the culture 
medium only in the LPS only-treated group. In the presence 
of PYGP, the concentration of NO in the culture medium was 
inhibited in a dose-dependent manner (Fig. 1A).

Effect of PYGP on LPS-induced PGE2 production. The produc-
tion levels of PGE2 were measured in the LPS-stimulated 
RAW 264.7 cells (Fig. 1B). PGE2 secretion into the supernatant 
of the cell cultures was estimated by PGE2 express ELISA kit. 
Following stimulation with LPS (1 µg/ml), PGE2 expression 
in the medium was markedly increased. However, when the 
RAW 264.7 cells were pre-treated with PYGP, PGE2 expres-
sion was significantly decreased.

Effect of PYGP on LPS-induced TBARS and ROS generation. 
TBARS formation was determined in the LPS-stimulated 

Figure 1. Effect of Pyropia yezoensis glycoprotein (PYGP) on the level of nitric oxide (NO) and prostaglandin E2 (PGE2) following LPS-induced M1 activation. 
RAW 264.7 cells were pre-treated with PYGP (2.5, 5, 10, 20 and 40 µg/ml) for 24 h and then administered 1 µg/ml LPS with PYGP (2.5, 5, 10, 20 and 40 µg/ml) 
for 24 h. (A) NO level. (B) PGE2 level. Values are presented as the means ± standard deviation. Bars labeled with different letters indicate statistically significant 
differences (P<0.05).
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RAW 264.7 cells through oxidative stress mechanisms (Fig. 2A). 
Our results revealed that the TBARS levels in the cells were 
significantly higher in the LPS only-treated group. In addition, 
pret-reatment with PYGP significantly decreased the TBARS 
levels in the RAW 264.7 cells in comparison with the LPS only-
treated group.

We also wished to determine whether PYGP attenuates 
ROS generation in LPS-stimulated RAW 264.7 cells using 
DCF-DA  (Fig.  2B). The LPS-stimulated RAW 264.7 cells 
significantly generated ROS compared with the unstimu-
lated controls. However, pre-treatment with PYGP markedly 
decreased the generation of ROS induced by LPS.

Effects of PYGP on M1 polarization markers. It is known that 
M1-activated RAW 264.7 macrophages produce pro-inflam-

matory cytokines. Thus, in our study, in order to examine 
the effects of PYGP on the LPS-stimulated RAW 264.7 cells, 
we determined the mRNA expression of pro-inflammatory 
cytokines (Fig. 3). The results of RT-qPCR revealed that LPS 
upregulated the mRNA expression of the pro-inflammatory 
cytokines, IL-1β, IL-6, IL-12, IFN-γ and NOS-2. Pre-treatment 
with PYGP significantly suppressed the mRNA expression of 
these pro-inflammatory cytokines. These results suggest that 
PYGP suppresses pro-inflammatory cytokine expression and 
prevents the M1 activation of LPS-stimulated RAW 264.7 
macrophages.

Effects of PYGP on M2 polarization markers. M2-activated 
RAW  264.7 macrophages lead to metabolic alterations. 
Consequently, macrophages produce Ym1, ARG1, IL-10 and 

Figure 3. Effect of Pyropia yezoensis glycoprotein (PYGP) on the levels of M1 markers following LPS-induced M1 activation. RAW 264.7 cells were pre-treated 
with PYGP (20 and 40 µg/ml) for 24 h and then administered 1 µg/ml LPS with PYGP (20 and 40 µg/ml) for 24 h. Values are presented as the means ± standard 
deviation. Bars labeled with different letters indicate statistically significant differences (P<0.05).

Figure 2. Effect of Pyropia yezoensis glycoprotein (PYGP) on the levels of TBARS and ROS following LPS‑induced M1 activation. RAW 264.7 cells were 
pre-treated with PYGP (20 and 40 µg/ml) for 24 h and then administered 1 µg/ml LPS with PYGP (20 and 40 µg/ml) for 24 h. (A) TBARS levels. (B) ROS levels. 
Values are presented as the means ± standard deviation. Bars labeled with different letters indicate statistically significant differences (P<0.05).



INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE  38:  666-674,  2016670

FIZZ1. The mRNA expression of M2 markers was not observed 
in the control group and LPS-stimulated. However, in the 
PYGP-treated cells, the mRNA expression of M2 marker genes 
increased (Fig. 4). These results indicate that PYGP prevents 
the induction of the M1 macrophage phenotype by LPS and 
promotes the switch to the M2 phenotype.

There is evidence to indicate that non-opsonic receptors, 
such as CD163 and CD206 are upregulated M2‑activated 
macrophages  (38,39). In this study, we used western blot 
analysis to measure the protein expression levels of CD163 and 
CD206 (Fig. 5). Stimulation with LPS decreased CD163 and 
CD206 expression in the RAW 264.7 cells. In the cells pre-
treated with PYGP, the expression levels of CD163 and CD206 
were significantly increased compared with those of the control 
and the LPS only-treated groups.

Effects of PYGP on the STAT3 and STAT6 signaling pathways. 
STAT3 and STAT6 are well known transcription factors that 
induce M2 macrophage activation and inhibit inflammation. 
Thus, we measured the phosphorylation levels of STAT3 and 
STAT6 by western blot analysis (Fig. 6). Our results revealed that 
stimulation with LPS did not affect STAT3 and STAT6 phos-
phorylation. In the PYGP-pre-treated cells, the phosphorylation 
levels of STAT3 and STAT6 were increased in a dose-dependent 
manner. However, the total STAT3 and STAT6 protein expres-
sion levels were not altered following treatment with LPS or 
pre-treatment with PYGP.

Figure 4. Effect of Pyropia yezoensis glycoprotein (PYGP) on the levels of M2 markers following LPS-induced M1 activation. RAW 264.7 cells were pre-treated 
with PYGP (20 and 40 µg/ml) for 24 h and then administered 1 µg/ml LPS with PYGP (20 and 40 µg/ml) for 24 h. Values are presented as the means ± standard 
deviation. Bars labeled with different letters indicate statistically significant differences (P<0.05).

Figure 5. Effect of Pyropia yezoensis glycoprotein (PYGP) on the levels of the 
CD163 and CD206 following LPS-induced M1 activation. RAW 264.7 cells 
were pre-treated with PYGP (20 and 40 µg/ml) for 24 h and then administered 
1 µg/ml LPS with PYGP (20 and 40 µg/ml) for 24 h.

Figure 6. Effect of Pyropia yezoensis glycoprotein (PYGP) on the expression 
of STAT3 and STAT6 following LPS-induced M1 activation. RAW 264.7 cells 
were pre-treated with PYGP (20 and 40 µg/ml) for 24 h and then administered 
1 µg/ml LPS with PYGP (20 and 40 µg/ml) for 24 h.



CHOI et al:  REGULATION OF MACROPHAGE POLARIZATION BY Pyropia yezoensis GLYCOPROTEIN 671

The expression of PPARγ and KLF4 has been reported to 
increase by STAT6 phosphorylation. The increased expression 
of PPARγ and KLF4 promotes the switch to the M2 macro-
phage phenotype (19,20). We used RT-qPCR to determine the 
mRNA expression of PPARγ and KLF4 following stimulation 
with LPS and pre-treatment with PYGP (Fig. 7). Stimulation 
with LPS did not affect PPARγ and KLF4 mRNA expression 
compared with the control group. However, pre-treatment with 
PYGP increased PPARγ and KLF4 mRNA expression in a 
dose-dependent manner.

Analysis of M2 polarization markers following transfection 
with siRNA targeting STAT3 and STAT6. STAT3 and STAT6 
are major transcription factors that are involved in the regu-
lation of the immune response by macrophages. STAT3 and 
STAT6 are essential for macrophage differentiation into the 
M2 phenotype (23,43). In this study, to clarify whether STAT3 
and STAT6 play a role in the PYGP-mediated M2 activation of 
RAW 264.7 cells, we examined the expression of M2 markers 
following the knockdown of STAT3 and STAT6 gene expres-
sion. We tested 3  types of STAT3 and STAT6 siRNA, and 
the expression of STAT3 and STAT6 was most significantly 
downregulated using STAT3 siRNA-3 and STAT6 siRNA-3, 
respectively  (Fig. 8). Transfection of the RAW 264.7 cells 
with STAT3 siRNA and STAT6 siRNA attenuated the PYGP-
induced increase in the mRNA expression of FIZZ1, Ym1 and 
ARG1 (Figs. 9 and 10). These results indicate that the activation 
of STAT3 and STAT6 plays an important role in the switch 

from the M1 to the M2 RAW 264.7 macrophage phenotype 
induced by PYGP.

Discussion

Macrophages play a key role in the early stages of the adap-
tive immune reponse, the innate immune response and in the 
regulation of inflammation. Macrophages can differentiate 
into different phenotypes, namely the M0 (unstimulated state), 
M1 (classical activation) and the M2 (alterative activation) 
phenotype (21). IFN, TNF, GM-CSF and TLR ligand stimula-
tion promotes the production of pro-inflammatory cytokines, 
such as IL-1β, IL-6, TNF-β, IL-12, IFN-γ. Moreover, it 
promotes the switch to the M1 macrophage phenotype (22,23). 
IL-4, IL-13, IL-10, glucocorticoids and M-CSF stimulation 
promotes the secretion of IL-1ra, IL-10, TGF-β and the switch 
to the M2 macrophage phenotype (24).

LPS is a major stimulator of the M1 macrophage phenotype 
via TLR4 stimulation in (25). LPS-activated M1 macrophages 
produce NO and PGE2, and protect the host against infections. 
However, the abnormal and chronic production of NO and 
PGE2 leads to the development of various diseases (26,27). 
In this study, we demonstrated that stimulation with LPS 
significantly increased NO and PGE2 production, which were 
inhibited by pre-treatment of the RAW 264.7 cells with PYGP.

The classical activation of M1  macrophages increases 
aerobic glycolysis, glucose uptake and the conversion of pyru-
vate to lactate (28,29). Moreover, ROS production is increased 
from the mitochondria via NADPH oxidase activation (30). 
Lipid peroxidation-produced ROS cause cellular injury by the 
inactivation of membrane enzymes and receptors (31). In the 
present study, the levels of ROS and TBARS were increased 
in the LPS treatment group compared with the control group. 
However, pre-treatment with PYGP significantly decreased the 
LPS-induced production of ROS and TBARS.

M1 and M2  macrophages do not only differ in their 
biological functions, but also as regards metabolism. The main 
differentiation between M1 and M2 macrophages is L-arginine 
metabolism. L-arginine has three metabolic pathways, including 
NO production by NOS-2, ureum and L-ornithine by arginase 
and agmatine by arginine decarboxylase (29,32,33). These char-
acteristics can be utilized in macrophages in the active state. Lipid 

Figure 7. Effect of Pyropia yezoensis glycoprotein (PYGP) on the mRNA 
expression of PPARγ and KLF4 following LPS-induced M1 activation. 
RAW 264.7 cells were pre-treated with PYGP (20 and 40 µg/ml) for 24 h and 
then administered 1 µg/ml LPS with PYGP (20 and 40 µg/ml) for 24 h. Values 
are presented as the means ± standard deviation. Bars labeled with different 
letters indicate statistically significant differences (P<0.05).

Figure 8. Effect of STAT3 siRNA and STAT6 siRNA on the expression of 
STAT3 and STAT6 in RAW 264.7 cells. RAW 264.7 cells were transfected 
with STAT3 siRNA and STAT6 usihng Lipofectamine for 12 h.
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metabolism also differs between M1 and M2 macrophages. This 
differentiation is revealed by the transcriptional profiling of the 

IL-13-steered human monocyte (34). The function of these genes 
is not yet fully understood, such as that of FIZZ. PPAR ligation 

Figure 9. Effect of Pyropia yezoensis glycoprotein (PYGP) on the levels of 
M2 markers following LPS-induced M1 activation in transfected RAW 264.7 
cells. The cells were transfected with STAT3 siRNA using Lipofectamine. 
After transfection, the cells were pre-treated with PYGP (20 and 40 µg/ml) 
for 24 h and then administered 1 µg/ml LPS with PYGP (20 and 40 µg/ml) 
for 24 h. Values are presented as the means ± standard deviation. Bars labeled 
with different letters indicate statistically significant differences (P<0.05).

Figure 10. Effect of Pyropia yezoensis glycoprotein (PYGP) on the levels of 
M2 markers following LPS-induced M1 activation in transfected RAW 264.7 
cells. The cells were transfected with STAT6 siRNA using Lipofectamine. 
After transfection, the cells were pre-treated with PYGP (20 and 40 µg/ml) 
for 24 h and then administered 1 µg/ml LPS with PYGP (20 and 40 µg/ml) 
for 24 h. Values are presented as the means ± standard deviation. Bars labeled 
with different letters indicate statistically significant differences (P<0.05).
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has been reported to inhibit the expression of pro-inflammatory 
cytokines and NOS-2  (35,36). Futhermore, differences in 
cytokine secretion have been observed between M1  and 
M2 macrophages. M1 secrete pro-inflammatory cytokines, 
such as IL-1β, IL-6, IL-12 and type 1 IFN, whereas M2 secrete 
anti-inflammatory cytokines, such as IL-10 and TGF-β (37). In 
addition, IL-4, IL-13 and IL-10 upregulate several non-opsonic 
receptors, such as mannose receptor (CD206) and CD163 (38,39). 
These features have been used in many studies as markers to 
distinguish between the activity of macrophages (40-42). In the 
present study, LPS increased the production of pro-inflammatory 
cytokines, including IL-1β, IL-6, IL-12, IFN-γ and NOS-2. 
However, pre-treatment with PYGP inhibited these pro-inflam-
matory cytokines and increased the expression of M2-associated 
markers, such as CD163, CD206, Ym1, FIZZ1 and ARG1. These 
results suggest that PYGP promotes the switch from the M1 to 
the M2 phenotype following stimulation with LPS.

M2 activation has been shown to involve various tran-
scription factors. STAT3 and STAT6 play a key role in 
M2 activation (23,43). STAT3 is the major anti-inflammatory 
mediator, mediate IL-10 transcription (44). The knockdown 
of STAT3 and STAT6 in mouse and human macrophages 
has been reported be prevent the switch to the M2 pheno-
type (7,45,46). In the present study, the silencing of STAT3 
and STAT6 inhibited the promoting effects of PYGP on the 
mRNA expression of M2 activation markers, including FIZZ1, 
Ym1 and ARG1. According to our observation, STAT3 siRNA 
and STAT6 siRNA decreased STAT3, STAT6, FIZZ1, Ym1 
and ARG1 mRNA expression in the PYGP-treated M1 macro-
phages, indicating that the pre-treatment of M1  activated 
macrophages with PYGP promotes the switch to the M2 macro-
phage phenotype via STAT3 and STAT6 signaling.

In conclusion, our results demonstrate that stimulation with 
LPS activates M1 macrophages. PYGP inhibits the production 
of pro-inflammatory cytokines and promotes the switch to the 
M2 phenotype via STAT3 and STAT6 activation. These find-
ings may provide a molecular basis for the use of PYGP as a 
treatment agent for LPS-induced inflammatory diseases.
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