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A glycoprotein from Porphyra yezoensis produces
anti-inflammatory effects in liposaccharide-stimulated
macrophages via the TLR4 signaling pathway
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Abstract. The purpose of this study was to investigate the
antioxidant and anti-inflammatory effects of a glycoprotein
isolated from the alga Porphyra yezoensis in LPS-stimulated
RAW 264.7 mouse macrophages. First, we extracted a novel
material with antioxidant activity from P. yezoensis, confirmed
by SDS-PAGE to be a glycoprotein, which we named
P. yezoensis glycoprotein (PGP). PGP inhibited the produc-
tion of NO and ROS and expression of iNOS, COX-2, TNF-a
and IL-1p, which are involved in the pathogenesis of many
inflammation-associated human diseases, including septic
shock, hemorrhagic shock and rheumatoid arthritis. Next, we
determined the mechanisms behind the antioxidant and anti-
inflammatory activities of PGP. We focused on the Toll-like
receptor 4 (TLR4) signaling pathway because it is well-known
to induce the pro-inflammatory proteins that trigger MAPK
and NF-kB activation in lipopolysaccharide (LPS)-induced
oxidative events. PGP treatment reduced the formation of the
TLR4-IRAK4 and TLR4-TRIF binding complexes in response
to LPS. Moreover, it inhibited LPS-induced activation and
nuclear translocation of NF-kB by abrogating IxB phosphory-
lation. PGP also suppressed the phosphorylation of ERK1/2
and JNK in a dose-dependent manner. These results suggest
that PGP exerts its anti-inflammatory effects by modulating
TLR4 signaling and thus inhibiting the activation of NF-kB
and MAP kinases.

Introduction
Antioxidants have become the subject of intensive inves-

tigation due to the ever-increasing demand by the food and
pharmaceutical industries to develop natural, bioactive
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antiaging, and anticarcinogenic compounds that produce
measurable health benefits. Many of the synthetic antioxidants
developed, however, produce side effects such as liver damage
and carcinogenesis (1). Due to concerns regarding the toxicity
of synthetic antioxidants, the search for alternatives from
natural sources has received a great deal of interest. Recently,
studies have focused on marine algae as a potential source of
such activities because they have been shown to contain many
biologically active compounds with potential medicinal value,
and their consumption has been associated with a reduced
risk of several chronic diseases. Moreover, many bioactive
molecules from marine algae produce antioxidant effects. For
example, the antioxidant activity of sulfated polysaccharides
from seaweed has been investigated (2,3). Phloroglucinol puri-
fied from Conyza aegyptiaca was shown to protect cells from
oxidative damage by increasing cellular catalase activity and
by regulating the extracellular signal-related kinase (ERK)
signaling pathway (4). It was also shown to inhibit the produc-
tion of nitrite, a known precursor of carcinogenic N-nitroso
compounds (5,6). Elsewhere, 5-hydroxymethyl-2-furfural
isolated from marine red algae demonstrated antioxidant
activities such as free-radical scavenging and myeloperoxidase
(MPO) inhibition, and increased the expression of superoxide
dismutase (SOD) and glutathione (GSH) (7). Meanwhile,
fucoidan and other polysaccharide-rich extracts have shown
good superoxide anion scavenging ability (8,9). In addition,
an antioxidant substance purified from the red seaweed
Gloiopeltis tenax demonstrated antioxidant activity in a
1,1-diphenyl-2-picrylhydrazyl (DPPH) assay (10).

Most of these studies on algal extracts have simply inves-
tigated antioxidant effects such as free-radical scavenging,
nitric oxide (NO) scavenging, and SOD production. Such anti-
oxidant activities are useful in controlling chronic systemic
inflammation. We thus examined how algal extracts regulate
inflammatory responses induced by oxidative stress. We
focused on the Toll-like receptor 4 (TLR4) signaling pathway,
which is centrally involved in the inflammatory effects of
lipopolysaccharide (LPS) and which regulates the nuclear
factor (NF)-«xB and mitogen-activated protein kinase (MAPK)
signaling pathways.

Binding of LPS to TLR4 is important in the initiation and
propagation of inflammatory responses (11,12). It results in
the activation of two signaling pathways: MyD88-dependent
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and -independent. In the MyD88-dependent pathway, MyD88
recruits interleukin (IL)-1 receptor-associated kinase 4
(IRAK4) to TLR4 and thereby facilitates IRAK4-mediated
phosphorylation of IRAKI1. Phosphorylated IRAK1 subse-
quently dissociates from the receptor complex and associates
with tumor necrosis factor (TNF) receptor-associated factor 6
(TRAF6) (13-15). TLR4-mediated production of inflamma-
tory cytokines, which is believed to be primarily induced via
the MyD88-dependent pathway, was shown to be defective in
Toll/IL-1 receptor (TIR) domain-containing adaptor protein
inducing interferon (IFN)-f (TRIF) and TRIF-related adaptor
molecule (TRAM) knockout mice (16). This strongly suggests
that TRIF is involved in TLR4-mediated induction of inflamma-
tory cytokine production. TLR4 binds to TRAM, which in turn
recruits TRIF (17). TRIF binds to TRAF®6 directly, resulting in
IRAKI1/4-independent activation of transforming growth factor
(TGF)-p-activated kinase 1 (TAK1) (18,19). TRIF also binds
to receptor (TNFRSF)-interacting serine-threonine kinase 1
(RIP1), which itself binds to TRAF6, ultimately resulting in
activation of the I-kB kinase (IKK) complex (20).

In the present study, we extracted a glycoprotein (PGP)
from P. yezoensis that has antioxidant and anti-inflammatory
effects, and assessed the potential contribution of TLR4
signaling to the anti-inflammatory mechanism of PGP.

Materials and methods

PGP preparation. P. yezoensis, purchased at the Myonggi
traditional market, Busan, Korea, in February 2009, was
desalted by washing and then dried using a freeze-dryer. A
crude aqueous extract was prepared by mixing the resulting
P. yezoensis powder with distilled water and incubating the
resulting mixture at room temperature for 3 h. The aqueous
extract was clarified by centrifugation and filtered to remove
insoluble materials. The filtrate was mixed with three volumes
of ethanol and then condensed before ammonium sulfate was
added to a final concentration of 80%. The resulting solution
was dialyzed against distilled water and then concentrated.
The product obtained was stored at -20°C prior to use.

We next analyzed our sample (containing 0.1% SDS; 100 ug/
lane) by SDS-PAGE using a 17% polyacrylamide mini-gel and
a Mini-Protean II electrophoresis cell (Bio-Rad, Hercules, CA,
USA). Protein separation was performed at 110 V, 30 mA for
2 h. The glycoprotein was identified by staining with Schiff's
reagent, which specifically detects glycoproteins as a result of
aredox reaction. The final amount of PGP obtained from 160 g
of dried powder was 14.704 g (yield 9.19%).

Cell culture. Mouse RAW 264.7 cells (ATCC CRL-1592)
were obtained from the American Type Culture Collection
(Rockville, MD, USA). The cells were cultured in Dulbecco's
modified Eagle's medium (DMEM) supplemented with 10%
fetal bovine serum (FBS) (Hyclone, Logan, UT, USA) and
antibiotics. Cultures were maintained in a humidified incubator
at 37°C in 5% CO2 and the medium was replaced every 2 days.

Cell proliferation assay. The effects of PGP treatment on
cell proliferation were colorimetrically determined in a MTS
assay performed using the CellTiter 96 AQueous One Solution
reagent (Promega, Madison, WI, USA). Cells were seeded in
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96-well plates at a density of 1.5x10° cells/well. After 24 h, the
medium was exchanged for DMEM supplemented with 0.02%
FBS. Twelve hours later, this medium was replaced with fresh
DMEM containing 0.02% FEB and PGP (1-5 pg/ml). The cells
were incubated for an additional 24 h.

Cells were exposed to an MTS assay solution for 30 min
at 37°C and optical densities at 490 nm were measured using
a microplate reader (Bio-Rad). The OD,,, values of untreated
cells were assigned a value of 100%.

Nitrite assay. Culture medium nitrite concentrations were
measured as an indicator of NO production according to the
Griess reaction. Briefly, 100 pl of each supernatant was mixed
with the same volume of Griess reagent (1% sulfanilamide,
0.1% naphthylethylenediamine dihydrochloride in 5% aqueous
phosphoric acid). Absorbances of the resulting mixtures at
550 nm were measured using a microplate reader (Bio-Rad).

ROS assay. Intracellular reactive oxygen species (ROS) accu-
mulation was quantified using DCF-DA reagent (Sigma-Aldrich,
St. Louis, MO, USA). Cells were treated for 24 h with LPS
(100 ng/ml), alone or in combination with PGP (1-5 ug/ml), and
further incubated with DCF-DA (10 #M) for 20 min. Cells were
washed twice with ice-cold phosphate-buffered saline (PBS) and
intracellular levels of ROS were analyzed using a fluorescence
microplate reader (excitation, 485 nm; emission, 535 nm).

Western blot analysis. Protein samples (50 ug) loaded onto
7.5-12.5% gradient gels were separated by SDS-PAGE and
transferred to polyvinylidene fluoride (PVDF) membranes
(Millipore, Billerica, MA, USA). Membranes were blocked
with 1% bovine serum albumin (BSA) in TBS-T [10 mM
Tris-HCI (pH 7.5), 150 mM NaCl, 0.1% Tween-20], and then
incubated with the indicated antibodies (diluted 1:1,000 in
TBS-T containing 1% BSA) with gentle shaking overnight at
4°C. They were then incubated with a peroxidase-conjugated
goat anti-mouse or anti-rabbit secondary antibody (diluted
1:10,000). Signals were detected using an ECL Western blot-
ting kit (Amersham, Piscataway, NJ, USA).

Immunoprecipitation. RAW 264.7 cells were treated with LPS
(100 ng/ml), alone or in combination with PGP (1-5 ug/ml) for
24 h, and then washed in cold PBS. Proteins were isolated using
cold lysis buffer [10 mM Tris-HCI (pH 7.4), 150 mM NacCl,
1% Nonidet P-40] containing protease inhibitors (1 pg/ml
aprotinin, | mM NaF, 1 mM NaVO; 1 ug/ml leupeptin, | mM
PMSF). Lysed cell samples were centrifuged at 15,000 g for
15 min. The resulting supernatants were incubated overnight
at 4°C with the appropriate antibodies. Immune complexes
were subsequently captured by incubation for 2 h at 4°C with
protein G agarose (Sigma-Aldrich). The beads were succes-
sively washed with cold lysis buffer and sample buffer. Finally,
samples were boiled at 100°C. Eluted proteins were loaded
onto 7.5-12.5% gradient gels, separated by SDS-PAGE, and
transferred to PVDF membranes (Millipore). Membranes
were blocked with 1% BSA in TBS-T and then incubated with
the indicated antibodies (diluted 1:1,000 in TBS-T containing
1% BSA) with gentle shaking overnight at 4°C. Secondary
antibody treatments and signal detection were performed as
described above.
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Figure 1. SDS-PAGE profile of PGP. The extract from P. yezoensis was sepa-
rated by SDS-PAGE and then stained for glycoproteins. The extraction process
involved several sequential steps. M, marker; 1, water extract; 2, ethanol
extract; 3, the product.
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Figure 2. Effect of PGP on the proliferation of RAW 264.7 macrophages.
RAW 264.7 cells were incubated with the indicated concentrations of PGP.
Cell viability was determined by an MTS assay. Data are presented as the
mean + SD. Values from treated and control cells did not differ significantly
[Duncan's multiple range test (P<0.05)].
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Statistical analysis. All samples were analyzed in triplicate.
Data are presented as the mean + SD. SPSS (SPSS Inc.,
Chicago, IL, USA) was used to test statistical significance by
analysis of variance (ANOVA). A value of P<0.05 was consid-
ered to be statistically significant.

Results

Antioxidant effect of PGP. Through a combination of
SDS-PAGE and glycoprotein staining, we identified our extract
of P.yezoensis as being a glycoprotein of about 3.5 kDa (Fig. 1),
which we named PGP. We next examined whether PGP could
affect the proliferation of RAW 264.7 cells and confirmed that,
at the concentrations examined (1-5 pg/ml), it had no significant
effect on cell proliferation (Fig. 2). We therefore concluded that
PGP (at a concentration of 1-5 yg/ml) had no cytotoxic effects
on RAW 264.7 cells and could be used in further studies.

To investigate PGP's potential antioxidant properties,
we assessed its effects on the levels of oxidative stress in
RAW 264.7 cells treated with LPS (100 ng/ml). PGP reduced
the LPS-induced production of NO and ROS in RAW
264.7 cells. In the case of NO, LPS increased its production
1,790.6+108.7%. Co-administration of PGP dose-dependently
reduced NO production (Fig. 3A). PGP similarly inhibited
LPS-induced intracellular ROS production (LPS itself
increased ROS production by 231.5+8.2%) (Fig. 3B). The
ability of PGP to reduce NO production may limit the inflam-
matory response to LPS.

Anti-inflammatory effect of PGP. Because cytokine levels are
indicators of the progression of inflammation, we measured the
effects of PGP treatment on levels of oxide synthase (iNOS),
cyclooxygenase (COX)-2, IL-1f3 and TNF-a in LPS-treated
macrophages (Fig. 4). PGP suppressed the induction of all four
proteins by LPS (LPS itself increased iNOS, COX-2, IL-1§
and TNF-a levels by 310.3+37.7, 270.0+41.5, 207.3+27.8 and
199.2+29.7%, respectively). These effects on inflammatory
cytokines were more pronounced than the suppressive effect
of PGP on NO and ROS production. Therefore, suppression
of these mediators may be an effective strategy for preventing
inflammatory reactions
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Figure 3. Effect of PGP on the production of NO and ROS by LPS-activated RAW 264.7 macrophages. Cells were incubated with 100 ng/ml LPS, alone or in
combination with different concentrations of PGP, for 24 h. (A) NO production; (B) ROS production. Data are presented as the mean + SEM of tests performed
in triplicate. c,d Statistically significant difference compared to the LPS-treated group (P<0.05).
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Figure 4. Effect of PGP on the levels of pro-inflammatory mediators and cytokines in LPS-activated RAW 264.7 macrophages. RAW 264.7 cells were treated
with LPS, alone or in combination with different concentrations of PGP, for 24 h, and lysed. Protein samples were analyzed by Western blotting using the
following antibodies at the indicated concentrations: anti-iNOS (1:1,000), anti-COX-2 (1:1,000), anti-IL-1f (1:1,000) and anti-TNF-a (1:1,000).

Effect of PGP on TLR-4 signaling. PGP did not affect the
expression of TLR4 or MyD88 in LPS-treated macrophages
(Fig. 5A). However, it suppressed LPS-induced TRAF6
production and recruitment of IRAK4 to TLR4. These data
suggest that PGP regulates the MyD88-dependent pathway,
which controls downstream activation of NF-xB and MAPK.
Thus, we conclude that PGP controls the binding of IRAK4
to TLR4 in LPS-activated cells, thereby reducing levels of
TRAF6 (Fig. 5B).

Effect of PGP on NF-xB signaling. Our finding that co-treat-
ment with PGP and LPS blocked the nuclear translocation of
NF-«B by inhibiting its activation suggested that suppression
of pro-inflammatory mediators may result from the attenua-
tion of NF-kB activation. We thus investigated whether PGP
could prevent the phosphorylation of IkBa. We found that

PGP reduced LPS-induced IxBa phosphorylation in a dose-
dependent manner (Fig. 6A).

To investigate whether NF-kB is an important target for
the anti-inflammatory action of PGP in macrophages, we
examined the effects of PGP on NF-«B activation in cells
treated with LPS. The results showed that PGP blocks the
activation and nuclear translocation of NF-kB by interfering
with LPS-induced phosphorylation of IxkBa (Fig. 6B). Taken
together, these results suggest that PGP inhibits LPS-induced
nuclear translocation and activation of NF-kB by attenuating
the phosphorylation of IxBa.

Effect of PGP on MAPK signaling. Because MAPK signaling
plays acritical role in the responses of cells to various cytokines
and stresses, we investigated the effects of PGP on the MAPK
pathways. LPS increased the phosphorylation of p38, ERK1/2,
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Figure 5. Effect of PGP on TLR4 signaling in LPS-activated RAW 264.7
macrophages. RAW 264.7 cells were treated with LPS, alone or in com-
bination with different concentrations of PGP, for 24 h, and lysed. Protein
samples were analyzed by Western blotting or immunoprecipitation using
the indicated antibodies. (A) MyD88-dependent pathway; (B) MyD88-
independent pathway.
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Figure 6. Effect of PGP on NF-«B signaling in LPS-activated RAW 264.7
macrophages. RAW 264.7 cells were treated with LPS, alone or in combina-
tion with different concentrations of PGP, for 24 h. (A) Cytosolic lysates were
prepared and analyzed by Western blotting using the following antibodies
at the indicated concentrations: anti-IKKa (1:1,000), anti-IkBa (1:1,000),
and anti-phospho-IkBa (1:1,000). (B) Cytosolic and nuclear extracts were
prepared and analyzed by Western blotting using the following antibodies at
the indicated concentrations: anti-NF-xB (1:1,000) and anti-phospho-NF-«xB
(1:500).

and Jun N-terminal kinase (JNK) by 160+6.9, 163+1.2 and
122.4+16.8%, respectively. PGP reduced the phosphorylation
of ERK1/2 and JNK, but not that of p38, in LPS-treated cells
(Fig. 7). These results suggest that suppression of ERK and
JNK phosphorylation may contribute to the inhibitory effect of
PGP on LPS-stimulated expression of inflammatory mediators
in RAW 264.7 cells.

Discussion
While marine algae have recently been shown to contain

several biologically active compounds with medicinal effects,
the consumption of algae is associated with a reduced risk
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Figure 7. Effect of PGP on MAPK signaling in LPS-activated RAW 264.7
macrophages. RAW 264.7 cells were treated with LPS, alone or in com-
bination with different concentrations of PGP, for 24 h, and lysed. Protein
samples were analyzed by Western blotting using the following antibodies
at the indicated concentrations: anti-ERK (1:1000), anti-phospho-ERK
(1:1,000), anti-JNK (1:1,000), anti-phospho-JNK (1:1,000), anti-p38 (1:1,000)
and anti-phospho-p38 (1:500).

of developing several chronic diseases. Notable among the
many bioactive effects of marine algae are their antioxidant
effects. For example, 5-hydroxymethyl-2-furfural isolated
from marine red algae demonstrated various antioxidant
activities, including free-radical scavenging, MPO inhibition,
and induction of SOD and GSH expression (7). Elsewhere,
polysaccharide-rich extracts including fucoidan have shown
strong superoxide anion scavenging ability (3,8,9). In addi-
tion, a substance with antioxidant properties purified from the
red seaweed Gloiopeltis tenax displayed antioxidant activity
in a DPPH assay (10). In this study, we extracted a bioactive
glycoprotein with antioxidant properties from the red algae
P. yezoensis (Figs. 1 and 2) and named it PGP.

To further explore PGP's antioxidant effects, we evaluated its
ability to protect RAW 264.7 macrophages from LPS-induced
oxidative stress. Treatment with PGP reduced the production
of NO and ROS in LPS-exposed RAW 264.7 cells (Fig. 3). A
signaling molecule that plays a key role in the development of
inflammation, NO is overproduced under abnormal physiolog-
ical conditions (21-23). Therefore, the ability of PGP to reduce
NO production may limit the inflammatory response to LPS.
In addition, because ROS act as important second messengers
that regulate NF-kB-dependent gene expression, their reduced
production and/or enhanced clearance in PGP-treated cells
may limit the ability of LPS to activate NF-xB and induce
the transcription of genes encoding inflammatory mediators
(24-27). Thus, PGP may effectively inhibit inflammation by
reducing intracellular ROS generation.

We subsequently confirmed PGP's ability to reduce
inflammation. When applied to RAW 264.7 cells, it attenu-
ated LPS-induced expression of pro-inflammatory mediators
and cytokines including inducible iNOS, COX-2, TNF-a and
IL-1B (Fig. 4). Expression of iNOS, COX-2, IL-18 and TNF-a
requires the activation of NF-kB, an important proximal
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mediator of the overproduction of inflammatory mediators in
macrophages exposed to LPS and cytokines that plays critical
roles in apoptosis, autoimmunity, and inflammation (28,29).
Production of large amounts of NO by iNOS has been proposed
to cause cell injury through the generation of reactive radicals
such as peroxynitrite. It also causes the nitrosylation of several
proteins, including some that are involved in cell signaling
(30). During inflammatory processes, macrophages secrete
TNF-a and other cytokines including IL-1p and IL-12 to
combat injury (31). Uncontrolled feedback inhibition of cyto-
kine production may result in disease. Under inflammatory
conditions, for example, in rheumatoid arthritis, homeostatic
control of apoptosis/proliferation may be lost due to a cytokine
imbalance (32). TNF-a and IL-1p are key pro-inflammatory
cytokines in various immune cells, including macrophages,
monocytes, and T cells, which have various pro-inflammatory
effects in chronic inflammatory diseases (33). Therefore, the
suppression of these mediators should be an effective strategy
for preventing inflammatory reactions.

TLR4 is a key component of the innate immune system and
functions as a pattern recognition receptor for LPS, a potent
immunostimulatory glycolipid and constituent of the outer
membrane of gram-negative bacteria (34). After its activation
by LPS, TLR4 in turn activates an inflammatory cascade in
macrophages that involves the activation of MAPKs and nuclear
translocation of NF-«kB (35), a transcription factor controlling
the expression of a range of cytokines and pro-inflammatory
mediators (36,37). TLR4 activates both MyD88-dependent
and MyD88-independent signaling pathways and induces the
production of both pro-inflammatory cytokines, including
IFN-y (16). Activation of the MyD88-dependent pathway
involves the sequential recruitment of the adaptor molecule
MyD88, IRAK family proteins and TRAF6 (38,39). TRAF6
subsequently triggers the activation of MAP kinases and, as a
result of TAK-1-mediated IKK activation, NF-xB (40).

First, we examined whether PGP regulates MyD§8-
dependent TLR4 signaling, a key effector of the response to LPS
(41). PGP did not influence the expression of TLR4 or MyD88
in LPS-treated macrophages (Fig. 5A). However, it suppressed
LPS-induced TRAF6 expression and recruitment of IRAK4
to TLR4. These data suggest that PGP regulates the MyD88-
dependent pathway, which controls the downstream activation
of NF-kB and MAPK.

Recent studies revealed that LPS activates both NF-xB and
MAPK in cells from MyD88-knockout mice (42-44), implying
the existence of an alternative signaling pathway. We thus
investigated whether PGP was able to modulate this so-called
‘MyD88-independent’ signaling pathway. PGP inhibited
the recruitment of IRAK4 to TLR4 in LPS-activated cells
(Fig. 5B). Thus, we conclude that PGP controls the binding
of IRAK4 to TLR4 in LPS-activated cells, thereby reducing
levels of TRAF6.

Known to play critical roles in the regulation of cell
survival, NF-kB controls the expression of enzymes and
cytokines with roles in inflammation, including iNOS, COX-2,
TNF-a and IL-1f (45,46). Our finding that PGP blocked the
nuclear translocation of NF-kB in LPS-treated cells by inhib-
iting its activation suggests that the observed suppression of
pro-inflammatory mediators may result from the attenuation
of NF-kB activation.
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Antioxidants such as curcumin and ascorbic acid have been
reported to inactivate NF-kB by inhibiting the phosphorylation
of IkBa (47,48). We thus investigated whether PGP could prevent
IxBa phosphorylation. We found that PGP reduced LPS-induced
phosphorylation of IkBa in a dose-dependent manner (Fig. 6A).

MAP kinases regulate various inflammatory and immune
responses, including LPS-induced expression of COX-2 and
iNOS in macrophages (49). The inhibition of MAPK family
members, including ERK, p38, and JNK, blocks the production
of pro-inflammatory cytokines (50). Because MAPK signaling
plays a critical role in the responses of cells to various cyto-
kines or stresses, we investigated the effects of PGP on MAPK
signaling in RAW 264.7 macrophages. Treatment with PGP
attenuated LPS-mediated activation ERK and JNK, but not
p38 (Fig. 7). These findings suggest that suppression of the
phosphoactivation of ERK and JNK may contribute to the
inhibitory effects of PGP on the LPS-stimulated expression of
inflammatory mediators in RAW 264.7 cells.

In conclusion, PGS attenuated the expression of the
inflammatory mediators, iNOS, COX-2, IL-1f and TNF-a
in LPS-activated macrophages. LPS-induced formation of
TLR4-IRAK4 complexes was suppressed by PGP in a MyD88-
dependent manner. In addition, PGP reduced the binding of TRIF
to TLR4 in a MyD88-independent manner. These results show
that PGP inhibits the ability of LPS to activate TLR4 signaling
pathways, both MyD88-dependent and MyD88-independent,
and thereby limits the activation of MAPK and NF-«B.
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