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Abstract Due to their diversity and abundancy, marine resources

have emerged as important biological resources to compensate the

limited sources of terrestrial biological materials. Phaeodactylum

tricornutum (PT) is one of classical model diatoms most widely

studied for its ecology, physiology, biochemistry and molecular

biology. In this study, four different PT extracts on lipopolysaccharide

(LPS)-stimulated macrophages were compared for anti-inflammatory

effect and investigated for the underlying mechanisms. The

extracts of PT inhibited nitric oxide production from LPS

stimulated RAW 264.7 cells in a dose dependent manner. These

extracts also inhibited the expression of mRNA and production of

proteins of pro-inflammatory cytokines such as interleukin (IL)-

1β, IL-6 and tumor necrosis factor-α. These inhibitory effects

were found to be caused by blockage of nuclear factor-κB

activation and phosphorylation of p38 mitogen-activated protein

kinases, extracellular signal-regulated kinases 1 and 2 and c-Jun

N-terminal kinase.
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Introduction

Marine resources are very diverse and abundant. Its importance as

the biological resources has increased to compensate for the lack

of terrestrial biological resources. Marine microalga has been

considered as an important primary modulator of marine

environments and plays a critical role in supporting aquatic

animals (Muller-Feuga, 2000). Marine microalga as primary

producers in the food chain has already been perceived for their

physiological and nutritional value.

Over 15,000 compounds, including fatty acids, sterols, phenolic

compounds, terpenes, enzymes, polysaccharides, alkaloids, toxins

and pigments (lutein, β-carotene etc.) were isolated form cultured

microalga (Pasquet et al., 2011). Especially, Phaeodactylum

tricornutum (PT) contains eicosapentaenoic acid (EPA) as much

as 35% of the polyunsaturated fatty acids (Robles Medina et al.,

1998; Molina Grima et al., 2003; Wen and Chen, 2003). PT

contains 36.4% crude protein, 26.1% available carbohydrate,

18.0% lipid, 15.9% ash, and 0.25% neutral detergent fiber, on a

dry weight (dw) basis (Pulz and Gross, 2004). PT showed

analgesic and immune modulatory effects in paw edema model

(Guzman et al., 2001; 2003). In addition, there was a report that

PT polysaccharide increased the phagocytic activity of fish’s

leukocytes (Cerezuela et al., 2012). However, there has been no

report for an anti-inflammatory effect of PT.

Bacteria derived lipopolysaccharide (LPS) are known to initiate

a cascade of intracellular signaling to generate inflammatory

mediators. Among these, nitric oxide (NO) is a representative

inflammatory indicator involved in a severe inflammation

(Lowenstein et al., 1996; Stichtenoth and Frolich, 1998). In

addition, pro-inflammatory cytokines (tumor necrosis factor

(TNF)-α, interleukin (IL)-1β, IL-6)) are produced in response to

infection, immune responses, inflammation. (Dinarello, 2000).

In this study, we extracted active compound from PT, and

demonstrated the anti-inflammatory effects of PT extracts and the

underlying mechanisms in LPS-stimulated macrophages.

Materials and Methods

Extraction from PT. Ten grams of dried PT was extracted three

times at room temperature with 100% ethanol for 3 h (300 mL

each time). The extracted solution was combined, filtrated with
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3M filter paper and then, concentrated by rotary vacuum

evaporator at 40oC to yield 1.3 g of ethanol extract. Part of this

extract (1.2 g) was dissolved in 100 mL of water and partitioned

serially with n-hexane, methylene chloride (MC), ethyl acetate

(EA), and n-butanol (BuOH). The solvent was evaporated to give

the hexane (0.18 g), methylene chloride (0.21 g), ethyl acetate

(0.15 g), butanol (0.5 g) and water (0.1 g) fractions.

Reagents and cells. A mouse macrophage cell line, RAW

264.7, was obtained from the American Type Culture Collection

(ATCC) and grown in Dulbecco’s Eagle’s Medium (DMEM,

Hyclone Laboratories, USA) supplemented with 10% fetal bovine

serum (FBS; Hyclone), penicillin (100 U/mL)/streptomycin (100

µg/mL) (Gibco BRL, USA). LPS and Griess reagent were

obtained from Sigma-Aldrich (USA). Monoclonal antibodies of

inhibitory (I) κB-α, p38, ERK 1/2, phosphor-ERK 1/2, JNK, β-

actin, and peroxidase-conjugated secondary antibody were from

Santa Cruz Biotechnology (USA). phospho-p38, phosphor-JNK

purchased were from Cell Signaling Technology, Inc. (USA)

Cell Viability. Cell viability was measured by the WST-8 based

colorimetric assay (Dojindo, Japan), which depends on the ability

of living cells to reduce a tetrazolium salt to a soluble colored

formazan product. RAW 264.7 cells were cultured at 5×105 cells/

well in flat-bottom 96-well plates in triplicate for 24 h. The

various concentrations of samples were treated with and without

LPS (1 µg/mL). After 30 h of culture, WST-8 reagent was added

to both RAW 264.7 cells and blank samples, and the mixture was

incubated at 37oC under 5% CO for 2 h. The level of the dye

formed was then measured using a Bio-rad spectrophotometer at

the wavelength of 450 nm. The blank value without cells was

subtracted from each experimental value as background.

NO Assays. The cells suspension of 5×105 cells/well was cultures

in flat-bottom 96-well plate in triplicate for 24 h. Thereafter, 100

µL of medium was replaced with fresh medium containing either

LPS (1 µg/mL) alone or LPS with various concentrations of each

sample for additional culture for 30 h. The culture supernatant was

collected at the end of culture for nitrite assay. The culture

supernatant (50 µL) was mixed with an equal volume of Griess

reagent and the absorbance was measured at 550 nm. Finally, the

concentration of nitrite was calculated from a standard curve

drawn with known concentration of sodium nitrite dissolved in

DMEM.

Reverse transcriptase-polymerase chain reaction (RT-PCR).

RAW 264.7 cells were cultured in the presence of each sample

alone or in combination with LPS in a 6-well plate (1×106 cells/

2 mL) for 6 h. Total RNA was isolated using the RNeasy mini kit

(Qiagen, USA) following the guidelines. Total RNA (1 µg/mL)

was reverse-transcribed in cDNA using AccuPower RT-PCR

premix (Bioneer, Korea). The PCR primers used in this study are

listed below and were purchased from Bioneer: sense strand TNF-

α 5'-GGCAGGTTCTGTCCCTTTCACTC-3', antisense strand

TNF-α 5'-CACTTGGTGGTTTGCTACGACG-3'; sense strand

IL-1β 5'-GCTACCTGTGTCTTTCCCGTGG-3', antisense strand

IL-1β 5'-TTGTCGTTGCTTGGTTCTCCTTG-3'; sense strand IL-

6 5'-TGTGCAATGGCAATTCTGAT-3', antisense strand IL-6 5'-

TGGTCTTGGTCCTTAGCCAC-3'; sense strand β-actin 5'-

AGGCTGTGCTGTCCCTGTATGC-3', antisense strand β-actin

5'-ACCCAAGAAGGAAGGCTGGAAA-3'. For each PCR, the

following sequence was used: preheating at 94oC for 2 min, 95oC

for 30 s, 53−59oC for 30 s and 72oC for 30 s, with a final extension

phase at 72oC for 6 min. A variable number of cycles were used

to ensure that amplification occurred in linear phase. PCR

amplification of β-actin was included as the internal control, and

PCR products were separated on a 1.5% agarose gel and

visualized by ethidium bromide staining and UV irradiation.

Enzyme-linked immunosorbent (ELISA) assay. The concentration

of pro-inflammatory cytokines) in the conditioned supernatants

were measured by enzyme-linked immunoassay according to the

guidelines; TNF-α by DuoSet ELISA Development Kit, R&D

Systems, IL-1β, and IL-6 by DuoSet ELISA Development Kit.

Western blot analysis. RAW 264.7 cells were cultured in the

presence of LPS or in combination of LPS with each sample in a

6-well plate (1×106 cells/2 mL). After removal of the supernatants,

extracts of RAW 264.7 cells were directly prepared in lysis buffer

(0.5% Triton, 50 mM β-glycerophosphate pH 7.2, 0.1 mM sodium

vanadate, 2 mM MgCl, 1 mM EGTA, 1 mM dithiothreitol, 0.1

mM phenylmethylsulfonyl urea, 2 µg/mL of leupeptin, and 4 µg/

mL of aprotinin). The lysates were resolved by 10% SDS-PAGE

and transferred to PVDF membranes (Roche, Germany). The

membranes were blocked in Tris-buffered saline (10 mM Tris-Cl

pH 7.4) containing 0.5% Tween 20 and 5% non-fat dry milk,

incubated with the first specific antibody in blocking solution for

24 h at room temperature, washed, and incubated with the

developing second antibody for 50 min at room temperature. The

protein bands were detected by chemiluminescence (Amersham

Pharmacia, Biotech).

Statistics. Statistical analyses of data were performed by Student’s

t-test to determine statistical significance. Values are given as

mean ± SD.

Results

Cell viability and NO assay of the RAW 264.7 cells. To analyze

the anti-inflammatory activities of PT, RAW 264.7 cells were used

since they can produce NO by stimulation with LPS. The cells

were pretreated with LPS (1 µg/mL) for an hour, followed by

treatment with various concentrations (5, 10, 20, 40 µg /mL) of PT

extracts. The control (cell-only) group received neither LPS nor

extract. The cell culture media were harvested and the NO levels

were quantified using the Griess reagent. As shown in Fig. 1,

RAW 264.7 cells did not produce the detectable concentration of

NO in the resting condition. However, LPS increased NO

production up to 12 µg/mL, from the basal level of 0−0.53 µg/mL

and pretreatment of PT extracts reduced NO production in a dose-

dependent manner (5, 10, 20, 40 µg/mL).

To demonstrate that the inhibitory effect of PT on NO production

is not attributed to the cytotoxic effects, we measured the cytotoxic

effect of PT using WST-8 assay and the same concentration for
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NO assay. As shown in Fig. 2, there was no evidence of

cytotoxicity under various concentrations of samples. Thus the

inhibitory effects of PT, at various concentrations, on NO

production cannot be attributed to the cytotoxic effects.

Effects of PT on COX-2 production. Since PT extracts turned

out to bea potent inhibitor of NO, we further investigated its effect

on the expression levels of COX-2 by western blot. As shown in

Fig. 3, non-activated cells express low level of COX-2, whereas

treatment with LPS induced high levels of COX-2. Under these

conditions, pre-treatment of RAW 264.7 cells with PT extracts on

reduced COX-2 expression.

Effects of PT extracts on the mRNA and protein levels of pro-

inflammatory cytokines. To further demonstrate the anti-

inflammatory activities of PT extracts, we investigated the effects

of PT on the expression and production of pro-inflammatory

cytokines such as IL-1β, IL-6, and TNF-α by RT-PCR and

ELISA. RAW 264.7 cells were incubated with LPS (1 µg/mL) for

6 h after pretreated with the extracts for 1h, and then mRNA were

extracted. The mRNA levels of the pro-inflammatory cytokines

increased by treatment with LPS, and these increases were

significantly decreased by pre-treatment of 40 µg/mL PT extracts.

Especially, the expression of IL-1β was disappeared by the

treatments of MC, EA and BuOH extracts. IL-6 and TNF-α also

showed a similar results with IL-1β expression. Conclusively, the

extracts of PT inhibited the mRNA expressions of these pro-

inflammatory cytokines (Fig. 4).

Because PT extracts showed a potent inhibitory activity on the

mRNA expressions of the pro-inflammatory cytokines, we tried to

confirm whether the reduction of the mRNA expression is

correlated with a change in the protein level. To measure the

production of pro-inflammatory cytokines, RAW 264.7 cells were

pretreated with PT extracts for 1 h and then stimulated with LPS

(1 µg/mL). After 24 h, the culture supernatants were collected for

measurement of the amounts of IL-1β, IL-6, and TNF-α.

Consistent with RT-PCR results, PT inhibited LPS-induced IL-1β,

IL-6, and TNF-α production (Fig. 5). Especially EA extract of PT

decreased the productions of IL-1β, IL-6, and TNF-α. In

summary, these results indicated that the extracts of PT inhibited

Fig. 1 Effects of PT extract on the NO production of the LPS-stimulated RAW 264.7 cells. RAW 264.7 cells were treated with various concentrations
(5, 10, 20 and 40 µg/mL) of samples for 1 h and then the cells were stimulated with 1 µg/mL of LPS. After 24 h, the culture supernatants were
subjected to nitrite assay. The values shown are the means ± SDs for three independent experiments.

Fig. 2 Cytotoxicity of PT extracts on RAW 264.7 cells. The test samples were treated as described in Fig. 1. Cytotoxicity was determined using the
WST-8 reagent. The values that are shown are the means ± SDs of the three independent experiments.
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the secretion of pro-inflammatory cytokines almost to the basal

level.

Effects of PT on IκB-degradation. Translocation of NF-κB to

the nucleus is preceded with IκB-α protein degradation. The

effect of PT on LPS-induced IκB-degradation was examined by

western-bolt analysis. RAW 264.7 cells were pretreated with PT

(40 µg/mL) extracts for 1h and then stimulated with LPS (1 µg/

mL) for 10 and 30 min. The total lysates were probed with anti-

IκB-α antibody. As shown in Fig. 6, PT (40 µg/mL) extracts

prevented LPS-induced IκB-α degradation. These protective

effects by PT lasted less than 30 min. We suppose that the reduced

IκB-degradation is partially involved in the anti-inflammatory

activity of PT.

Effects of PT on the activation of p38 MAPK, ERK 1/2, and

JNK. To confirm whether the anti-inflammatory activities of PT

are mediated though the MAP kinase pathway, we examined the

effects of PT on LPS-induced phosphorylation of p38 MARK,

ERK 1/2, and JNK in RAW 264.7 cells using western-blot

analysis. The murine macrophage cells were stimulated with LPS

for 10 min and 20 min after pretreated with extract (40 µg/mL) for

1h. Subsequently, we used antibodies against the phosphorylated

forms of the various MAPKs. As shown in Fig. 7, phosphorylations

of MAP kinases including p38 MARK, ERK 1/2, and JNK were

increased by LPS treatment. The extracts of PT specifically

decreased the phosphorylation of ERK 1/2 and JNK. However,

Fig. 3 Effect of PT extracts on COX-2 production in RAW 264.7 cells.
RAW 264.7 cells were pretreated with samples for 1 h, LPS (1 µg/mL)
was then added. The total protein lysate of each RAW 264.7 cell was
prepared after 6 h, and COX-2 was detected by western blot analysis.
Anti-β-actin antibody was used as a control. Western blot analyses using
a specific antibody were performed in triplicate, and all of them showed
similar results.

Fig. 4 Effects of PT extracts on mRNA expression of IL-1β, IL-6, and
TNF-α in RAW 264.7 cells. RAW 264.7 cells were pretreated with each
sample for 1 h, and then LPS (1 µg/mL) was added. The total cellular
RNA of each RAW 264.7 cell was isolated after 6 h of LPS treatment,
and the expression levels of IL-1β, IL-6, and TNF-α were analyzed
transcriptionally by RT-PCR. In all experiments, the β-actin transcription
level was used as a control. The experiment was repeated three times,
with similar results.

Fig. 5 Effects of PT extracts on IL-1β, IL-6, and TNF-α production.
RAW 264.7 cells were pretreated with each sample for 1 h, then LPS (1
µg/mL) was added and the cells were incubated for 24 h. The culture
supernatant, which was subject to enzyme immunoassay of cytokines,
was harvested. The values shown are means ± SD for three independent
experiments.
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LPS-induced p38 phosphorylation was not influenced by

pretreatment of PT extracts.

Discussion

Monocytes and macrophages play important roles in both innate

and adaptive immunity in vertebrate animals. The host defense

activities of macrophages are shown by phagocytic activity and

the secretion of immune stimulatory mediators. However, these

immune mediators are involved in many inflammatory diseases.

Inflammation is the first response of the immune system to

infection or irritation. During the inflammatory process, the pro-

inflammatory mediators, such as NO, COX-2 and pro-

inflammatory cytokines, are rapidly produced in large amount

(Posadas et al., 2000). NO is required in immunological defense

mechanisms and maintaining the dilation of blood vessels (Huk et

al., 1998). Higher concentration of NO can cause oxidative

damage, which is involved in various pathological processes

(Stichtenoth and Frolich, 1998; Weinberg, 1998; Nagy and Perl,

2006). Cyclooxygenase (COX) is considered as an important

enzyme for blood clotting and inflammation. The increase of

COX-2 production signals an inflammatory response. Therefore,

the development of anti-COX-2 drug is considered as a valuable

trial (Kurumbail et al., 2001). Thus, agents that inhibit the

production of these inflammatory mediators have been previously

considered as potential candidates for anti-inflammatory drugs. To

examine the potential of PT as a modulator of inflammation

process, we used Raw 264.7 cell line, which was established from

mouse peritoneal macrophage derived tumor cells. This cell line is

often used in inflammatory and metabolic studies (Pan et al.,

2008; Oh et al., 2010). Our study showed that the pretreatment of

PT extracts inhibited NO and COX-2 production from LPS-

Fig. 6 Effect of PT extracts on NF-κB signaling pathways. RAW 264.7
cells were pretreated with each extracts for 1 h and then the cells were
stimulated with 1 µg/mL of LPS. The total protein lysate of each RAW
264.7 cell was prepared after 10 min and 30 min, and cell signaling
proteins were detected by western blot analysis. The expression levels of
IκB-α was compared with β-actin as a control. Western blot analyses
using a specific antibody were performed in triplicate, and all of them
showed similar results.

Fig. 7 Effect of PT extracts on MAP kinases signaling pathways. RAW 264.7 cells were pretreated with samples for 1 h and then the cells were
stimulated with 1 µg/mL of LPS. The total protein lysate of each RAW 264.7 cell was prepared after 10 and 20 min, and cell signaling proteins were
detected by western blot analysis. The expression levels of p38 MAPK, JNK, and ERK were compared with phosphorylated proteins. Western blot
analyses using a specific antibody were performed in triplicate, and all of them showed similar results.
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activated Raw 264.7 cells. However, our results came from one

cell line and thus need to be confirmed in other monocyte or

macrophage cell lines.

The microalga PT is potentially useful as a human dietary

supplement (Rebolloso-Fuentes et al., 2001). The nutritional

composition of the microalgal biomass is influenced by the culture

conditions, mainly the residence time in the photobioreactor and

the external irradiance intensity (Rebolloso-Fuentes et al., 2001).

Generally, microalgae derived carotenoid is known as antioxidants.

Especially, microalgae derived carotenoids such as zeaxanthin, β-

carotene, lutein, fucoxanthin showed a singlet oxygen scavenging

activity (Kim et al., 2001). In addition, many researchers reported

about scavenging activities of carotenoid on radical oxygen species

(singlet oxygen, free radical and hydroxy radical) (Miki et al.,

1991). The extracts of PT show anti-inflammatory effects in the

paw edema test and immunomodulatory effects in the delayed

hypersensitivity test (Guzman et al., 2001). A pharmacological

study of hydrosoluble and liposoluble extracts of the marine

microalgae Chlorella stigmatophora and PT indicated that

hydrosoluble components of both species show significant anti-

inflammatory, analgesic and free radical scavenging activity

(Guzman et al., 2003). These activities were not detected in the

liposoluble fractions (Guzman et al., 2001; 2003).

Pro-inflammatory cytokines, including TNF-α, IL-1β and IL-6,

are important initiators of the inflammatory response and mediators

of the development of a variety of inflammatory diseases (Mannel

and Echtenacher, 2000). In our results, PT extracts reduced LPS-

induced TNF-α, IL-1β, and IL-6 mRNA expression as well as

protein production. TNF-α was recently identified as a main

mediator in inflammatory diseases, (van den Berg et al., 1994;

Butler et al., 1997). Production of IL-1β and IL-6 is correlated

with the amount of TNF-α in the culture supernatant of

macrophages. These results implicated that PT extracts reduce the

overall inflammatory mediators.

ERK1/2, p38, and JNK belong to MAP Kinases (Ruland and

Mak, 2003). The phosphorylation of MAP Kinases is induced by

stress or bacterial LPS, and they are involved in inflammatory

responses (Johnson and Lapadat, 2002; Hommes et al., 2003;

Bian et al., 2011). The phosphorylation of p38 is induced by LPS

stimulation which leads to the production of iNOS, COX-2, and

TNF-α. ERK is also activated in LPS stimulated macrophage and

consequently induce the production of pro-inflammatory cytokines

and iNOS (Bhat et al., 1998; Ajizian et al., 1999). JNK regulates

the expression of LPS stimulated iNOS (Uto et al., 2005). In this

study, we demonstrated that the PT extracts inhibited the

phosphorylation of MAP Kinases. Phosphorylation of ERK and

JNK were reduced by pretreatment of PT extracts. These results

demonstrate that the phosphorylation of MAP Kinases may

contribute to the anti-inflammatory effects of PT in LPS-

stimulated RAW 264.7 macrophage cell lines.

NF-κB is a mammalian transcription factor, which regulates the

expression of various genes, involves inflammatory responses

such as the production of NO, COX-2, and pro-inflammatory

cytokines in macrophages (Barnes and Karin, 1997; Romashkova

and Makarov, 1999; Lawrence et al., 2001). Usually, IκB inhibits

the NF-κB signaling. Therefore, the degree of IκB degradation is

proportional to the degree of NF-κB activation. In this study, the

pretreatment of PT extracts was able to block the degradation of

IκB-α. These results suggest that the inhibition of NF-κB signal

is partially involved in the anti-inflammatory activity of PT.

In summary, the extracts of PT inhibited NO production from

LPS stimulated RAW 264.7 cells in a dose dependent manner.

These extracts also inhibited the expression of mRNA and

production of proteins of pro-inflammatory cytokines such as IL-

1β, IL-6 and TNF-α. These inhibitory effects were found to be

caused by blockage of NF-κB and MAP Kinases signals.
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