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ABSTRACT 

The main eicosanoids inflammatory mediators, prostaglandins and leukotrienes, are both generated from arachidonic 
acid (AA; 20:4 n-6). AA is a member of polyunsaturated fatty acids (PUFAs). Numerous studies have demonstrated that 
various contents of PUFAs can modulate the inflammatory responses. However, fewer studies have examined n-9- 
PUFAs and their effects on the inflammatory responses. In the present study, the role of 5,8,11-cis-eicosatrienoic acid 
(ETrA; 20:3 n-9, also called Mead acid) in the inflammatory responses has been investigated. The anti-inflammatory 
activities of ETrA were examined using an in vitro macrophage system and the inhibitory effect was confirmed by 
western blot analysis for iNOS and COX-2 expressions. The interactions between ETrA and COX-2 protein were simu- 
lated to produce a computer modeling protein-ligand complexes and the results suggest a possible mechanism for the 
effects of ETrA. In this study, we described a significant inhibition of the inflammatory activities initiated by ETrA. 
Since ETrA is a substance presented in the tissues of young animals, we therefore anticipate that ETrA can be utilized 
as a natural therapeutic supplement to inhibit inflammatory activities.  
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1. Introduction 

Inflammation is a defensive reaction in response to 
harmful stimuli such as infectious, toxic or traumatic 
injuries. It is also associated with an extensive range of 
diseases, such as asthma, rheumatoid arthritis, cardio- 
vascular disease and cancer [1,2]. This complex biologi- 
cal response is induced by the release of cytokines and 
inflammatory mediators. Eicosanoids are key mediators 
of inflammation. The main eicosanoids inflammatory 
mediators, prostaglandins and leukotrienes, are both 
generated from arachidonic acid (AA; 20:4 n-6) via the 
cyclooxygenase and 5-lipoxygenase pathways respec- 
tively [3,4].  

AA is a member of polyunsaturated fatty acids (PU- 
FAs). PUFAs play important roles in maintaining mem- 
brane protein function and membrane fluidity. PUFAs 
are also involved in cell signalling, gene expression and a 
variety of cellular functions [5]. Numerous studies have  

demonstrated that various contents of PUFAs can modu- 
late the inflammatory responses. For example, inflam- 
matory cells typically contain a high proportion of the 
n-6 PUFA and low proportions of the other 20-carbon 
PUFAs [6,7]. In addition, n-6 PUFAs have been found to 
regulate activities of inflammatory cells, the production 
of cytokines and the various balances within the immune 
system [8,9]. Similarly, studies suggested that dietary 
supplementation of n-3-PUFAs have beneficial impact in 
suppression of inflammation, especially eicosapentaenoic 
acid (EPA; 20:5 n-3) and docosahexaenoic acid (DHA; 
22:6 n-3) [10,11]. EPA and DHA are abundant in marine 
fish oils and they can reduce AA content in cell mem- 
brane phospholipids to moderate the generation of eico- 
sanoids [12,13]. Several n-3-PUFAs derived anti-in- 
flammatory lipid mediators were identified including 
resolvin E1 [14] generated from EPA and protectin D1 
[15] generated from DHA. Although the mechanism that 
n-3-PUFAs affect inflammation is still not fully defined 
in molecular details, the anti-inflammatory actions, ac- 
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tivities and potential therapeutic effects of n-3 PUFAs 
were studied extensively [11]. 

On the contrary, fewer studies have examined n-9- 
PUFAs and their effects on the inflammatory responses. 
Among n-9-PUFAs, 5,8,11-cis-eicosatrienoic acid (ETrA; 
20:3 n-9, also called Mead acid) has been suggested to 
play a role in the inflammatory responses. It can be syn- 
thesized endogeneously at extremely low level but the 
amount is raised during essential fatty acid (EFA) defi- 
ciency [16]. Interestingly, high levels of ETrA were dis- 
covered in the tissues of young chickens, fetal calves and 
newborn pigs but the amount of ETrA is reduced and 
replaced by n-6-PUFA progressively [17]. It has been 
shown that dietary supplement with ETrA can inhibit 
inflammatory mediator Leukotriene B4 synthesis in rats 
[18,19]. Additionally, an n-9 PUFA-rich diet containing 
ETrA suppressed platelet-activating factor (PAF) genera- 
tion [20]. However, studies suggested that the anti-in- 
flammatory effects of n-9 PUFA are different from those 
of dietary n-3 PUFA, that n-9 PUFA-rich diet signifi- 
cantly attenuated galactosamine/lipopolysaccharide in- 
duced liver injury more effectively than the n-3 PUFA- 
rich diet in the experimentally induced inflammation in 
mice [21] and the effects of dietary ETrA on AA content 
in the phospholipid subclasses and AA release were quite 
different from those of dietary DHA [20].  

In this study, the anti-inflammatory activities of ETrA 
were examined using an in vitro macrophage system and 
the inhibitory effect was confirmed. To elucidate the 
possible mechanisms of the anti-inflammatory activities 
of ETrA, we therefore applied computational ligand 
docking and modeling approaches to simulate the pro- 
tein-ligand complexes and demonstrate the possible in- 
teraction between ETrA and COX-2 protein.  

2. Materials and Methods 

2.1. Cell Culture 

Murine RAW 264.7 macrophages (ATCC, No TIB-71) 
were cultured in Dulbecco’s modified Eagle’s medium 
(DMEM) containing 10% heat-inactivated FBS, 2 mM 
glutamine, 1 mM pyruvate, 4.5 g/Liter glucose, 50 U/mL 
penicillin and 50 μg/mL streptomycin at 37˚C in a hu- 
midified 5% CO2: 95% air incubator under standard con- 
ditions as described above before LPS or ETrA treatment 
[22]. 

2.2. In Vitro Lipopolysaccharide (LPS)— 
Stimulated Macrophage System 

The anti-inflammatory activity method used was per- 
formed as described [22]. Briefly, inflammation in 
macrophages was induced by 16 h incubation in a me- 
dium containing Escherichia coli LPS (0.01 μg/mL, 
Sigma). To measure the anti-inflammatory activity, ETrA  

(1, 5, 10 or 25 μM) was added to the cells 5 min before 
LPS challenge. The photographs of the cells were taken 
using a microscope digital camera system (400× magni- 
fication, Leica DMI3000 SPOT CCD) and cells were 
then washed with ice-cold phosphate-buffered saline 
(PBS), lysed in ice-cold lysis buffer (50 mM Tris, pH 7.5, 
150 mM NaCl, 1% Triton X-100, 100 μg/mL phenyl- 
methylsulfonyl fluoride, 1 μg/ml aprotinin), and then 
centrifuged at 20,000 g for 30 min at 4˚C. The super- 
natant was decanted from the pellet and retained for 
western blot analysis.  

2.3. Western Blot Analysis for iNOS and COX-2 

Western blotting was performed according to the method 
described in Wen et al., 2005 [23]. An equal volume of 
sample buffer (2% sodium dodecyl sulfate (SDS), 10% 
glycerol, 0.1% bromophenol blue, 2% 2-mercaptoethanol, 
and 50 mM Tris-HCl, pH 7.2) was added to the sample, 
which was then loaded onto a tricine SDS-polyacryla- 
mide gel and electrophoresed at 150 V for 90 min. The 
proteins were transferred to a polyvinylidene difluoride 
membrane (PVDF; Immobilon-P, Millipore, 0.45 μM 
pore size) at 125 mA overnight at 4˚C in transfer buffer 
(50 mM Tris-HCl, 380 mM glycine, 1% SDS, and 20% 
methanol). The membrane was blocked for 50 min at 
room temperature with 5% non-fat dry milk in Tris- 
buffered saline (TTBS; 0.1% Tween 20, 20 mM Tris- 
HCl, 137 mM NaCl, pH 7.4), and then incubated for 180 
min at room temperature with antibodies against iNOS 
(1:1000 dilution; BD Pharmingen, San Diego, CA, USA; 
polyclonal antibody), COX-2 (1:1000 dilution; Cayman 
Chemical, USA; polyclonal antibody) proteins. The blots 
were then visualized in ECL solution (NEN. LifeScience, 
Boston, MA, USA) for 30 s and finally exposed to X-ray 
film (Koda X-OMAT LS; Eastman Kodak Company, 
Rochester, NY, USA). The membranes were re-probed 
with a monoclonal mouse anti-β-actin antibody (1:2500, 
Sigma) as the loading control. After X-film scanning, the 
integrated optical density of the bands was estimated 
(Image Pro plus 4.5 software; Media Cybernetics, Silver 
Spring, USA), and normalized to the background values. 
Relative variations between the bands of the drug-treat- 
ment samples and the LPS samples were calculated using 
the same image.  

2.4. Software  

Patchdock was used to perform ligand docking and mod- 
eling to simulate the protein-ligand complexes [24]. The 
structural coordinate of ETrA and the produced model 
was represented and viewed using Pymol Molecular 
Viewer (http://www.pymol.org). 

2.5. Miscellaneous 

Dulbecco’s modified Eagle’s medium (DMEM), fetal 
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bovine serum (FBS), sodium pyruvate, L-glutamine, an- 
tibiotic-antimycotic solution, and trypsin-EDTA were 
purchased from Invitrogen Co. (Grand Island, NY, USA). 
Lipopolysaccharide (LPS; Escherichia coli) were pur- 
chased from Sigma Co., Ltd. (St Louis, MO, USA). All 
utilized electrophoretic reagents and the protein standard 
markers were purchased from GE Healthcare BioSci- 
ences (Piscataway, NJ, USA).  

3. Results  

3.1. The Effect of ETrA on LPS-Induced 
Macrophage  

LPS is an endotoxin, which induces septic shock syn- 
drome and stimulates the production of inflammatory 
mediators such as NO and prostaglandins. It has been 
shown that LPS-treated RAW264.7 cells increased in cell 
size and acquired distinct dendritic morphology [25]. To 
evaluate the effect of ETrA on the inflammation of cells, 
various concentrations of ETrA were added to the culture 
media to perform LPS challenge. Representative micro- 
graphs were shown in Figure 1. Macrophage cells were 
viable and indistinguishable from the normal cultural 
morphology (Figure 1(a)) when 10 or 25 μM of ETrA 
was applied to the LPS-induced macrophage (Figure 1(c) 
and (d)), while morphological changes were observed 
from the LPS treated macrophage cells without ETrA 
(Figure 1(b)). These results indicate that ETrA can help 
macrophages against LPS challenge.  
 

 
(a)                 (b) 

 
(c)                 (d) 

Figure 1. The effect of ETrA on LPS-induced macrophage. 
Representative micrographs (400× magnification) of Mur-
ine RAW 264.7 macrophages cultured by 16 hours incuba-
tion in the medium (a) without LPS; (b) containing 0.01 
μg/mL LPS. To examine the effect of ETrA, (c) 10 μM of 
ETrA; (d) 25 μM of ETrA was added to the cell cultures 
before LPS challenge. 

3.2. The Effect of ETrA on LPS-Induced iNOS 
and COX-2 Protein Expression in  
Macrophage 

Inducible nitric oxide synthase (iNOS) and cycloox- 
genase-2 (COX-2) are important enzymes that mediate 
inflammatory processes. Therefore, inflammation is posi- 
tively correlated to the expression of the iNOS and 
COX-2 proteins. Compounds that are able to block or 
reduce LPS-induced expression of iNOS or COX-2 pro- 
teins might be beneficial in the treatment of inflamma- 
tory responses. 

To examine the anti-inflammatory effect of ETrA, the 
expressions of pro-inflammatory iNOS and COX-2 in the 
LPS-stimulated RAW 264.7 macrophage cells were 
evaluated by western blot analysis (Figure 2). The dose 
responses for inhibition of the LPS-induced 130-kDa 
iNOS protein expression by ETrA are shown in Figure 
2(a). At 1, 5, 10 and 25 μM doses of ETrA, the levels of 
iNOS protein expression were significantly reduced to 
71%, 20%, 16% and 19% of the control level (i.e. the 
absence of ETrA) respectively. The dose responses for 
inhibition of the LPS-induced 71-kDa COX-2 protein 
expression by ETrA are shown in Figure 2(b). At 1, 5, 
10 and 25 μM doses of ETrA, the levels of COX-2 pro- 
tein expression were also reduced significantly to 86%, 
46%, 11% and 5% of the control level respectively. From 
the above observations, both iNOS and COX-2 were sig- 
nificantly inhibited by ETrA.  

3.3. Molecular Docking of ETrA to COX-2 

ETrA and arachidonic acids resemble structure similarity. 
Both are carboxylic acid with a 20-carbon chain and a 
number of cis double bounds. It is speculated that ETrA 
can be regarded as an analog of arachidonic acid (AA). 
Since AA is the substrate of COX enzymes and COX-2 
inhibitor is an important target of new drugs, we 
therefore simulated the interaction of ETrA and Cox-2 in 
order to investigate if ETrA antagonize AA metabolism.  

PatchDock is a geometry-based molecular docking al- 
gorithm. The PatchDock method performs structure pre-
diction of protein-protein and protein-small molecule 
complexes. We used the PatchDock web server to com- 
pute the scores of docked complexes. The Protein Data 
Bank (PDB) [26] was used for data mining of 3D coor- 
dinate of COX-2 enzyme (PDB code, 1CVU: COX-2) 
and the structural coordinate file of ETrA was created 
using the molecular graphics and modeling package, 
Pymol.  

The crystallization of COX proteins revealed the struc- 
tural basis at the molecular level [27,28]. COX-2 is a 
membrane-anchored protein that exists as dimmers and 
the substrate AA gains access to the active site via a hy- 
drophobic channel (Figure 3). The initial PatchDock 
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docking output of the full length COX-2 enzyme and 
ETrA showed that ETrA was docked at the entrance of 
the hydrophobic channel heading to the active site of 
COX-2 (Figure 3(a)). Considering the highly hydropho- 
bility of the membrane binding domain of COX-2 protein 
may interfere the docking result of the fatty acid, we 
truncated the membrane binding domain of COX-2 using 

the molecular editing features of the Pymol and the re- 
sulting coordinate file was used for the sequential dock- 
ing attempt. The automatic docking output of the COX-2 
enzyme and ETrA are showed in Figure 3(b). In either 
cares, ETrA is located in the hydrophobic channel and 
thus block the catalytic domain and almost all interac- 
tions were of the hydrophobic type. The results indicated  

 

 
(a)                                                           (b) 

Figure 2. The effect of ETrA on pro-inflammatory iNOS and COX-2 protein expression in LPS-induced macrophage. (a) 
Western blots for iNOS and β-actin proteins from RAW 264.7 cells and the relative density of immunoblot; (b) Western blots 
for COX-2 and β-actin proteins from RAW 264.7 cells and the relative density of immunoblot. The LPS-stimulated group 
was taken to be 100%. Band intensities were quantified by densitometry and are indicated as a percentage change relative to 
that of the LPS stimulated group.  
 

 
(a)                                                    (b) 

Figure 3. Model for the binding of ETrA to COX-2. (a) The PatchDock docking output based on the deposited X-ray crystal- 
lographic coordinates (PDB code, 1CVU: COX-2); (b) docking output based on a membrane binding domain truncated 
COX-2 coordinates. The hydrophobic channel is shown in orange mesh and the active site is shown in green mesh. The blue 
molecular in the orange or green mesh is ETrA. The gray molecular in the active site indicates the position of AA in the 
o-crystal structure. c   
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that ETrA has an excellent complementarity with COX-2. 
Therefore, we expect that ETrA can antagonize AA me- 
tabolism and that ETrA may act as a natural inhibitor of 
the functions of cyclooxygenase.  

4. Discussion 

Inhibitors of COX enzymes are important target of non- 
steroidal anti-inflammatory drugs. Because of the side 
effect of the traditional COX inhibitors, the newer COX-2 
selective inhibitors that do not affect COX-1 but selec- 
tively block COX-2 represent a new class of drugs pro- 
vides the benefits of reducing inflammation without irri- 
tating the stomach. However, selective inhibitors of 
COX-2 may conduct a small risk of myocardial infarc- 
tion [29]. Therefore, a natural therapeutic supplement to 
inhibit inflammatory activities is of importance. 

In this study, the anti-inflammatory effect of ETrA 
was demonstrated in an LPS-stimulated macrophage in 
vitro assay and confirmed that ETrA significantly inhib- 
its two important pro-inflammatory proteins, iNOS and 
COX-2. Although the molecular mechanisms involved in 
this inhibition are not understood in great detail, the abil- 
ity of ETrA to inhibit iNOS expression is approximately 
equal to that of COX-2.  

We have used PatchDock simulations to investigate 
the interaction of COX-2 enzyme and the fatty acid, 
ETrA. These results were compared with reference simu- 
lations of arachidonate to explore the effect of enzyme on 
substrate conformation and positioning in the active site. 
The cyclooxygenases are functional homodimers, each 
subunit contains an active site consists of a hydrophobic 
channel that begins at the opening of the membrane 
binding domain and protrudes into the body of the cata- 
lytic domain of the enzyme [30].  

The program PatchDock produced a reasonable dock- 
ing result as ETrA is oriented within the hydrophobic 
channel. Comparing this result to that of AA bounds to 
COX-2 [31], the molecular conformations of the two 
fatty acids are different from each other. In any case, 
ETrA is oriated in the hydrophobic channel and thus 
block the catalytic domain (Figure 3). This structure- 
based pharmacophore interprets that ETrA can antago- 
nize AA metabolism.  

Although no direct connection of the antagonized 
COX-2 activity and the reduced COX-2 expression level 
was established. These are many cases of COX-2 inhibi- 
tor results in the decreased expression of pro-inflamma- 
tory proteins, such as the well-known drug Celecoxib [32] 
and the chamomine extract [33], presumably due to the 
reduced PGE2 biosynthesis and effect the overall balance 
of cell signal transduction. Recent studies have suggested 
that different impacts of saturated and unsaturated free 
fatty acids on COX-2 expression and complex intracel- 

lular signals including p38, JNK and MAPKs as well as 
the PPAR family were involved [34,35]. Recent study on 
the monounsaturated oleic acid (OA; 18:1n-9), a major 
component of olive oil, also demonstrated an inhibitory 
effect on the expression of iNOS and COX-2, while the 
saturated stearic acid (OA; 18:0) did not inhibit expres- 
sion of iNOS and COX-2 in LPS-stimulated BV2 micro- 
glia. This implies that double bonds in unsaturated fatty 
acids may play a critical role in the anti-inflammatory 
effects [36].  

In summary, our results demonstrate the anti-inflam- 
matory activities of ETrA and suggest that ETrA has the 
potential to be an effective therapeutic compound. Since 
ETrA is a normal constituent of fetal tissues [16] and it 
can be synthesized endogeneously during essential fatty 
acid deficiency [19], it can be expected to be benign or at 
least well-tolerated by human bodies. In addition, it has 
been mentioned that, comparing to other potential anti- 
inflammatory PUFAs, ETrA has greater chemical stabil- 
ity because it is substantially less unsaturated than EPA 
or DHA [18] and this could be an important advantage of 
pharmaceutical application. Taken together, ETrA war- 
rants further investigation as a potential novel anti-in- 
flammatory agent for the treatment of inflammation as- 
sociated diseases.  
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