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Abstract

A number of studies have investigated the effects of fish oil on the production of pro-inflammatory cytokines using peripheral blood
mononuclear cell models. The majority of these studies have employed heterogeneous blends of long-chain #n—3 polyunsaturated fatty acids
(PUFA), eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), which preclude examination of the individual effects of LC n—3
PUFA. This study investigated the differential effects of pure EPA and DHA on cytokine expression and nuclear factor kB (NF-xB)
activation in human THP-1 monocyte-derived macrophages. Pretreatment with 100 uM EPA and DHA significantly decreased
lipopolysaccharide (LPS)-stimulated THP-1 macrophage tumor necrosis factor (TNF) «, interleukin (IL) 13 and IL-6 production
(P<.02), compared to control cells. Both EPA and DHA reduced TNF-a, IL-1B and IL-6 mRNA expression. In all cases, the effect of DHA
was significantly more potent than that of EPA ( P<.01). Furthermore, a low dose (25 pM) of DHA had a greater inhibitory effect than that of
EPA on macrophage IL-1p (P<.01 and P <.04, respectively) and IL-6 ( P <.003 and P <.003, respectively) production following 0.01 and 0.1
pg/ml LPS stimulation. Both EPA and DHA down-regulated LPS-induced NF-«B/DNA binding in THP-1 macrophages by ~13% (P <.03).
DHA significantly decreased macrophage nuclear p65 expression ( P <.05) and increased cytoplasmic IkBa expression (P <.05). Although
similar trends were observed with EPA, they were not significant. Our findings suggest that DHA may be more effective than EPA in
alleviating LPS-induced pro-inflammatory cytokine production in macrophages — an effect that may be partly mediated by NF-xB. Further
work is required to elucidate additional divergent mechanisms to account for apparent differences between EPA and DHA.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction diseases such as atherosclerosis, rheumatoid arthritis and
inflammatory bowel disease [1-3]. However, the mecha-
nisms by which LC n—3 PUFA exert beneficial effects in
disease states remain unclear. Fish oil supplementation has
been reported to decrease ex vivo production of the
classical pro-inflammatory cytokines tumor necrosis factor
(TNF) a, interleukin (IL) 1 and IL-6 in human and animal
models [4-8].

The majority of studies investigating the immunomodu-

Fish oil is rich in long-chain n—3 polyunsaturated fatty
acids (LC n—3 PUFA) cicosapentacnoic acid (EPA;
20:5n—3) and docosahexaenoic acid (DHA; 22:6n—3).
Research indicates that LC n—3 PUFA supplementation
has a beneficial effect on inflammatory symptoms in
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studies have examined the effects of feeding pure EPA and/
or DHA in vivo, and the findings reported to date are
conflicting [9]. Many human supplementation studies have
examined the effects of fish oil consumption on ex vivo
peripheral blood mononuclear cell cytokine production.
Consequently, studies of LC n—3 PUFA and cytokine
production in pure human macrophage populations are
limited. The critical role of monocytes and monocyte-
derived macrophages as mediators of innate and adaptive
immunity makes these cells an important but neglected
target for the anti-inflammatory effects of LC n—3 PUFA
in humans.

Therefore, the objective of this study was to compare the
individual effects of EPA and DHA on human macrophage-
derived mediators of inflammation in the THP-1 macro-
phage cell model. The effects of EPA and DHA on TNF-a,
IL-13 and IL-6 mRNA expression and production were
investigated in THP-1 monocyte-derived macrophages.
There is evidence to suggest that LC n—3 PUFA can
mediate the activity of transcription factors such as nuclear
factor kB (NF-«B) [10-12], which plays a key role in
regulating the expression of more than 160 genes, including
TNF-a, IL-1p and IL-6 [13,14]. Thus, in order to assess the
mechanisms underlying the modulation of human THP-1
macrophage cytokine expression and production by LC
n—3 PUFA, the effects of EPA and DHA on NF-kB
activation were investigated.

2. Materials and methods

2.1. Materials

Phosphate-buffered saline tablets were obtained from
Oxoid Ltd. (Hampshire, UK). Cell culture media, Hanks
balanced salt solution (HBSS), fetal bovine serum (FBS)
and deoxyribonuclease I (amplification grade) were
obtained from Invitrogen Corporation (Paisley, UK).
L-glutamine, penicillin and streptomycin media supplement,
phorbol 12-myristate 13-acetate (PMA), dimethyl sulfoxide
(DMSO), lipopolysaccharide (LPS; Escherichia coli
055:B5), EPA and DHA were obtained from Sigma-Aldrich
(Dorset, UK). TRI Reagent was obtained from Molecular
Research Center, Inc. (Ohio, USA). Reagents for reverse
transcription were obtained from Promega Corporation
(Madison, WI, USA). All other chemicals were obtained
from Sigma-Aldrich.

2.2. Cell culture

Human THP-1 monocytes were obtained from the
European Collection of Animal Cell Cultures (Salisbury,
UK). In comparison to other human myeloid cell lines,
differentiated THP-1 macrophages behave more like native
monocyte-derived macrophages and thus provide a valuable
model for studying the regulation of macrophage-specific
genes as they relate to the physiological functions displayed
by these cells [15]. Cells were maintained in RPMI 1640

medium supplemented with 10% heat-inactivated FBS, 2
mM L-glutamine, 100 pg/ml penicillin and 100 pg/ml
streptomycin, and incubated at 37°C in 5% CO,. To induce
monocyte—macrophage differentiation, THP-1 cells were
cultured in the presence of 100 ng/ml PMA for 72 h.
Adherent macrophages were treated with serum-free RPMI
1640 for 24 h. Stocks (100 mM) of EPA and DHA were
prepared in DMSO, and cells were treated with 25 or
100 pM EPA and DHA for 48 h. For all experiments,
control cells treated with DMSO alone were included (final
concentration in the medium, <0.1%). As indicated in the
text and figure legends, macrophages were stimulated with
LPS for 1 or 24 h, depending on subsequent analysis.

2.3. Toxicology assay

A dose-dependent and time-dependent viability study
was completed to assess the effects of a range of EPA and
DHA concentrations at a number of time points on
macrophage viability. The viability of cells that received
EPA and DHA (6.25-100 uM) for 6, 12 and 24 h was
quantified spectrophotometrically by MTT assay (Sigma-
Aldrich), as per the manufacturer’s protocol. Briefly, THP-1
macrophages were cultured with or without the fatty acids
for 24 h in 96-well microtiter plates. Control wells
containing the medium alone were also included. After a
2-h incubation with MTT, formazan crystals were fully
dissolved in MTT solubilization solution, and absorbance
was measured at 570 nm. Absorbances were corrected for
background readings and were expressed as a percentage of
control to normalize data. EPA and DHA concentrations
(up to 100 pM) had no significant effect (P>.1) on cell
viability compared to vehicle control at 6, 12 or 24 h (data
not shown).

2.4. Enzyme-linked immunosorbent assay (ELISA)

To allow examination of the effects of EPA and DHA on
basal and LPS-stimulated cytokine production, fatty-acid-
treated macrophages were cultured in the absence or
presence of LPS for 24 h. At the end of culture,
supernatants were removed, centrifuged at 3000 rpm for
10 min and stored at —80°C until analysis. TNF-a, IL-1p
and IL-6 concentrations in cell culture supernatants were
quantified by commercial DuoSet ELISA kits (R&D
Systems Europe, Abdingdon, Oxon, UK), according to
the manufacturer’s instructions.

2.5. Cytokine mRNA analysis

Total RNA was extracted from macrophage monolayers
and reverse-transcribed as previously described [16]. Brief-
ly, RNA was extracted using TRI Reagent following the
protocol provided. Two micrograms of RNA was DNase-
treated and reverse-transcribed in a 25-ul reaction contain-
ing 1X reverse transcription buffer [50 mM Tris—HCI,
75 mM KCl, 3 mM MgCl, and 10 mM dithiothreitol (DTT)],
500 ng of random primers, 10 mM dNTP and 200 U of
Moloney Murine Leukemia Virus Reverse Transcriptase.
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Fig. 1. Effects of 100 uM EPA and DHA on (A) LPS-stimulated TNF-a
production and (B) LPS-stimulated IL-13 and IL-6 production. THP-1
macrophages were pretreated for 48 h with vehicle control (DMSO), 100 pM
EPA or 100 pM DHA and incubated with 1 pg/ml LPS for a further 24 h.
Cytokine concentrations in cell culture supernatants were detected by
ELISA. Results represent the mean+S.E.M. of five to six independent
experiments. *P <.05. TP <.001 relative to DMSO. “P <.05 relative to EPA.

mRNA expression was quantified by real-time polymerase
chain reaction (PCR) on an ABI 7700 Sequence Detection
System (Perkin-Elmer Applied Biosystems, Warrington,
UK). All reagents necessary for running a TagMan real-
time PCR assay were purchased from Perkin-Elmer Applied
Biosystems. TagMan real-time PCR was performed for
TNF-«, IL-1p and IL-6 using pre-developed assay reagent
kits. Each 25-ul reaction contained 20 ng of cDNA, 2X
TagMan Universal PCR Mastermix, forward and reverse
primers and TagMan probe. All reactions were performed in
duplicate using the following conditions: 50°C for 2 min
and 95°C for 10 min, followed by 40 cycles of 95°C for 15 s
and 60°C for 1 min. For each sample, results were
normalized by dividing the amount of target gene by the
amount of glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) and were expressed relative to vehicle control
treatment (DMSO).

2.6. Nuclear and cytoplasmic extract preparation

THP-1 macrophages cultured with and without fatty
acids were incubated in the absence or presence of 1 pg/ml

LPS for 1 h. Cell culture supernatants were then removed,
and cell monolayers were washed twice with ice-cold
HEPES-buffered HBSS. All buffers for extraction were
prepared immediately prior to use and kept ice-cold, and all
steps were carried out on ice [17]. Cells were lysed in Buffer
A [10 mM HEPES pH 7.9, 1.5 mM MgCl,, 10 mM KCl,
0.5 mM phenylmethylsulfonyl fluoride (PMSF) and 0.5 mM
DTT]. Following centrifugation at 10,000 rpm for 10 min at
4°C, the resulting pellet was resuspended in Buffer A
containing 0.1% vol/vol Nonidet P-40. The lysate was
incubated on ice for 10 min and centrifuged at 10,000 rpm
for 10 min at 4°C.

The resulting supernatant was removed and stored at
—80°C as cytoplasmic extract. To prepare nuclear extracts,
the pellet was resuspended in Buffer C (20 mM HEPES
pH 7.9, 1.5 mM MgCl,, 420 mM NaCl, 0.2 mM EDTA,
25% glycerol and 0.5 mM PMSF), incubated on ice for at
least 15 min with repeated vortexing and centrifuged at
10,000 rpm for 10 min at 4°C. To the supernatant, Buffer
D (10 mM HEPES pH 7.9, 50 mM KCIl, 0.2 mM EDTA,
20% glycerol, 0.5 mM DTT and 0.5 mM PMSF) was
added, and samples were mixed well. The concentration
of protein in nuclear and cytoplasmic samples was quan-
tified by Bradford assay (Bio-Rad Laboratories, Inc.,
California, USA).

2.7. Electrophoretic mobility shift assay (EMSA)

Nuclear extracts containing 4 pg of protein were
incubated for 30 min at room temperature with 10,000
cpm [**P]-labeled oligonucleotide probe (Perkin-Elmer Life
Sciences, Inc., Massachusetts, USA), 2 pg of poly dI-dC
(Amersham-Pharmacia, UK), 100 mM Tris pH 7.5, 500 mM
NaCl, 40% glycerol (wt/vol), 5 mM EDTA, 5 mM DTT and
1 mg/ml nuclease-free bovine serum albumin. The probes
used in EMSA contained the consensus-binding sequence
for NF-kB 5:AGT TGA GGG GAC TTT CCC AGG C-3]
which had been previously labeled with [*?P]JATP by T4
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Fig. 2. Effects of 100 uM EPA and DHA on TNF-q, IL-1p and IL-6 mRNA
levels in LPS-stimulated macrophage. THP-1 macrophages were pretreated
for 48 h with vehicle control (DMSO), 100 uM EPA or 100 uM DHA and
incubated with 1 pg/ml LPS for a further 24 h. mRNA expression was
analyzed by TagMan real-time PCR. mRNA levels of TNF-a, IL-1§ and
IL-6 were normalized to GAPDH and expressed relative to DMSO. Results
represent the mean+S.E.M. of five to six independent experiments.
#%p < 01. TP <.001 relative to DMSO. *P <.05 relative to EPA.



S.M. Weldon et al. / Journal of Nutritional Biochemistry 18 (2007) 250—258 253

6004 ODMSO@EPA MDHA

= w
(=2 =]
< <

TL-1B (pg/ml)
(%]
=

200+

100+

0 0.001 0.01 0.1
LPS dose (ug/ml)

Fig. 3. LPS-induced IL-1p secretion from THP-1 macrophages. Macro-
phages were pretreated for 48 h with vehicle control (DMSO), 25 pM EPA
or 25 pM DHA and stimulated with 0, 0.001, 0.01 and 0.1 pg/ml LPS for
24 h. IL-1p concentrations in cell culture supernatants were detected by
ELISA. Results represent the mean+S.E.M. of six independent experi-
ments. **P <.01. TP <.001 relative to DMSO. *P <.05 relative to EPA.

polynucleotide kinase (Promega). DNA—protein complexes
were resolved on nondenaturing 4% (vol/vol) polyacryl-
amide gels. The gels were dried and autoradiographed.
After developing, relative band intensities were quantified
using GeneSnap Acquisition and GeneTools Analysis
Software (GeneGenesis Gel Documentation Analysis Sys-
tem; Syngene).

2.8. Western blot analysis

Fifteen micrograms of nuclear extracts or 75 pg of
cytoplasmic protein extracts was precipitated in excess ice-
cold acetone and resuspended in sample buffer [62.5 mM
Tris—HCI pH 6.8, 10% vol/vol glycerol, 2% wt/vol sodium
dodecyl sulfate (SDS), 5% vol/vol p-mercaptoethanol and
0.05% wt/vol bromophenol blue] and denatured by boiling
at 100°C for 5 min. The proteins in the nuclear and
cytoplasmic extracts were separated by SDS polyacryl-
amide gel electrophoresis (PAGE) and transferred to a
0.45-pm Biotrace polyvinylidene fluoride transfer mem-
brane (Pall Corporation, Florida, USA). Cytoplasmic and
nuclear p65 and IkBa were detected following a 1:1000
dilution of primary antibody (Santa Cruz Biotechnology,
Santa Cruz, CA, USA). p65 blots were incubated in a
1:1000 dilution of secondary antibody, and IkBa blots
were incubated with secondary antibody at a 1:2000
dilution (polyclonal goat antimouse IgG-peroxidase-conju-
gated immunoglobulins; Sigma-Aldrich). Antigens were
detected by an enhanced chemiluminescence substrate
reaction (Supersignal West Pico Chemiluminescent Sub-
strate; Pierce, Illinois, USA). Quantification of protein
bands was performed using GeneSnap Acquisition and
GeneTools Analysis Software (GeneGenesis Gel Docu-
mentation Analysis System; Syngene).

2.9. Statistical analysis

Statistical analysis was performed with DataDesk 6.0
(Data Description, Inc., New York, USA). Multiple com-
parisons were performed by one-way analysis of variance
(ANOVA). Individual differences were subsequently tested
by Fisher’s least significance difference test after a
demonstration of significant intergroup differences by
ANOVA. In some cases, independent # tests were employed,
as indicated in the figure legends. A statistical probability of
P <.05 was considered statistically significant.

3. Results

3.1. Anti-inflammatory effect of DHA is greater than that
of EPA

The effects of EPA and DHA on LPS-stimulated TNF-«,
IL-1B and IL-6 production in THP-1 macrophages are
presented in Fig. 1A and B. EPA (P<.02), and most
especially DHA (P<.0001), significantly reduced LPS-
induced TNF-a, IL-1p and IL-6 production relative to
vehicle control cells. The inhibitory effect of DHA on LPS-
induced IL-1p and IL-6 production was significantly greater
than that of EPA (P<.002), but this was not the case for
TNF-a production.

Real-time PCR analysis confirmed that both EPA and
DHA reduced LPS-stimulated THP-1 cytokine mRNA
expression (Fig. 2). It is interesting to note that, for each
cytokine, the anti-inflammatory effect of DHA was signif-
icantly more potent than that of EPA (P<.01). In LPS-
stimulated macrophages, both EPA and DHA significantly
reduced TNF-a mRNA expression relative to control cells
(P<.0001). Only DHA significantly reduced IL-13 mRNA
expression relative to control cells (P <.003). Both EPA and
DHA significantly reduced IL-6 mRNA levels relative to
control cells (P<.0001).
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Fig. 4. Effects of 25 uM EPA and DHA on TNF-q, IL-1p and IL-6 mRNA
levels in LPS-stimulated macrophages. THP-1 macrophages were pre-
treated for 48 h with vehicle control (DMSO), 25 uM EPA or 25 ptM DHA
and incubated with or without 0.1 pg/ml LPS for a further 24 h. mRNA
expression was analyzed by TagMan real-time PCR. mRNA levels of
TNF-a, IL-1p and IL-6 were normalized to GAPDH and expressed relative
to DMSO. Results represent the mean+S.E.M. of four to six independent
experiments. ¥*P <.05 **P <.01 relative to DMSO.
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Fig. 5. EPA and DHA inhibit LPS-induced NF-«B/DNA binding activity.
THP-1 macrophages were pretreated for 48 h with vehicle control (DMSO),
100 pM EPA and 100 uM DHA and incubated with 1 pg/ml LPS for 1 h.
Nuclear extracts were prepared and analyzed by EMSA. (A) Relative band
intensity was quantified by densitometry, and data expressed relative to
vehicle control cells (DMSO; 100%) are presented as the mean+S.E.M. of
three to four independent experiments. (B) A representative EMSA.
*P<.05 relative to DMSO (independent ¢ test).

3.2. Dose—response effect of LPS induced cytokine
production in the presence of low doses of EPA and DHA

Given the apparent difference in the relative efficacy of
EPA and DHA at a relatively high dose (100 pM), we
assessed whether this effect was also visible at a lower n—3
PUFA concentration (25 uM). Furthermore, because LPS is
a critical factor that affects the nature of the cytokine
response in vitro, we determined the effects of n—3 PUFA
on pro-inflammatory cytokine production in response to a
range of LPS concentrations (0-0.1 pg/ml). Fig. 3 presents
the dose—response effect of LPS on IL-1p secretion in THP-
1 macrophages cultured in the presence of 25 uM EPA and
DHA. As anticipated, THP-1 macrophage IL-1p production

increased significantly in an LPS concentration-dependent
fashion (P<.0001). A similar LPS dose-response effect was
demonstrated for TNF-a and IL-6 (data not shown).
Interestingly, Fig. 3 also shows that 25 pM EPA, and most
especially DHA, significantly down-regulated THP-1 macro-
phage IL-1p production when stimulated with >0.01 pg/ml
LPS (P<.0001). The inhibitory effect of DHA on LPS-
induced IL-1p production was significantly greater than that
seen with EPA in THP-1 macrophages stimulated with both
0.01 and 0.1 pg/ml LPS (P<.01 and P<.04, respectively).
DHA also significantly reduced IL-6 secretion to a greater
extent than control and EPA-treated cells in response to 0.01
and 0.1 pg/ml LPS (P<.003 and P<.003, respectively) (data
not shown), but this was not the case for TNF-a.

In order to assess whether this effect also held true at the
transcriptional level, we examined the effects of 25 uM EPA
and DHA on LPS-stimulated THP-1 macrophage TNF-c,
IL-1P and IL-6 mRNA expression (Fig. 4). Although both
n—3 PUFA significantly reduced cytokine expression, it
was only in the case of IL-13 mRNA expression that DHA
appeared to be more efficacious than EPA (P<.05). TNF-a
and IL-6 mRNA levels were significantly reduced by both
EPA and DHA relative to control cells (P<.05 and P<.03);
however, at the lower dose, there was no apparent difference
in efficacy between n—3 PUFA.
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Fig. 6. The effects of EPA and DHA on nuclear and cytoplasmic p65 levels
in LPS-stimulated macrophages. THP-1 macrophages were treated for
48 h with vehicle control (DMSO), 100 uM EPA or 100 pM DHA.
Macrophages were then incubated for 1 h in the presence of 1 pg/ml LPS.
Nuclear and cytoplasmic extracts were prepared for SDS-PAGE and
immunoblotting for p65. (A) Representative blot. (B) Relative protein
levels were quantified by densitometry, and data expressed relative to the
amount of p65 in vehicle control cells (DMSO; 100%) are presented as the
mean+S.E.M. of four to five independent experiments. **P <.01 relative to
DMSO. ?P <.05 relative to EPA.
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3.3. DHA down-regulated components of the NF-xB
transcriptional system more than did EPA

Relative to vehicle control-treated cells, both DHA
(—14%) and EPA (—13%) significantly decreased
NF-kB/DNA binding in macrophages stimulated with LPS
for 1 h (P<.05) (Fig. 5). Nuclear translocation of NF-«B is
required for transcriptional activation; therefore, the effects
of EPA and DHA on nuclear and cytoplasmic p65 levels
were also examined in these cells (Fig. 6). In support of
previous findings, we found that nuclear p65 levels were
significantly reduced by DHA compared to both vehicle
control cells (P<.004) and EPA-treated cells (P<.003).
Macrophage cytoplasmic p65 expression was also reduced
more by DHA following LPS stimulation, but this change
did not reach statistical significance (P=.08). In contrast to
DHA, EPA had no significant effect on nuclear or
cytoplasmic p65 level. Fatty acids also had no significant
effect on the abundance of nuclear and cytoplasmic p65 in
resting THP-1 macrophages (data not shown).

Given that IkBa serves to inhibit NF-kB transcriptional
activity, we examined the individual effects of EPA and
DHA on nuclear and cytoplasmic IkBa levels in THP-1
macrophages stimulated with LPS for 1 h (Fig. 7). DHA
significantly increased cytoplasmic IkBa expression in
LPS-stimulated THP-1 macrophages compared to both
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Fig. 7. The effects of EPA and DHA on nuclear and cytoplasmic IkBa
levels in LPS-stimulated macrophages. THP-1 macrophages were treated
for 48 h with vehicle control (DMSO), 100 uM EPA or 100 pM DHA.
Macrophages were then incubated for 1 h in the presence of 1 pg/ml LPS.
Nuclear and cytoplasmic extracts were prepared for SDS-PAGE and
immunoblotting for IkBa. (A) Representative blot. (B) Relative protein
levels were quantified by densitometry, and data expressed relative to the
amount of IkBa in vehicle control cells (DMSO; 100%) are presented as
the mean+S.E.M. of two to five independent experiments. **P<.01
relative to DMSO. *P <.05 relative to EPA.

control (P<.01) and EPA-treated (P<.04) cells. Although
EPA induced a marginal increase in cytoplasmic IkBa levels
(35%) in LPS-stimulated THP-1 macrophages, this effect
was not statistically significant. Neither EPA nor DHA had a
significant effect on [kBa expression in resting macrophage
nuclear and cytoplasmic extracts (data not shown).

4. Discussion

This study demonstrates that DHA suppressed the
mRNA expression and production of several pro-inflamma-
tory cytokines, including TNF-«, IL-1p and IL-6, in LPS-
stimulated THP-1 monocyte-derived macrophages to a
greater extent than did EPA. Our findings also suggest that
DHA has greater effects on the protein levels of the
components of the NF-xB transcriptional system. Although
both LC n—3 PUFA were associated with reduced NF-xB/
DNA binding, DHA lowered nuclear p65 expression and
increased cytoplasmic IkBa expression to a significantly
greater extent in LPS-stimulated THP-1 macrophages.
These observations were based on relatively high n—3
PUFA doses (100 uM), which we extended to confirm that a
lower DHA concentration (25 pM) significantly reduced
THP-1 macrophage IL-1p and IL-6 secretion more effec-
tively than did EPA over a range of LPS concentrations. Our
findings concur and extend the findings of several human
studies, which reported that fish oil reduced TNF-a, IL-1p
and IL-6 production in LPS-stimulated mononuclear cells
[7,8,18,19]. It should be noted that some human studies
have shown no effect of fish oils on pro-inflammatory
cytokines [9,20-22]. Our findings suggest that apparent
discrepancies between human supplementation studies
could be ascribed to the differential effects of LC n—3
PUFA on markers of inflammatory response.

Studies of the effects of n—3 PUFA on cytokine
production in pure human macrophage populations are
limited. Our findings largely concur and extend the findings
of few in vitro macrophage studies that determined either
the combined or the individual effects of EPA and DHA.
Novak et al. [23] and Babcock et al. [24] demonstrated a
46% reduction in TNF-a production by LPS-stimulated
(1 pg/ml) murine RAW 264.7 macrophages that were
cultured for 4 h with Omegaven (a commercial lipid
emulsion containing 1.25-2.82 g of EPA and 1.44-3.09 ¢
of DHA per 100 ml), compared to control cells. Chu et al.
[25] reported significantly reduced TNF-a and IL-1pB
secretion from LPS-stimulated human THP-1 monocytes
pretreated for 72 h with 10 pM EPA and 10 uM DHA.
Similarly, Zhao et al. [12] reported significantly reduced
LPS-stimulated TNF-a production from human THP-1
monocytes pretreated for 24 h with both 60 pM EPA and
60 uM DHA. Similarly, in a recent publication, Zhao et al.
[26] also reported that 100 pM DHA significantly decreased
the production and expression of TNF-a, IL-1p and IL-6 in
LPS-stimulated (1 pg/ml) THP-1 monocytes. Lo et al. [10]
observed reduced TNF-a production by LPS-stimulated
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murine RAW macrophage treated with 114 uM EPA for
24 h. Mice fed a fish oil diet for 8 weeks showed a signi-
ficantly reduced plasma IL-6 response to the trichothecene
mycotoxin deoxynivalenol (DON) compared with mice fed
a control corn oil diet [27]. In addition, the authors demon-
strated that EPA and DHA reduced IL-6 production in LPS-
stimulated and DON-stimulated RAW macrophages [27].
Cytokines have a short half-life (their secretion depends
on new protein synthesis), and the elaboration of cytokine
response to inflammatory stimuli is ultimately regulated by
the transcription rates of cytokine genes [28]. We demon-
strated that both high (100 uM) and low (25 pM) EPA and
DHA concentrations markedly reduced LPS-stimulated
TNF-«, IL-13 and IL-6 mRNA expression, in accordance
with their effects on cytokine production. However, further
work is required to establish the optimal concentrations of
fatty acids that are of benefit in this pro-inflammatory
model, although it is possible that these concentrations will
vary between genes, proteins and other end points of
measurements. At the higher dose, DHA repressed cytokine
IL-1p and IL-6 mRNA expression more effectively than did
EPA. In the case of IL-1p, this apparent differential efficacy
was reproduced at the lower DHA concentration (25 pM).
The reduction of TNF-a mRNA by the LC n—3 PUFA
corresponds with the findings of Lo et al. [10] and Novak
et al. [23], who observed a reduction in TNF-a mRNA in
LPS-stimulated murine RAW macrophages treated with
114 uM EPA and with a fish-oil-based lipid emulsion
Omegaven, respectively. NF-kB plays key roles in regulat-
ing cytokine gene transcription. The most abundant form of
NF-«B is the p65/p50 heterodimer, in which the p65 subunit
contains the transcriptional activation domain. In resting
cells, NF-kB is sequestered in the cytoplasm in an inactive
state bound to IkBa [13]. Activation by LPS requires
sequential phosphorylation of IkBa, ubiquitination and
degradation by the proteasome, followed by translocation
of NF-kB to the nucleus [13]. Both EPA and DHA
decreased NF-«B/DNA binding in THP-1 macrophage
nuclear extracts. However, Western blot analysis suggested
that DHA had greater effects on the components of the NF-
kB transcriptional complex. In LPS-stimulated macro-
phages, DHA decreased nuclear p65 expression and
increased cytoplasmic IkBa levels. Overall, in conjunction
with cytokine data, our findings suggest that DHA may be a
more potent anti-inflammatory LC n—3 PUFA than EPA.
Our findings agree with a limited number of studies,
which suggest that »—3 PUFA down-regulate NF-<B
activity, both in animal and other cell models. Xi et al.
[29] found that mice fed fish oil had reduced NF-«B activity
in LPS-stimulated spleen cells. In addition, Novak et al. [23]
reported reduced LPS-stimulated NF-«xB activity and 1B
phosphorylation in murine RAW macrophages treated with
n—3 PUFA lipid emulsion. In contrast, Lo et al. [10]
demonstrated reduced p65/p50 expression in RAW macro-
phages incubated in EPA-rich media. In addition, EPA
reduced LPS-induced NF-kB activation in human THP-1

monocytes [12]. The DHA-specific effects reported in our
study agree with Komatsu et al. [11], who reported that
DHA (60 pM) inhibited NF-kB activity in RAW macro-
phages stimulated with interferon-y and LPS.

Overall, our findings indicate that the inverse relation-
ship between LC n—3 PUFA and inflammation may at
least be due partly to the greater ability of DHA to
modulate macrophage cytokine secretion. The effects of
DHA on LPS-induced responses were, in general, more
potent than those for EPA. It is therefore possible that EPA
and DHA have divergent mechanisms of action. Few
comparisons between EPA and DHA have been previously
made in vitro. Chu et al. [25] observed no difference
between EPA and DHA on THP-1 monocyte TNF-a and
IL-1p production. Similarly, there was no apparent
difference between the effects of EPA and DHA on IL-6
production in murine macrophages [27]. In contrast,
Khalfoun et al. [30] reported a more potent reduction in
IL-6 by stimulated lymphocytes with EPA, compared to
reduction in IL-6 by stimulated lymphocytes with DHA.
Thus, our results are the first to demonstrate a more potent
reduction in stimulated macrophage production of cyto-
kines by DHA than by EPA in vitro.

The reasons why the anti-inflammatory effects of DHA
are more potent than those of EPA are unclear, but
differences between the activities of EPA and DHA may
account for such observed effect. For example, EPA can
compete with arachidonic acid (AA), act as a substrate for
cyclooxygenase and lipoxygenase enzymes and be con-
verted to eicosanoids, while DHA cannot. Consequently,
changes in levels of pro-inflammatory and anti-inflamma-
tory eicosanoids may be involved. Lokesh et al. [31]
reported that DHA-enriched murine peritoneal macrophages
produced less of the pro-inflammatory eicosanoid leukotri-
ene B, than EPA-enriched cells; however, cytokine produc-
tion was not measured. Although their action in
antagonizing AA metabolism and subsequent eicosanoid
and prostaglandin production is a key anti-inflammatory
action of n—3 PUFA, current evidence suggests that the
effects of LC n—3 PUFA on pro-inflammatory cytokine
production might occur downstream of altered eicosanoid
synthesis or may indeed be independent of this activity.
There is now a vast amount of evidence, including the
findings presented here, to suggest that some of the anti-
inflammatory effects of LC n—3 PUFA may be exerted at
the level of altered gene expression via direct or indirect
actions on intracellular signaling pathways, which lead to
the activation of transcription factors such as NF-xB.
However, further work is required to delineate these actions.

Although NF-kB appears to play a role in the apparent
anti-inflammatory effect ascribed particularly to DHA, the
role of other transcription factors such as AP-1 must also be
considered. LC n—3 PUFA have been shown to reduce the
activation of mitogen-activated protein kinase cascade and
AP-1 activity in murine RAW macrophages [27,32,33]. In
addition, factors that determine posttranscriptional mRNA
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processing and stability, translation and posttranslational
modifications require further investigation. It is also
possible that the fatty acids may alter the cellular redox
status, which could in turn affect NF-«B activity, the full
nature of which needs further investigation. In a study by
Komatsu et al. [11], DHA was a more potent inhibitor of
NF-kB-mediated nitric oxide compared to EPA, and DHA
was shown to reduce oxidative stress and to increase levels
of the antioxidant glutathione (GSH). Therefore, DHA may
inhibit NF-kB activation by triggering antioxidant systems
such as GSH. Chu et al. [25] suggested that n—3 PUFA are
able to block LPS transmembrane signaling that mediates a
variety of significant antagonisms against LPS action,
including decreased TNF-a and IL-1P production. Thus,
there are many aspects of the potential anti-inflammatory
effects of EPA and DHA metabolism that remain unclear.
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