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Abstract

Docosahexaenoic acid (DHA) is generally reported to have anti-inflammatory properties,
however, prior work has documented differential effects on individual pro-inflammatory
cytokines: reduced IL-6, but not TNFa, mRNA expression in macrophages. To elucidate the
mechanism, the roles of prostaglandin E, (PGEy), cyclic AMP response element-binding protein
(CREB), and NFxB were examined in RAW 264.7 macrophages. DHA did not influence CREB
activity, but significantly reduced PGE, production by 41% and NFxB activity by 32%.
Exogenous PGE; inhibited TNFa mRNA expression dose dependently. Unexpectedly, inhibiting
PGE; production with NS-398 also decreased TNFa mRNA expression, suggesting a
concentration-dependent dual role of PGE, in regulating TNFa expression. IL-6 expression was
unaffected by endogenous or exogenous PGE,. Partial block of NF«xB activation (SN50; 46%, or,
BAY-11-7082; 41%) lowered IL-6 to a greater extent than TNFa mRNA expression. The
differential effect of DHA on TNFa and IL-6 mRNA expression may be mediated via reduction in
NF«B activity.
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1. Introduction

Docosahexaenoic acid (DHA) is a very long-chain omega-3 fatty acid found in high
concentrations in marine animals and algae. In contrast to saturated fatty acids, DHA down-
regulates toll-like receptor 4 (TLR4)-mediated production of pro-inflammatory cytokines.
These effects are suggested to be primarily mediated by inhibition of nuclear factor «B
(NFxB) activation as evidenced by decreased IxB phosphorylation and reduced nuclear
levels of NFxB p65-p50 dimers [1]. However, DHA has been shown to reduce individual
pro-inflammatory cytokines by varying degrees, and the anti-inflammatory mechanisms that
underlie specific effects on individual pro-inflammatory cytokines remain unknown. We
previously reported that DHA supplementation in cultured RAW 264.7 cells decreased
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interleukin 6 (IL-6) secretion to a greater extent than tumor necrosis factor a (TNFa)
secretion [2]. TNFa and IL-6 influence the development of atherosclerotic plaque by
promoting immune cell recruitment, macrophage foam cell formation, and destabilization of
mature plaque [3-8]. Despite the importance of TNFa and IL-6 in atherosclerosis lesion
progression, the differential effect of DHA on production of these cytokines in
macrophages, as well as the regulatory mechanisms, has not been established. Although
NFkB is a central regulator of TNFa and IL-6 production, other regulatory molecules that
are up-regulated in TLR4-activated macrophages, including prostaglandin (PG) E, and the
transcription factor cAMP response element-binding protein (CREB), may have a gene-
specific regulatory effect on the production of these cytokines.

PGE; is perhaps the most prominent pro-inflammatory lipid mediator. PGE, promotes
inflammation and causes redness, swelling and pain in affected tissues [9]. Its synthesis has
long been a pharmaceutical target for controlling inflammation. Among the diverse
functions of PGE; is the regulation of cytokine production in macrophages, which occurs in
an autocrine-/paracrine-like manner [10,11]. Activation of TLR4 by lipopolysaccharide
(LPS) increases PGE, production in macrophages by inducing a series of steps including the
release of arachidonic acid (AA) from membrane phospholipids, increasing the activity of
cyclooxygenase 2 (COX2), the rate limiting enzyme in the conversion of AA into the
intermediate product PGH,, and subsequent conversion to PGE, by action of PGE synthase
[12]. Through engagement of E prostanoid receptor 2 and/or 4 (EP2/EP4) expressed on the
surface of macrophages, PGE; decreases TNFa production and increases I1L-6 production
[13-17]. These effects are mediated through activation of the cAMP/protein kinase A (PKA)
system [18,19].

Interestingly, studies in THP-1 and RAW 264.7 cells have suggested that triggering
cAMP/PKA may be independently associated with inhibition of NFkB-mediated
transcription of specific genes, including TNFa [20-22]. Transcription factor CREB, which
can be phosphorylated and activated by PKA, may mediate the suppression and
enhancement of TNFa and IL-6 mRNA expression, respectively, through cAMP/PKA
activation [23]. Activated CREB inhibits transcription of select NFxB genes by binding to
the cAMP-responsive element (CRE) in the promoter region and limiting the interaction
between NFxB and the transcriptional co-activator, CREB-binding protein (CBP) [24,25].
However, CREB has been shown to enhance the transcription of some NF«B target genes
including 1L-6, which may occur through cooperative recruitment of CBP with NFkB,
facilitated by the proximity of their binding sites [26]. CREB is phosphorylated by PKA.
Hence, the effect of PGE, on TNFa and IL-6 gene transcription may be mediated through
the cCAMP/PKA/CREB pathway [27-29].

The ability of DHA to reduce PGE» production has been reported in a variety of cell types
including LPS-stimulated RAW 264.7 cells [30-32]. Using this model, the aim of the
present study was to determine the effect of DHA on PGE, production and CREB and
NF«B activities, and the role of PGE; and NF«xB in DHA-induced change in TNFa and IL-6
gene expression. We hypothesized that reduced PGE; production by DHA may decrease the
repressive effects of PGE, on TNFa gene expression and thus diminish the inhibitory effect
of DHA on TNFa but not IL-6 production. However, our results suggest that PGE; is not a
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significant regulator of TNFa and IL-6 gene expression in this cell system. Instead, the
effect of DHA could be mediated by a reduction in NFkB activation, which was found to
have a greater influence on IL-6 gene expression compared to TNFa gene expression.

2. Materials and methods

2.1. Cell culture

RAW 264.7 cells, a murine macrophage-like cell line (ATCC, Manassas, VA), were
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM; Invitrogen, Grand Island, NY)
supplemented with 10% fetal bovine serum (FBS; Sigma-Aldrich, St. Louis, MO), 100
U/mL penicillin and 100 pg/mL streptomycin (MP Biomedicals, LLC, Santa Anna, CA) at
37 °C in a 5% CO», humidified incubator.

2.2. Fatty acid pretreatment and LPS stimulation

DHA sodium salts (Sigma-Aldrich, >95% purity) and MA sodium salts (Nu-Check Prep,
Inc., Elysian, MN, >99% purity) were combined with fatty acid-free, low endotoxin bovine
serum albumin (BSA,; Sigma-Aldrich) at a 2:1 M ratio. Cells were pretreated with 100 uM
DHA for 24 h. BSA without fatty acid was used as a control. Following the 24-h
pretreatment, cells were stimulated with 100 ng/mL of ultra-pure LPS (Invivogen, San
Diego, CA) from E. coli 0111:B4 strain for 3, 6, or 24 h in the presence of DHA, MA or
BSA. Cell viability was determined by trypan blue exclusion. Cells were harvested and
cellular protein concentration was measured by the bicinchoninic acid (BCA) method
(Pierce Inc., Rockford, IL).

2.3. TNFa and IL-6 gene transcription

RNA was isolated from RAW 264.7 cells using an RNeasy mini kit (Qiagen, Valencia, CA).
cDNA was synthesized from RNA using a Reverse Transcription System (Promega,
Madison, WI) according to the manufacturer’s instructions. Real Time PCR was performed
using SYBR green and Quantitect primer assays (Qiagen, Valencia, CA) for mouse TNFa
(QT00104006), IL-6 (QT00098875), beta (B) actin (QT01136772) and glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) (QT01658692) on a real-time PCR 7300 (Applied
Biosystems, Foster City, CA). Relative quantification (AACt) was used to assess expression
of target genes, using p-actin or GAPDH as an endogenous control.

2.4. Enzyme-linked immunosorbent assays (ELISA)

Commercially available ELISA kits were used to determine CREB phosphorylated at S133
in cell lysates (R&D Systems, Minneapolis, MN), and PGE, concentration in the culture
supernatants (Cayman Chemical Company, Ann Arbor, MI).

2.5. Exogenous PGE; treatment

PGE; (Cayman Chemicals, Ann Arbor, MI) dissolved in dimethyl sulfoxide (DMSO,
Sigma-Aldrich, St. Louis, MO) was added to the culture media to achieve a final
concentration of 2, 10, 50, 100 or 1000 nM. RAW 264.7 cells were pre-incubated in this
PGE; supplemented culture media for 45 min. Cells were then stimulated with ultra-pure
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LPS (100 ng/mL) for an additional 3 h. TNFa and IL-6 gene transcription were determined
as described above.

2.6. Inhibition of NFxB and COX2

To inhibit nuclear translocation of the NF«xB subunit p50, RAW 264.7 cells were pre-treated
with a p50 inhibitor peptide, SN50, (Imgenex, San Diego, CA) dissolved in phosphate
buffered saline (PBS) for 15 min. The concentration of SN50 in the culture media was 0, 40,
80, or 120 uM. Thereafter, cells were stimulated with ultra-pure LPS (100 ng/mL) for an
additional 3 h.

RAW 264.7 cells were pretreated for 16 h with 10 uM of BAY-11-7082 (BAY) or 10 uM
NS-398 (Cayman Chemicals, Ann Arbor, MI) dissolved in DMSO to inhibit NFxB and
COX2, respectively, and then stimulated with ultra-pure LPS (100 ng/mL) for 3 or 6 h. The
final concentration of DMSO in the medium of control groups matched that of treatment
groups and did not exceed 0.05%. TNFa and IL-6 gene transcription and PGE2 secretion
were determined as described above.

2.7. Western blotting for nuclear NFxB p50 and p65 proteins

RAW 264.7 cells were pretreated with BSA (fatty acid vehicle) for 24 h, and then treated
with SN50 dissolved in PBS for 15 min at 37 °C at 10 and 100 uM. Immediately thereafter
cells were stimulated with ultra-pure LPS (100 ng/mL) for 30 min. Nuclear protein was
extracted using NE-PER® nuclear extraction reagents (Thermo Scientific, Rockford, IL).
The extract (10 ug protein) was used to separate individual proteins through a 4-20%
Criterion® Tris—-HCI SDS-PAGE gradient gel (Bio-Rad, Hercules, CA) and transferred to a
nitrocellulous membrane (Bio-Rad, Hercules, CA). After blocking, the membrane was
incubated with primary antibodies for NFxB p50 (cat# ab32360, Abcam, Cambridge, MA),
p65 (cat# 8242, Cell Signaling, Danvers, MA), and Histone 3 (H3, cat#9715, Cell Signaling,
Danvers) or TATA binding protein (TBP; cat# ab818, Abcam, Cambridge, MA), a nuclear
loading control, followed by peroxidase-conjugated detection antibody (cat# sc-2005 and
sc-2030, Santa Cruz Biotechnology, Inc., Dallas, TX). Signals were visualized by
chemiluminescence (Amersham Biosciences, Piscataway, NJ) and quantified using a
GS-800 calibrated densitometer (Bio-Rad, Hercules, CA).

2.8. NFxB-DNA binding assay

The nuclear extracts prepared as described above were used to determine NFxB p50 binding
to target DNA using a TransAM NFxB ELISA kit (Active Motif, Carlsbad, CA) according
to the manufacturer’s protocol.

2.9. Statistical analysis

The significance of the differences in the mean values among three or more treatment
groups from three independent experiments, each done in triplicate unless otherwise noted,
was determined by one-way analysis of variance (ANOVA) followed by Tukey’s test for
multiple comparisons. Two-way ANOVA followed by Sidak’s test for multiple comparisons
was used when in addition to treatment, another factor such as time or the presence of ultra-
pure LPS was considered. The repeated measures method was included in the analysis when
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the “concentration” or “fold-change” values were used in the analysis instead of “percent of
control” value to account for the variation in control values among repeated experiments.
Student’s t-test was used when one treatment was compared to a control. The statistical
software GraphPad Prism version 6.03 for Windows, GraphPad Software, La Jolla
California USA, www.graphpad.comGraphPadPrism6 (La Jolla, CA), was used for
statistical calculations. Significance was set at P<0.05.

3.1. Effect of DHA on TNFa and IL-6 gene expression

We previously reported a significant and robust increase in TNFa and IL-6 secretion after
incubating cells with 100 uM ultra-pure LPS (1-24 h), which was decreased when cells were
pretreated with 100 pM EPA or DHA but not MA for 24 h, significantly enhancing the
proportion of the respective fatty acids in cell membranes [2]. An assessment of cell
viability indicated no significant effect of exposure of the cells to LPS or fatty acid bound to
albumin at the concentrations used. Interestingly, EPA and DHA caused a greater reduction
in LPS-induced IL-6 secretion compared with TNFa secretion [33]. The effect of EPA and
DHA was observed during both the early (6 h) and late (24 h) phases of protein induction. In
the current work, we investigated the differential effect of DHA on TNFa and IL-6
secretion. The effects of EPA were difficult to attribute to cellular membrane incorporation
since a significant proportion was metabolized to DPA, therefore it was not further
examined. We measured the mRNA levels of TNFa and IL-6 in unstimulated macrophages
and in macrophages stimulated for 3, 6 or 24 h with ultra-pure LPS. The 3 and 6 h time
points were chosen to capture the initial effects of DHA on gene induction, and to account
for the difference in TNF and IL-6 mRNA induction patterns noticeable between 3 h and 6 h
of stimulation found in preliminary work. After an initial induction, TNFa mRNA levels
declined from 3 h to 6 h, while IL-6 mRNA levels continued to increase from 3 hto 6 h
(data not shown). The 24 h time point was included to account for the delayed effect of
DHA on TNFa secretion. Stimulation with ultra-pure LPS significantly upregulated the
expression of both TNFa and IL-6 mRNA (data not shown). Pretreatment with DHA
reduced baseline (unstimulated) IL-6 mMRNA levels by 77% (significant only when MA is
not included in the analysis, P<0.0001) and reduced LPS-induced IL-6 mRNA levels by
44% (P<0.001) in cells stimulated for 3 or 6 h compared to control cells (Fig. 1B). The
effect of DHA compared to control was not significant after 24 h of LPS stimulation. In
contrast, DHA pre-treatment did not significantly alter TNFa mRNA levels in unstimulated
or stimulated cells (Fig. 1A). Treatment with MA significantly increased the expression of
TNFa mRNA and IL-6 in non-stimulated cells and significantly increased the expression of
IL-6 mRNA in cells stimulated for 3 and 24 h.

3.2. Effect of DHA on PGE; production and CREB activity

We next investigated whether DHA-induced changes in PGE2 production or CREB activity
would account for the lack of effect of DHA on TNFa mRNA expression. In unstimulated
RAW 264.7 cells PGE, levels in the culture medium were below the detection limit. PGE,
concentrations reached approximately 3000 pg/mL after stimulation with ultra-pure LPS for
6 h and DHA pretreatment reduced PGE> levels by 41% (P<0.05), while MA pretreatment
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had no effect (Fig. 2A). In response to ultra-pure LPS, P-CREB levels increased by
approximately 3.5 fold after 30 min (Fig. 2B), which was consistent with previous reports
[34,35]. Pretreatment of the cells with DHA compared with BSA or MA did not reduce
basal or stimulated P-CREB levels (Fig. 2B). Based on these data we ruled out a possible
role of CREB in mediating the effect of DHA on TNFa and IL-6 gene transcription.

3.3. Differential effect of PGE, on TNFa and IL-6 gene transcription

Since DHA reduced PGE, production in stimulated cells, we next determined whether PGE,
played a role in altering TNFa and I1L-6 gene expression. Cells were pre-incubated with
exogenous PGE, over a wide concentration range: 0, 2, 10, 50, 100 and 1000 nM (10
nM=3525 pg/mL) and then stimulated with ultra-pure LPS. PGE, suppressed TNFa mRNA
expression at concentrations of 50 nM and higher (all P<0.05, Fig. 3A). The suppression
was dose-dependent (P<0.01 for linear trend). PGE, had no significant effect on IL-6
mRNA expression (Fig. 3B).

To confirm these findings we inhibited PGE, production in RAW 264.7 cells using NS-398,
a specific COX2 inhibitor. NS-398 reduced PGE, secretion by 98% (Fig. 4A). TNFa and
IL-6 gene expression was measured in the NS-398-treated cells 3 and 6 h post-stimulation,
corresponding to the times when PGE5 concentration in culture supernatants was low (below
detection) and high (>3000 pg/mL), respectively. Contrary to our hypothesis, TNFa mRNA
expression decreased (21%, P<0.05) rather than increased in cells stimulated for 3 h (Fig.
4B). This effect was no longer present 6 h post-stimulation (Fig. 4B). NS-398 had no
significant effect on IL-6 mRNA expression at either time point (Fig. 4C). Based on these
data, endogenous PGE; levels do not appear to inhibit TNFa gene expression in LPS-
stimulated RAW 264.7 cells. Therefore, it is an unlikely mechanism for the differential
effect of DHA on TNFa and IL-6 mRNA expression.

3.4. Differential influence of NFxB on TNFa and IL-6 gene expression

Since changes in PGE, and P-CREB levels did not influence the differential effect of DHA
on TNFa and IL-6 mRNA levels, we next evaluated the influence of NFkB activity on
TNFa and IL-6 gene expression. As expected, NFxB activation was induced after exposure
to ultra-pure LPS as indicated by an increase in nuclear levels of p65 protein (Fig. 5A).
DHA reduced NFxB-DNA binding activity by 32% compared to the control treated cells
(P<0.05) (Fig. 5B).

To assess the relationship between NFxB activity and TNFa or IL-6 gene expression, we
blocked NF«B activation using two NFkB inhibitors. First, we pre-incubated cells with
SN50, a p50-specific inhibitor that prevents the nuclear translocation of p50 subunit by
acting as a p50 decoy. Pretreatment of ultra-pure LPS stimulated RAW 264.7 cells with 100
UM SN50 reduced nuclear p50 and p65 protein by 46% and 64%, respectively (Fig. 6A).
However, while SN50 treatment decreased 1L-6 mRNA expression in a dose-dependent
manner, it had no significant effect on TNFa mRNA expression (Fig. 6B). These data
suggest a greater dependence on NF«kB activity by IL-6 than TNFa gene expression.
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We further confirmed these effects using a second NFxB inhibitor, BAY-11-7082 (BAY).
BAY inhibits the phosphorylation of 1B, resulting in decreased I1xB degradation which in
turn reduces the release of the NFxB p50-p65 heterodimer and its subsequent translocation
into the nuclei [36]. Pretreatment of RAW 264.7 cells with 10 pM BAY reduced NFxB
activity by 41% (Fig. 7A) in cells stimulated for 3 h with ultra-pure LPS. BAY was toxic to
cells at 50 pM as assessed by the detachment of cells from the culture plate (data not
shown). 10 uM BAY had no significant effect on PGE, secretion (Fig. 7B). Pretreatment
with BAY significantly reduced TNFa and IL-6 mRNA (62% vs. 32%, respectively) (Fig.
7C and D) measured after 3 h of stimulation. However, 6 h post-stimulation of RAW 264/7
cells with ultra-pure LPS, 10 uM BAY only reduced IL-6 (P<0.05), but not TNFa mRNA
expression, similar to the effect of SN50.

4. Discussion and conclusions

Consistent with our prior work documenting a greater reduction in IL-6 than TNFa secretion
by DHA-treated RAW 264.7 cells stimulated with ultra-pure LPS [33], in the present
experiment, we observed a significant reduction in mRNA expression of IL-6, but not
TNFa, in both unstimulated and stimulated cells. These results are consistent with two prior
studies using human THP-1 macrophages. The first reported a significant reduction in IL-6
but not TNFa mRNA expression after treatment with 100 uM DHA for 2 h followed by
stimulation with LPS for 24 h [37]. The second documented that pre-treatment with DHA
for a longer period, 48 h followed by 6 h of LPS stimulation, also reduced IL-6 but not
TNFa mRNA expression [38]. Some studies have reported a down-regulated secretion or
mMRNA expression of both TNFa and IL-6 in THP-1 cells [39,40] or RAW 264.7 cells [41]
using a wide range of treatment and stimulation conditions. The inconsistency between our
findings and those reported previously may, at least in part, be related to the differences in
the purity of LPS. Standard LPS (in contrast to ultra-pure) may contain lipoproteins capable
of stimulating TLR2 signaling pathways at the high concentrations used in the
aforementioned studies [42]. DHA has been shown to inhibit TLR2 activity and TNFa
production induced by a TLR2 agonist [43]. The duration and dose of DHA and LPS
treatments may have also affected the relative potency in inhibiting TNFa vs. IL-6
production.

Since the goal of the current study was to determine the effect of enhancing the proportion
of DHA in cell membranes, we chose a relatively high concentration of DHA and LPS so as
to maximize DHA incorporation into cell membranes and cytokine production while
maintaining cell viability. However, since we did not examine the dose response of DHA
and LPS treatments, we cannot eliminate the possibility that the observed effects of DHA
are specific to the cell culture conditions used. Still, the large anti-inflammatory effect of
DHA in unstimulated cells suggests that DHA is equally effective in reducing low-level,
chronic inflammation. Nevertheless, there is limited data with which to assess the biological
implications of our findings. A review of twenty-four studies published between 1991 and
2006 that examined the effect of EPA and DHA supplementation in healthy humans on the
secretion of cytokines from LPS-stimulated isolated peripheral blood monocytes (PBMCs)
concluded a minority of studies reported a reduction in TNFa and/or 1L-6 [44]. Not
addressed was whether the influence of EPA and DHA on TNFa and IL-6 differed.
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Regarding the majority of studies that reported negative findings, the review found no clear
reason for the inconsistency in the data. More recent studies investigating the effect of EPA
and DHA supplementation on the circulating levels of TNFa and IL-6 in plasma have
likewise reported inconsistent findings, independent of subjects’ health statuses [45-49].

In terms of underlying mechanism(s) for our observations, we initially evaluated the
influence of DHA on PGE; production and CREB activity as they have each been shown to
influence the transcription of NFxB target genes. Consistent with previous reports [30-32],
DHA reduced PGE; production in ultra-pure stimulated RAW 264.7 cells. However, we
found that both pre-incubating cells with exogenous PGE; or blocking production with a
COX2 inhibitor, reduced TNFa mRNA expression. Thus, the possibility cannot be ruled out
that the nature of PGE,’s effect on TNFa is concentration dependent. It has been previously
demonstrated in primary mice macrophages that low PGE; concentrations (0.1-10 ng/mL)
stimulated, whereas high concentrations (>10 ng/mL) suppressed, TNFa release [50]. In the
current study, the lowest concentration of exogenous PGE; that significantly suppressed
TNFa mRNA expression was 50 nM (17.6 ng/mL), which is several-fold greater than the
average endogenous PGE, concentration in the media (3.1 ng/mL) after 6 h of stimulation.
Taken together, between 0 and 6 h after stimulation with ultra-pure LPS PGE, production
levels may have been insufficient to down-regulate TNFa in our cell system. A COX2
inhibitor, NS-398, was used to block de novo synthesis of PGE,. However, we cannot rule
out the possibility that the effects observed may have been secondary to an effect of COX2
inhibition on the production of other prostaglandins and of lipoxygenase products such as
leukotrienes [51].

In contrast to the large body of evidence supporting the role of CREB in regulating the
transcription of NFkB-target genes including TNFa and IL-6, little is known about the
effect of DHA on CREB activity [52]. In the only study identified to date, peritoneal
macrophages isolated from DHA-fed mice had attenuated CREB activity and IL-6
expression in response to ex vivo treatment with deoxynivalenol (a fungus-derived
mycotoxin found in wheat, barley, corn, rice and oats [53]); however, in vitro treatment of
peritoneal macrophages with DHA did not affect deoxynivalenol-induced CREB activity
[54]. Consistent with the latter findings, we observed no significant effect on ultra-pure
LPS-induced P-CREB in RAW 264.7 cells pretreated with DHA compared to control treated
cells. Of note, it has been reported that LPS-induced P-CREB in the absence of a cAMP
inducer is transcriptionally inactive and is not necessary for LPS-induced TNFa production
in RAW 264.7 cells [34]. Considering the available data we did not further investigate the
role of CREB on TNFa and IL-6 expression.

The influence of NFxB was next assessed. DHA reduced NF«B activity by 32% in our cell
system. This reduction was within the range previously reported [19,38,39,55]. Interestingly,
we found that a greater inhibition of NF«B activity induced by SN50 or BAY also resulted
in a significant reduction in IL-6 and a smaller or no reduction in TNFa, a pattern similar to
the effect of DHA. BAY but not SN50 significantly reduced TNFa in cells stimulated for 3
h but not 6 h. The reason for this discrepancy may be related to different mechanisms of
NF«B pathway inhibition and/or the level of the signaling pathway targeted by each
inhibitor (BAY targets 1xB phosphorylation while SN50 targets P50 nuclear transport). In
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addition to inhibiting NFxB activation, BAY has been reported to inhibit the activation of
multiple kinases that activate nuclear transcription factors such as AP-1, which up-regulates
TNFa and IL-6 transcription [56-59]. Similarly, SN50 has been reported to inhibit nuclear
translocation of AP-1 and other transcription factors.

Our results support the hypothesis that IL-6 gene expression is more susceptible to reduced
NFkB activity than TNFa gene expression. Differences in the transcriptional regulation of
TNFa and IL-6 at the promoter region, which is also manifested by differences in induction
timing, may underlie the difference in the level of dependence on NFkB activity. TNFa is
induced early due to a “constitutively and immediately accessible” promoter region, while
IL-6 induction occurs later as it depends on stimulus-induced chromatin remodeling [60,61],
and the expression of early NFxB gene products that facilitate promoter activation [62—64].
These additional transcriptional requirements may make IL-6 gene transcription more
susceptible to the inhibitory effects of DHA through reduced NF«B activity.

In summary, the results of this work demonstrate differential effects of DHA on TNFa and
IL-6 gene expression in LPS-stimulated RAW 264.7 cells, an effect which may be mediated
by a partial inhibition of the NF«B signaling pathway. These data expand observations from
previous studies demonstrating that the anti-inflammatory effect of DHA is not a universal
down-regulator of all pro-inflammatory cytokines, but of specific inflammatory cytokines
and by differing degrees. The potential importance of our findings can be broadened to other
areas which target inflammation or specific pro-inflammatory cytokines.
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Fig. 1.

Effect of fatty acid on TNFa (A) and IL-6 (B) gene expression. RAW 264.7 cells were
pretreated with DHA or MA (100 pM, 24 h) then stimulated with ultra-pure LPS (100
ng/mL) in the presence of treatment fatty acid for the times indicated. Bars without common
letters within the same time group statistically differ at P<0.05 determined by one-way
ANOVA, adjusted with Tukey’s post-hoc test for multiple comparisons. Values are mean
+SD of three independent experiments.

Prostaglandins Leukot Essent Fatty Acids. Author manuscript; available in PMC 2015 September 08.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Honda et al.

Page 14

A

4000 - a
a
3000 =
B I b
E
2 I
= 2000 -
=
@)
[~ 9
1000 -
0 | 1
BSA MA DHA
15000 -

a X a Bl BsA
= T T MA
[<P] p—

S 10000 - fed DHA
(=%
on
£
&
- ab
= 5000 - a
5 T ac
=W ——
0 | 1
-LPS +LPS
Fig. 2.

Effect of fatty acid on PGE; secretion and CREB activity in RAW 264.7 cells. (A) Cells
were pretreated with MA or DHA (100 uM, 24 h) and then stimulated with ultra-pure LPS
(100 ng/mL, 6 h). PGE, concentration in culture supernatant was determined by ELISA.
Values are mean£SD of three independent experiments. Bars without common letters
statistically differ at P<0.05 determined by one-way ANOVA adjusted with Tukey’s post-
hoc test for multiple comparisons. (B) Cells were pretreated with MA or DHA (100 uM, 24
h) and then stimulated with ultra-pure LPS (100 ng/mL, 30 min). P-CREB concentration in
whole cell lysates was determined by ELISA. Values are meanSD of four independent
experiments. Bars without common letters within each group statistically differ at P<0.05
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determined by two-way repeated measures ANOVA adjusted with Sidak’s post-hoc test for
multiple comparisons.
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Fig. 3.
Effect of exogenous PGE; on (A) TNFa and (B) IL-6 gene expression. RAW 264.7 cells

were incubated with exogenous PGE; at the concentrations indicated for 45 min, and then

stimulated with ultra-pure LPS (100 ng/mL, 3 h). Bars without common letters statistically
differ at P<0.05 determined by one-way ANOVA, adjusted with Tukey’s post-hoc test for

multiple comparisons. Values are mean+SD of four independent experiments.
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NS

Effect of NS-398 on (A) PGE; secretion, (B) TNFa, and (C) IL-6 gene expression. RAW
264.7 cells were pretreated with NS-398 (10 uM, 18 h) and then stimulated with ultra-pure
LPS (100 ng/mL). (A) PGE; in culture supernatant was determined by ELISA after 6 h of
ultra-pure LPS stimulation. **P <0.01 vs. control determined by unpaired Student t test. (B)
TNFa and (C) IL-6 gene expression were determined after 3 or 6 h of ultra-pure LPS
stimulation. Values are meanSD of three independent experiments. *P<0.05 determined by
two-way repeated measures ANOVA adjusted by Sidak’s test for multiple comparisons.

Values are mean+SD of three independent experiments.
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Fig. 5.

NEKB activity in RAW 264.7 cells. (A) Western blot of nuclear p65 protein expression
before and after 2 h of ultra-pure LPS stimulation relative to histone 3 (H3) protein
expression (nuclear protein loading control). One representative experiment is shown out of
3 independent experiments that had similar results. (B) Cells were pretreated with DHA
(100 puM, 24 h), then stimulated with ultra-pure LPS (100 ng/mL, 30 min). NFkB-DNA
binding in nuclear extracts was determined by ELISA. Values are meanSD of five
independent experiments. *P<0.05 determined by Student t test.
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Effect of SN50 in RAW 264.7 cells. Cells were pretreated with SN50 (100 pM, 15 min) and
then stimulated with ultra-pure LPS (100 ng/mL). (A) After 30 min of stimulation, nuclear
protein expression of p50 and p65 were determined by western blot. TBP (TATA-binding
protein) was used as a nuclear protein loading control. Values are mean of two independent
samples of one experiment. (B) TNFa and (C) IL-6 mRNA expression after 3 h of
stimulation was determined by RT-PCR. Values are meanSD of three independent
experiments. Bars without common letters statistically differ at P<0.05 determined by one-
way ANOVA, adjusted with Tukey’s post-hoc test for multiple comparisons.
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Fig. 7.
Effect of BAY on inflammatory response of RAW 264.7 cells. Cells were pretreated with

BAY (10 uM, 18 h) then stimulated with ultra-pure LPS (100 ng/mL). (A) NFkB-DNA
binding determined by ELISA. Values are mean of triplicate samples of one experiment. (B)
PGE; in culture supernatant was determined after 6 h of ultra-pure LPS stimulation. (C)
TNFa and (D) IL-6 gene expression were determined after 3 or 6 h of stimulation. Values
are mean£SD of three independent experiments. *P<0.05 determined by two-way repeated
measures ANOVA adjusted with Sidak’s post-hoc test for multiple comparisons.
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