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The !-3 polyunsaturated fatty acid docosahexaenoic acid
(DHA) possesses potent anti-inflammatory properties and has
shown therapeutic benefit in numerous inflammatory diseases.
However, the molecular mechanisms of these anti-inflamma-
tory properties are poorly understood. DHA is highly suscepti-
ble to peroxidation, which yields an array of potentially bioac-
tive lipid species. One class of compounds are cyclopentenone
neuroprostanes (A4/J4-NPs), which are highly reactive and
similar in structure to anti-inflammatory cyclopentenone
prostaglandins. Here we show that a synthetic A4/J4-NP,
14-A4-NP (A4-NP), potently suppresses lipopolysaccharide-
induced expression of inducible nitric-oxide synthase and
cyclooxygenase-2 in macrophages. Furthermore, A4-NP
blocks lipopolysaccharide-induced NF-"B activation via
inhibition of I" kinase-mediated phosphorylation of I"B#.
Mutation on I" kinase $ cysteine 179 markedly diminishes
the effect of A4-NP, suggesting that A4-NP acts via thiol mod-
ification at this residue. Accordingly, the effects of A4-NP are
independent of peroxisome proliferator-activated receptor-%
and are dependent on an intact reactive cyclopentenone ring.
Interestingly, free radical-mediated oxidation of DHA greatly
enhances its anti-inflammatory potency, an effect that closely
parallels the formation of A4/J4-NPs. Furthermore, chemical
reduction or conjugation to glutathione, both of which elim-
inate the bioactivity of A4-NP, also abrogate the anti-inflam-
matory effects of oxidized DHA. Thus, we have demonstrated
that A4/J4-NPs, formed via the oxidation of DHA, are potent
inhibitors of NF-"B signaling and may contribute to the anti-
inflammatory actions of DHA. These findings have implica-
tions for understanding the anti-inflammatory properties of
!-3 fatty acids, and elucidate novel interactions between
lipid peroxidation products and inflammation.

Considerable evidence suggests that dietary consumption of
!-3 fatty acids reduces inflammation in vivo (1). Docosahexae-
noic acid (DHA)2 and eicosapentaenoic acid (EPA), the two
most abundant n-3 fatty acids in marine fish oils, have been
shown to exert potent anti-inflammatory effects both in vitro
and in vivo (2). Supplementation of humanswithDHAandEPA
has emerged as a therapeutic option for the treatment of a wide
variety of inflammatory diseases, with DHA showing greater
potency in some studies (3–5). However, the molecular mech-
anisms by which DHA exerts its effects are still poorly under-
stood. DHA can inhibit the nuclear factor-"B (NF-"B) pathway
in a variety of cell types, and this action contributes to its anti-
inflammatory effect (6, 7). NF-"B is considered a primarymedi-
ator of the inflammatory response and regulates the transcrip-
tion of a vast array of pro-inflammatory proteins, including
inducible nitric-oxide synthase (iNOS) and cyclooxygenase-2
(COX-2) in response to diverse stimuli such as lipopolysaccha-
ride (LPS) (8). However, themechanismbywhichDHA inhibits
NF-"B is unknown. Recent work has suggested that metabo-
lism of DHA yields bioactive compounds that mediate its
effects. Serhan and co-workers (9, 10) have described novel
anti-inflammatory hydroxylated DHA metabolites (termed
protectins and D-series resolvins) that are derived from the
enzymatic lipoxygenase-mediated oxidation of DHA. These
findings have led to considerable interest in determining other
bioactive metabolites of DHA that may mediate the anti-in-
flammatory effects of this fatty acid.
DHA is highly susceptible to free radical-mediated peroxida-

tion, which gives rise to a wide array of unique lipid peroxida-
tion products (11). Indeed, autooxidation of DHA occurs so
readily that oxidation products are commonly found in DHA
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even after minimal handling (12). We have previously deter-
mined that oxidation of DHA yields a family of prostaglandin
(PG)-like molecules that we have termed “neuroprostanes”
(NPs), as these molecules are formed abundantly in DHA-rich
tissues (such as the brain) in vivo (13). One class of endogenous
NPs, the A4/J4-NPs, have been described, which are analogous
in structure to the anti-inflammatory cyclopentenone PGs
PGA2 and PGJ2 (Fig. 1). These molecules contain an electro-
philic #,$-unsaturated carbonyl moiety that readily forms
adducts with cellular thiols via Michael addition (14). Arachi-
donic acid-derived cyclopentenone eicosanoids potently sup-
press NF-"B signaling through covalent adduction (15, 16),
suggesting that A4/J4-NPsmight also possess these anti-inflam-
matory properties. We have previously demonstrated the for-
mation ofA4/J4-NPs in vivo in animals and have found that they
are highly abundant in DHA-rich tissues (14). However, the
bioactivity of A4/J4-NPs has never been examined. We have
recently obtained one A-ring NP that we have shown is formed
in vivo, 14-A4-NP (A4-NP), via chemical synthesis. This has
allowed us the opportunity to examine, for the first time, the
biological activity of A4/J4-NPs. Because of their structural sim-
ilarities to anti-inflammatory cyclopentenone PGs and IsoPs,
we hypothesize that A4/J4-NPs exert anti-inflammatory actions
and may mediate some of the bioactivity of DHA.

EXPERIMENTAL PROCEDURES

Reagents—A4-NP as a racemic mixture (Fig. 1) was obtained
by total synthesis (17). A4-NP was stored in ethyl acetate at
"80 °C until immediately before use at which time it was dried
under nitrogen and resuspended in ethanol. A4-NP was added
to culture medium immediately before its addition to cells, and
because A4-NP rapidly reacts with albumin, serum-free
medium was used for all experiments involving A4-NP, DHA,
and oxDHA. A4-NP was stable in culture media for #4 h. DHA
was obtained fromNuChek Prep (Elysian, MN) and was stored
at "80 °C under argon. oxDHA was prepared by adding 5 mM
2,2!-azobis-(2-amidinopropane) hydrochloride (AAPH), a free
radical initiator, and incubating at 37 °C for various times. IKK$
(C179A) mutant expression vector was a gift of Dr. M. Karin
(University of California, SanDiego). Lipopolysaccharide (LPS)
(from Salmonella Minnesota Re 595), was from Sigma, and
tumor necrosis factor # (TNF#) and interleukin-1$ (IL-1$)
were obtained from R & D Systems (Minneapolis, MN). I"B#
and p65 antibodies were from Santa Cruz Biotechnology (Santa
Cruz, CA), and iNOS, phospho-I"B#, and extracellular signal-
related kinase (ERK) antibodies were fromCell Signaling Tech-
nologies (Danvers,MA). COX-2 polyclonal antibody, GW9662,
and T00907 were obtained from Cayman Chemical Co. (Ann
Arbor, MI). All cell culture media and supplies were from
Invitrogen unless otherwise noted.
Cell Culture—RAW267.4 murine macrophage cells and

HEK293 cells were obtained from ATCC (Manassas, VA).
NF-"B reporter macrophages were obtained from the bone
marrow of transgenic mice expressing a reporter plasmid con-
taining the human immunodeficiency virus-long terminal
repeat 36-bp enhancer (containing a total of eight NF-"B-bind-
ing sites) upstream of the herpes simplex virus minimal thymi-
dine kinase promoter driving expression of Photinus luciferase

(18). All cells were grown in Dulbecco’s modified Eagle’s medium
containing 10% fetal bovine serum, 100 units/ml penicillin, and
100mg/ml streptomycin and plated on 24-well plates or 100-mm
tissue culture dishes 24 h before experimentation.
Immunofluorescence Microscopy—For immunofluorescence

staining, RAW cells were grown on glass coverslips. Following
exposure to A4-NP or vehicle, cultures were fixed in 10% form-
aldehyde for 20 min, rinsed with PBS, permeabilized with 0.1%
Triton X-100, and blocked for 1 h with 8% bovine serum albu-
min diluted in PBS. Coverslips were then incubated overnight
at 4 °C in rabbit anti-p65 (1:100) primary antibody in 1% bovine
serum albumin. Cells were washed in PBS for a total of 20 min
and incubated in Cy-2-labeled secondary antibodies for 1 h.
Cells were then washed again and stained with 1.4 %M 4!,6-
diamidino-2-phenylindole for 10 min followed by further
washes. Coverslips were mounted on microscope slides, and
fluorescence was visualized with a Zeiss Axioplan microscope.
NF-"B Reporter Assay—NF-"B reporter macrophages were

employed forNF-"B reporter assays. Following treatment, cells
were scraped at select time points in Lysis Buffer (Promega,
Madison,WI). The cell debris was pelleted by centrifugation at
13,000 rpm for 5 min, and 20 %l of the sample was used to
perform a standard luciferase assay using a luminometer.
IKK Transfection—HEK293 cells were transfected with

NF-"B-luc reporter plus empty vector,WT, ormutant (C179A)
IKK$ expression vectors using the Geneporter 2 system (Gen-
lantis, San Diego). 48 h after transfection, cells were treated as
described above, then harvested, and subjected to luciferase
reporter assay.
Western Blotting—Total protein extract was prepared, and

equal protein concentrations were separated using Criterion
Tris-HCl gels (Bio-Rad). Proteins were then transferred to
polyvinylidene difluoride membranes and blocked for 1 h at
room temperature with nonfat milk containing 0.1% Tween
20. Membranes were then incubated overnight in primary
antibodies diluted in blocking solution. Membranes were
washed in PBS containing 0.1% Tween 20 and incubated in
horseradish peroxidase-conjugated secondary antibodies for
1 h at room temperature. Protein bands were visualized by
chemiluminescence.
Measurement of Nitrite—Nitrite, a stable breakdown prod-

uct of nitric oxide, was measured in cell medium using the
Griess reaction. Briefly, 100 %l of conditioned medium was
mixed with 50 %l each of Griess reagent R1 and R2 (Cayman
Chemical) in a 96-well plate, and absorbance was measured at
542 nm.
Sodium Borohydride Reduction and C18 SepPak Purification

of Synthetic A4-NP or OxidizedDHA—0.5mg of oxDHAor 100
%g of A4-NP was adjusted to pH 3, extracted with ethyl acetate,
dried, and resuspended in 1 ml of methanol. 1 ml of 12% (w/w)
sodium borohydride (NaBH4) in water was added to the meth-
anol and incubated on ice for 30 min. Samples were diluted in
20 ml of water and adjusted to pH 3 and then subjected to solid
phase extraction using a C18 SepPak. Briefly, the SepPak col-
umn was washed with 7 ml of methanol and 10 ml of pH 3
water, and then the sample was added, followed by washes with
10 ml of pH 3 water and 10 ml of heptane. The samples were
eluted with 10 ml of 1:1 ethyl acetate/heptane and dried under

Cyclopentenone Neuroprostanes Inhibit NF-"B

19928 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 283 • NUMBER 29 • JULY 18, 2008

 at U
niversità di Pavia, on January 19, 2011

w
w

w
.jbc.org

D
ow

nloaded from
 

http://www.jbc.org/


nitrogen and resuspended in ethanol at appropriate stock
concentrations.
Preparation of A4-NP and oxDHA-Glutathione Conjugates—

A4-NP or oxDHA were reacted with GSH in the presence of
glutathione S-transferase (GST) as described previously (19).
Briefly, 0.5 mg of oxDHA or 100 %g of A4-NP were added to 1
ml of PBS containing 1 mg of GSH and 1 mg of rat liver GST
(Sigma) and incubated at 37 °C for 2 h. Samples were then
diluted in 10 ml of pH 3 water and subjected to C18 SepPak
purification as described above.
Human Brain Samples—Post-mortem human cortical brain

samples were provided by T. Montine from the University of
Washington brain bank. Control and AD patients were
matched for age and smoking status, and samples were
obtained, frozen, and stored as described previously (20). A4/J4-
NPs were extracted from brain tissue and hydrolyzed from
phospholipids with Apis mellifera phospholipase A2 as
described previously (21).
Purification andGas Chromatography (GC)/Mass Spectrom-

etry (MS) Analysis of Unesterified A4/J4-NPs—A4/J4-NPs were
quantified byGC/MS as described previously (14). Briefly, sam-
ples were spikedwith 20 ng of 2H4-PGA2 internal standard then
extracted usingC18 Sep-Pak cartridges as described above. The
eluted samples were converted toO-methyloxime pentafluoro-
benzyl ester derivatives, purified by thin layer chromatography
employing a solvent systemof hexane/acetone (70:30, v/v), con-
verted to trimethylsilyl ether derivatives, and quantified by sta-
ble isotope dilution techniques employing GC/MS on an Agi-
lent 6890N GC/MS instrument (Santa Clara, CA). The major
ions generated in the NICImass spectra of the pentafluoroben-
zyl ester, O-methyloxime, trimethylsilyl ether derivatives of
A4/J4-NPs, and the 2H4-PGA2 are the carboxylate anions atm/z
458 andm/z 438, respectively.

RESULTS

A4-NP Inhibits LPS-induced iNOS and COX-2 Expression in
RAW Macrophages—Although A4/J4-NPs are formed abun-
dantly in vivo and are structurally similar to anti-inflammatory
cyclopentenone PGs (Fig. 1), the cellular effects of A4/J4-NPs
have never been explored. We obtained synthetic A4-NP, an
endogenous cyclopentenone NP, to examine the bioactivity of
this class of DHA metabolites. We found that synthetic A4-NP
potently suppressed LPS-induced nitric oxide production (as
measured by accumulation of nitrite in cell media) by
RAW264.7 macrophages in a dose-dependent manner with an
IC50 $ 2 %M (Fig. 2A). This was not because of cytotoxicity, as
10 %M A4-NP did not alter RAW cell viability, as assessed by
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
assay (data not shown). A4-NP also inhibited LPS-stimulated
expression of the pro-inflammatory proteins iNOS and COX-2
(Fig. 2, B and C). Suppression of iNOS expression was more
complete than COX-2 expression, an effect also noted with
cyclopentenone IsoPs, which is thought to be due to regulation
of COX-2 expression by several pathways other than NF-"B
(22).
A4-NP Is an Inhibitor of the NF-"B Pathway—Because

expression of iNOS and COX-2 is known to be regulated by the
transcription factor NF-"B (22, 23), we examined the effect of

A4-NP on NF-"B signaling. NF-"B transcriptional activity
was assessed using immortalized mouse macrophages express-
ing an NF-"B-responsive luciferase reporter. As shown in Fig.
3A, A4-NP inhibited LPS-induced NF-"B-mediated transcrip-
tion in a dose-dependent manner. A4-NP also completely
blocked NF-"B activation induced by the pro-inflammatory
cytokines TNF# and IL-1$ (Fig. 3B). LPS, TNF#, and IL-1$
activate NF-"B via distinct receptors and signaling pathways,
which converge at the level of I"Bkinase complex (IKK) activation
(8). This finding demonstrates that A4-NP-mediated inhibition of
NF-"B signaling does not occur at the receptor level.
Inhibition of NF-"B Signaling by A4-NPOccurs at the Level of

IKK Function—Next, we sought to determine how A4-NP
inhibits NF-"B signaling. NF-"B-mediated transcription
requires translocation of p50/p65 heterodimers from the
cytosol to the nucleus. Immunostaining of RAW264.7 cells
demonstrated NF-"B p65 confined to the cytoplasm, whereas

FIGURE 1. Formation of A4/J4-NPs via free radical-mediated oxidation of
DHA. The A4/J4-NP regioisomers shown in the figure are 14-series com-
pounds. For simplicity, stereochemistry is not shown. * denotes the electro-
philic carbon. ROS, reactive oxygen species.
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LPS stimulation resulted in intense nuclear p65 accumulation
after 30 min (Fig. 4A). Co-treatment with A4-NP blocked LPS-
induced p65 nuclear translocation.
LPS-stimulated nuclear translocation of p65 is dependent on

the phosphorylation and subsequent proteasomal degradation
of I"B#, an inhibitor protein that associates with the p65/p50
heterodimer and holds it in the cytoplasm. Western blot anal-
ysis demonstrated marked degradation of I"B# after 20 min of
LPS treatment,whereasA4-NPblockedLPS-induced I"B#deg-
radation at the same time point (Fig. 4B). Similar results were

obtained in TNF#-treated mouse macrophages (data not
shown).
Phosphorylation of I"B# at Ser-32 and -36 by IKK precedes

its dissociation from p65/p50 and proteasomal degradation. To
examine I"B# phosphorylation, RAW cells were preincubated
with A4-NP or vehicle for 30min and then stimulated with LPS
and treated with the proteasome inhibitor MG132 (40 %M), so
as to prevent I"B# degradation. Phosphorylation of I"B# was
detected by Western blot with a Ser-32/36 phospho-specific
antibody. LPS caused pronounced I"B# phosphorylation at 10
min, which was almost completely abrogated by A4-NP (Fig.
4C). A4-NP also substantially inhibited I"B# phosphorylation
after 20 min of LPS exposure. These results, coupled with the
ability of A4-NP to suppress NF-"B activation triggered by
TNF# and IL-1$, suggest that A4-NP may inhibit NF-"B sig-
naling at the level of the IKK complex.
Mutation of IKK$ Cysteine 179 Impairs the Ability of A4-NPs

to Inhibit NF-"B Signaling—We next sought to determine
whether A4-NPs inhibit NF-"B activation by perturbation of
IKK function. Cys-179 in IKK$ contains a thiol group suscep-
tible toMichael adduction, and cyclopentenone PGs are known
to inhibit NF-"B signaling via adduction of this residue (15).
Thus, we examined the impact of mutation of IKK$ Cys-179 to
alanine, which prevents Michael adduct formation at that site,
on the action of A4-NP onNF-"B activation. As shown in Fig. 5,
overexpression ofWTormutantC179A IKK$ caused amarked
increase in NF-"B-luc reporter activity in HEK293 cells in the
absence of LPS signaling. A4-NP suppressed this increase sig-
nificantly by amean of 62% inWT IKK$ cells (p% 0.05) but did
not significantly decrease NF-"B activation in C179A mutant
cells, demonstrating that A4-NPs inhibit IKK activity at least in
part via modification of Cys-179.
Oxidation of DHA Increases A4/J4-NP Content and Anti-in-

flammatory Potency in Parallel—Because synthetic A4-NP
inhibits NF-"B signaling, we next sought to examine the forma-
tion of A4/J4-NPs during DHA oxidation, and correlate this

FIGURE 2. A4-NP inhibits LPS-induced production of inflammatory medi-
ators in macrophages. A, RAW macrophages were pretreated with vehicle
(0) or A4-NP for 30 min and then stimulated with LPS (1 %g/ml) for 10 h, at
which time cell media were subjected to nitrite assay. No nitrite was detect-
able in unstimulated cells (1st 0 bar), and data were normalized to nitrite
produced by LPS alone (LPS). A4-NP inhibits LPS-induced nitrite production
with an IC50 $ 2 %M. Graph represents mean & S.E. from at least three inde-
pendent experiments. *, p % 0.05 versus LPS alone. B and C, RAW cells were
treated as in A and then harvested at 6 h and subjected to Western blot
analysis employing antibodies to iNOS (B) and COX-2 (C). ERK1/2 is shown as
a loading control, and blots are representative of three independent
experiments.

FIGURE 3. A4-NP inhibits NF-"B transcriptional activity induced by multi-
ple stimuli. A, NF-"B reporter macrophages were pretreated for 30 min with
vehicle or A4-NP and then stimulated with LPS for 4 h, at which time luciferase
assays were performed. Data are expressed as % LPS-induced luciferase
increase, as LPS increased luciferase production between 4- and 7-fold
depending on experiment. B, NF-"B reporter macrophages were treated as in
A but were stimulated with IL-1$ (20 ng/ml) or TNF# (20 ng/ml). 10 %M A4-NP
and 30 %M oxDHA were employed. Data are expressed as fold increase above
unstimulated cells. Data represent mean & S.E. of three independent exper-
iments. *, p % 0.05 versus LPS alone (A) or TNF# alone (B). **, p % 0.05 versus no
LPS, !, p % 0.05 versus IL-1$ alone.
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with the anti-inflammatory effect of DHA. As shown in Fig. 6A,
treatment with unoxidized DHA did not affect LPS-induced
nitrite production in RAW cells in the acute setting (30 min of
preincubation), whereas oxidized DHA (which had been sub-
jected to 10 h of oxidation with 5mMAAPH) caused a dose-de-

pendent inhibition of nitric oxide
production. oxDHA also inhibited
LPS-stimulated NF-"B reporter
activity at similar concentrations in
immortalized murine macrophages
(Fig. 6B). oxDHA also inhibits
NF-"B activation by IL-1$ or TNF#
(Fig. 3B). oxDHA subjected to solid
phase extraction on a C18 SepPak,
which removes unoxidized DHA
from the mixture but preserves
A4/J4-NPs, retained its anti-inflam-
matory potency, suggesting that
oxidation products, andnot residual
DHA, are indeed responsible for
this effect.
We next employed a stable iso-

tope dilutionGC/MSmethodwith a
4H2-PGA2 internal standard to
quantify A4/J4-NPs in oxDHA (14).
As shown in Fig. 6C, we identified a
series of peaks using selected ion
monitoringwith anm/z ratio of 458,
which elute similarly to the 4H2-
PGA2 internal standard and repre-

sent A4/J4-NPs. Quantification of these peaks revealed that
A4/J4-NPs were abundant in DHA subjected to 24 h of oxida-
tion (1785 & 76 ng/mg of DHA), in keeping with previous
reports (14).
We next examined the relationship between A4/J4-NP for-

mation and the anti-inflammatory potency of DHA. DHA ali-
quots were oxidized for increasing durations and then sub-
jected to mass spectrometric analysis. As shown in Fig. 6D, the
content of A4/J4-NPs increasedmarkedly with longer oxidation
duration. Interestingly, the anti-inflammatory potency of these
aliquots increased in almost exact parallel with A4/J4-NP con-
tent (Fig. 6D).
Bioactivity of Both A4-NPs and oxDHA Is Independent of

PPAR& and Is Eliminated by Chemical Reduction or Conjuga-
tion to GSH—Several reports have implicated activation of the
PPAR& nuclear receptor in the anti-inflammatory effects of
cyclopentenone molecules and of DHA (24, 25). However, we
observed that two molecularly distinct PPAR& receptor antag-
onists, GW9662 and T0070907, used at concentrations well
above their respective IC50 values, failed to inhibit the anti-
inflammatory effects ofA4-NP (Fig. 7A), suggesting that PPAR&
is not crucially involved. We also observed that PPAR& antag-
onists had no effect on the anti-inflammatory effect of oxDHA
(Fig. 7A).
Many of the biological effects of cyclopentenone eicosanoids

are because of their ability to form Michael adducts with thiol
groups in key intracellular proteins (26). To assess this possibil-
ity, A4-NP was subjected to chemical reduction with NaBH4, a
reductant that reduces the carbonyl moiety on the cyclopen-
tenone ring to a nonreactive alcohol. As shown in Fig. 7B,
chemical reduction completely abrogated the anti-inflamma-
tory effect of A4-NP, whereas A4-NP subjected to the identical
incubation and purification steps in the absence of NaBH4

FIGURE 4. A4-NP inhibits NF-"B signaling at the level of IKK function. A, RAW cells were pretreated with
vehicle (con) or A4-NP (10 %M) for 30 min and then stimulated with LPS for 30 min. Cells were then fixed and
stained for NF-"B p65 subunit, which was visualized by fluorescence microscopy. LPS causes a pronounced
nuclear accumulation of p65 that is blocked by A4-NP. B, RAW cells were treated as in A, then harvested at
indicated time points, and subjected to Western blot analysis with anti-I"B# antibody. A4-NP prevents LPS-
induced I"B# degradation. C, RAW cells were treated as in A, and the proteasome inhibitor MG132 was added 5 min
prior to LPS stimulation. Lysates were subjected to Western blot analysis with a phospho-I"B# Ser-32/36 antibody.
ERK blots are shown as loading controls. Images and blots are representative of three independent experiments.

FIGURE 5. Mutation of IKK$ cysteine 179 abrogates the effect of A4-NP on
NF-"B activation. HEK293 cells were transfected with WT (gray bars) or
mutant (C179A, black bars) IKK$ expression vectors and NF-"B-luc reporter
construct and then treated with A4-NP for 8 h to allow time for endogenous
turnover of luciferase, at which time cells were harvested and assayed for
NF-"B-luc activity. Control cells were transfected with empty vector and
NF-"B-luc reporter, and the base-line luciferase activity from these cells was
subtracted as background from IKK-transfected cells. *, p % 0.05 versus
untreated cells. Figure represents data from three separate experiments.
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retained its bioactivity. As we have implicated A4-NPs as an
active component of oxDHA, we next examined the effect of
NaBH4 reduction on the bioactivity of oxDHA. Like A4-NP,
exposure of oxDHA to NaBH4 completely abrogated the anti-
inflammatory effect of oxDHA (Fig. 7B). Utilizing MS
approaches, we also determined that NaBH4-treated oxDHA
resulted in the disappearance of chromatographic peaks shown
in Fig. 6C and appearance of peaks at anm/z ratio 2 Da higher
suggesting that the cyclopentenonemoiety has been reduced to
an alcohol (data not shown). These data suggest that molecules
containing reducible ketone moieties, potentially cyclopen-
tenone-containing compounds, contribute to the bioactivity of
oxDHA.
Cyclopentenone-containing eicosanoids are metabolized via

conjugation with GSH by GSTs, yielding biologically inactive
GSH conjugates (19, 27). Our group has shown previously that
exposure of cyclopentenone isoprostanes to GST and GSH
yields GSH conjugates that no longer possess anti-inflamma-
tory activities (28). We found similarly that incubation of
A4-NP with GSH and bovine liver GST substantially inhibited
its anti-inflammatory effects (Fig. 7C). Treatment of oxDHA
with GST and GSH, which would presumably inactivate any

cyclopentenone-containing mole-
cules or other reactive lipids via
formation of inactive glutathione
conjugates, also blocked the anti-in-
flammatory effect of the oxDHA
mixture (Fig. 7C). It should be noted
that residual GSH,GST, andNaBH4
were removed by C18 column puri-
fication prior to cell treatment.
Incubation of RAW cells with 10

%M A4-NP for 1 h also did not alter
cellular levels of GSH (data not
shown), demonstrating that A4-NPs
mechanism of action is not reliant
on the depletion of intracellular
GSH. Taken together, these results
suggest that the bioactivity of
A4-NP is mediated largely by its
chemical reactivity and ability to
form thiol adducts with proteins,
and are consistent with a role for
cyclopentenone NPs in the anti-in-
flammatory effect of oxDHA,
although the inactivation of other
reactive compounds present in the
oxDHA mixture cannot be ruled
out.
A4/J4-NPs Are Found Abundantly

in Human Brain Specimens from
Patients with Alzheimer Disease—
The formation of A4/J4-NPs has
never been previously demon-
strated in human disease states.
Alzheimer disease (AD) is charac-
terized by progressive and extensive
neuroinflammation, as well as oxi-

dative injury and lipid peroxidation (29, 30). As neural tissue is
rich in DHA, previous studies have demonstrated increased
levels of nonreactive F4-NPs in AD brain samples (20). We
obtained frontal cortex brain samples from pathologically con-
firmed AD and age-matched control patients and examined
levels of A4/J4-NPs by GC/MS. As shown in Fig. 8, esterified
levels of A4/J4-NPs were $3-fold greater in AD brain than con-
trols. The average level of A4/J4-NPs in anAD brain sample was
295 ng/g brain tissue, which roughly converts to 950 nM A4/J4-
NPs. This finding is important in that 500 nM A4-NP exerted
significant anti-inflammatory effects in our cell culture system,
showing that A4/J4-NPs are found in biologically relevant con-
centrations in humans in vivo.

DISCUSSION

Although the anti-inflammatory benefits of the!-3 fatty acid
DHA are well described, it is unclear if DHA itself, or a DHA
metabolite, mediates these effects. Here we have demonstrated
that a novel family of cyclopentenone docosanoids termed
A4/J4-NPs, derived from the peroxidation ofDHA, suppress the
inflammatory response inmacrophages via inhibition ofNF-"B
signaling. OneA4/J4-NP available to us in chemically pure form

FIGURE 6. A4/J4-NPs are formed abundantly during DHA oxidation as assessed by GC/MS and their for-
mation correlates with anti-inflammatory potency. A, oxidized DHA (oxDHA) was generated via oxidation
for 10 h in 5 mM AAPH. RAW macrophages were pretreated with unoxidized DHA (DHA) or oxDHA for 30 min
and then stimulated with LPS (1 %g/ml) for 10 h, at which point nitrite assay was performed. B, NF-"B reporter
macrophages were treated with oxDHA as in A and then stimulated with LPS for 4 h, at which point luciferase
assays were performed. Data are expressed as fold increase in luciferase production over unstimulated cells
(gray bar). *, p % 0.05 versus LPS alone. C, selected ion current GC/MS chromatogram obtained from the analysis
of A4/J4-NPs generated during oxidation of DHA in vitro. The two large peaks in the m/z 438 ion current
chromatogram represent the syn- and anti-O-methyloxime isomers of the [2H4]PGA2 internal standard. The
series of peaks in the m/z 458 chromatogram represent A4/J4-NPs. The amount of A4/J4-NPs represented is
1738 ng/mg DHA. D, aliquots of DHA were oxidized in 5 mM AAPH for increasing duration and then analyzed for
A4/J4-NP content by GC-MS (gray bars, left y axis). These same aliquots were applied to RAW cells at a concen-
tration of 10 %M using the same methods as in Fig. 2A, and their ability to suppress LPS-induced nitrite produc-
tion was assessed (black bars, right y axis). *, p % 0.05 versus time point 0 (unoxidized DHA). All experiments
were carried out in triplicate, and data represent mean & S.E.
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as a racemic mixture, A4-NP, potently inhibits iNOS and
COX-2 expression in stimulatedmacrophages by amechanism
that involves blockade of NF-"B signaling through inhibition of
IKK function via cysteine modification. Furthermore, we show
that oxidation of DHA significantly enhances the anti-inflam-

matory potency of this fatty acid, and that quantities of A4/J4-
NPs formed correlate very closely with the anti-inflammatory
potency of oxDHA. Chemical reduction or conjugation to glu-
tathione, both ofwhich renderA4/J4-NPs biologically inert, also
abrogates the anti-inflammatory effects of oxDHA. Taken
together, these results identify A4/J4-NPs as novel anti-inflam-
matory mediators derived from DHA and reveal that free radi-
cal-mediated peroxidation of DHA and subsequent formation
of A4/J4-NPs may well contribute to the anti-inflammatory
effects of this !-3 fatty acid.
NPs are generated abundantly in vivo via nonenzymatic free

radical-mediated oxidation ofDHA.ThemechanismofNP for-
mation involves the generation of several possible endoperox-
ide intermediates, each ofwhich canundergo reduction or rear-
rangement to yield different ring structures. Thus, NPs are
present as racemic mixtures of stereo- and regioisomers. Fur-
thermore, they are generated with different functional groups
on the cyclopentane ring. Reducing conditions favor the forma-
tion of stable F-ring NPs (F4-NPs), which can be quantified as
an index of membrane lipid peroxidation (13, 31). Under other
conditions, for example when cellular levels of GSH or #-to-
copherol are depleted, the formation of D- and E-ring NPs is
favored. These latter compounds rapidly dehydrate to yield
A4/J4-NPs both in vitro and in vivo (14, 32). Indeed, we have
previously reported that A4/J4-NPs are readily detectable in rat
tissues. Here we extend those findings to demonstrate that
A4/J4-NPs are formed in human brain and are increased to bio-
logically relevant concentrations in Alzheimer disease, a condi-
tion associated with oxidative stress, inflammation, and DHA
oxidation (30).
Several cyclopentenone prostanoids (including 15-deoxy

'12,14-PGJ2 and 15-J2-IsoP) have been reported to inhibit
NF-"B activity through activation of PPAR&, although this does
not appear to be the case for A4-NP (24, 26, 28, 33). We have
found that the acute anti-inflammatory effects of A4-NP are
independent of PPAR& and are likely reliant on thiol adduction,

FIGURE 7. The anti-inflammatory effect of A4-NP or oxDHA is independ-
ent of PPAR% and can be abrogated by reduction with NaBH4 or adduc-
tion to glutathione. A, RAW cells were treated with vehicle or one of two
PPAR& antagonists (GW9662, 1 %M, or T01007, 500 nM) for 30 min, then pre-
treated with A4-NP (10 %M) or oxDHA (40 %M), and stimulated with LPS as in
previous experiments. p % 0.05 versus LPS alone. B and C, A4-NP (gray bars, 10
%M) or oxDHA (black bars, 40 %M in B and 10 %M in C) was subjected to reduc-
tion with NaBH4 (B) or incubated with GST and GSH ((GSH) for 2 h (C) and
then purified by C18 SepPak and applied to RAW cells 30 min prior to LPS
stimulation as in previous experiments. Control A4-NP and oxDHA was sub-
jected to identical incubation and purification in the absence of NaBH4 or
GSH. C18 SepPak purification removes residual GST, GSH, and NaBH4, as well
as unoxidized DHA. Graphs in B and C are from a single experiment performed
in triplicate and are representative of results from three independent
experiments.

FIGURE 8. A4/J4-NPs levels are increased in post-mortem brain samples
from patients with Alzheimer disease. Post-mortem frontal cortex samples
were obtained from patients with pathologically confirmed AD (n ) 6) and
age-matched controls (n ) 6). Levels of phospholipids-esterified A4/J4-NPs
were quantified by GC/MS. *, p % 0.01 versus control.
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as reduction of the molecule with NaBH4 or conjugation to
GSH, both of which eliminate the reactivity of this molecule,
abrogate the effects of A4-NP. Furthermore, nonreactive
F4-NPs, which are structurally similar to A4-NP except that
they contain hydroxyl groups on the ring as opposed to a reac-
tive unsaturated carbonyl structure, do not inhibitNF-"B.3Our
results also show that A4-NP inhibits IKK-dependent I"B#
phosphorylation, and that this effect is abrogated by mutation
of cysteine 179 in the activation loop of IKK$. Previous studies
have reported that the cyclopentenone PG, PGA2, can directly
inhibit IKK function via adduction of this thiol (15). Thus, it
seems that the mechanism of action of A4-NP is similar to that
of a number of endogenous electrophilic lipids, including cyclo-
pentenone PGs and IsoPs and 4-hydroxynonenal, all of which
inhibit NF-"B signaling primarily through thiol modification
and inhibition of protein function (15, 26, 34).
Numerous anti-inflammatory mechanisms of action have

been proposed to explain the beneficial effects of DHA supple-
mentation, including activation of PPAR-& (25), alteration of
intracellular redox signaling (7), and inhibition of TLR4 (35),
AKT (35), lipid rafts (36), protein kinase C', and NADPH oxi-
dase (37). However, in these studies, it is unclear whether DHA
itself, or a DHA metabolite, is the active component. Various
oxidized products of DHA have recently been reported that
possess significant biological activities. For example, Serhan
and co-workers have described lipoxygenase-derived DHA
metabolites, termed protectins and D-series resolvins, which
exert potent anti-inflammatory effects and contribute to the
resolution of inflammation (9, 38). These compounds are gen-
erated by the action of lipoxygenases on DHA, and it is unclear
to what extent they are formed by nonenzymatic oxidation. It is
very likely that other oxidized lipid species and mechanisms
contribute to the many biological actions of DHA. The contri-
bution of eachmechanism is also likely highly dependent on the
products generated as well as the experimental conditions uti-
lized. The studies examining the biological effects of A4/J4-NPs
reported herein focus on acute inflammation, and cells were
exposed toA4-NPs or oxDHA for a short period of time prior to
the inflammatory stimulus. Other reports have utilized much
longer preincubation schemes, whichmay involve different sig-
naling mechanisms other than NF-"B (6, 37).

Our results reported herein are consistent with the conclu-
sion that cyclopentenoneNPs contribute to the anti-inflamma-
tory effects of DHA. The finding that reduction of oxDHAwith
NaBH4, like that reported with A4-NP, abrogates its anti-in-
flammatory activity is important because it suggests that our
results with oxDHA cannot be explained by the presence of
hydroxylated DHA derivatives (such as protectins and
resolvins), as NaBH4 would not be expected to alter the
structure of these alcohols. The ability of GSH conjugation
to eliminate oxDHA bioactivity also is consistent with a role
for A4/J4-NPs, and eliminates from consideration many
classes of peroxidation products that do not react with GSH.
Identification of the active molecules in DHA is crucial for
the optimization of !-3-based therapies, and would allow for
standardization of fish oil regimens in clinical trials.

DHA has demonstrated therapeutic efficacy in a number of
inflammation-related diseases (1). As an example, dietary sup-
plementationwith!-3 fatty acids, in particular DHA, decreases
risk of AD, and protects against neuronal damage in animal
models of AD (39–41). Neuroinflammation plays a key role in
AD pathogenesis, and nitric oxide elaboration by activated
microglia appears to contribute to neuronal death in this dis-
ease (42). Accordingly, genetic deletion of iNOS is protective in
mouse AD models (43). Thus, it is reasonable to postulate that
the suppression of iNOS expression and nitric oxide by A4/J4-
NPs may underlie some of the protective effects of fish oil in
AD, although this hypothesis has not yet been tested. Levels of
D4/E4-NPs, precursors to A4/J4-NPs, are elevated in affected
brain regions fromADpatients (20).We have found that A4/J4-
NPs are also present in human brain and are elevated to biolog-
ically relevant levels in Alzheimer disease. One would expect
that supplementationwithDHAmight increaseA4-NP levels to
concentrations at which they could exert anti-inflammatory
effects and have a potential protective benefit.
In summary, we examined the biological activity of cyclopen-

tenone NPs using chemically synthesized A4-NP and show that
it is a potent inhibitor of inflammation in macrophages acting
via inhibition of NF-"B-mediated signaling. Furthermore, we
have demonstrated that A4/J4-neuroprostanes present in
oxDHA are anti-inflammatory mediators formed endog-
enously via free radical-mediated oxidation of this fatty acid
and may account for some of the anti-inflammatory effects of
DHA. Thus, we suggest that the formation of some lipid per-
oxidation products, such as A4/J4-NPs, may not be a detrimen-
tal biological process, and that the susceptibility of DHA to
oxidation may in fact be a virtue rather than a vice in some
cases. A more thorough understanding of the mechanisms of
action ofDHA, and the oxidized lipid species thatmediate these
actions, could lead to the development of targeted strategies
that afford even greater therapeutic potential for this !-3 fatty
acid.
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