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ABSTRACT

Whereas the anti-inflammatory properties and mechanisms of action of long chain ®3 PUFAs have
been abundantly investigated, research gaps remain regarding the respective contribution and
mechanisms of action of their oxygenated metabolites collectively known as oxylipins. We
conducted a dose-dependent and comparative study in human primary macrophages aiming to
compare the anti-inflammatory activity of two types of DHA-derived oxylipins including the
well-described protectins (NPD1 and PDX), formed through lipoxygenase pathway and the
neuroprostanes (14-As- and 4-Fs-NeuroP) formed through free-radical mediated oxygenation and
expected to be new anti-inflammatory mediators. Considering the potential ability of these
DHA-derived oxylipins to bind PPARs and knowing the central role of these transcription factors
in the regulation of macrophage inflammatory response, we performed transactivation assays to
compare the ability of protectins and neuroprostanes to activate PPARs. All molecules
significantly reduced mRNA levels of cytokines such as IL-6 and TNF-a, however not at the same
doses. NPD1 showed the most effect at 0.1 uM (-14.9%, p<0.05 for IL-6 and -26.7%, p<0.05 for
TNF-a) while the three other molecules had greater effects at 10 uM, with the strongest result due
to the cyclopentenone neuroprostane, 14-As-NeuroP (-49.8%, p<0.001 and -40.8%, p<0.001,
respectively). Part of the anti-inflammatory properties of the DHA-derived oxylipins investigated
could be linked to their activation of PPARs. Indeed, all tested oxylipins significantly activated
PPARY, with 14-A4-NeuroP leading to the strongest activation, and NPD1 and PDX also activated
PPARa. In conclusion, our results show that neuroprostanes and more especially cyclopentenone
neuroprostanes have potent anti-inflammatory activities similar or even more pronounced than
protectins supporting that neuroprostanes should be considered as important contributors to the

anti-inflammatory effects of DHA.
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INTRODUCTION

Evidences suggest that increased consumption of LC-»3 PUFAs, notably DHA [1], reduces
chronic inflammation and the incidence of inflammation-linked disorders such as atherosclerosis
or metabolic syndrome [1,2]. The anti-inflammatory effects of LC-»3 PUFAs include the decrease
of immune cell chemotaxis, the inhibition of leukocytes/endothelium adhesive interactions and the
moderation of macrophage pro-inflammatory activity. For instance, several in vitro experiments
with PBMC, neutrophils or monocytes isolated from the blood of healthy subjects consuming daily
supplements of EPA and DHA showed significant reduction (up to 75%) of leukotriene B4
chemoattractant production [3,4]. Ex-vivo treatment with LC-»3 PUFAs has also been associated
with reduced levels of several pro-inflammatory cytokines and chemokines including TNF-a.,
IL-1B, IL-6 or MCP-1 by approximately 40 to 80% in PBMC or mononuclear cells from healthy
men or women supplemented with EPA and DHA daily for 4 weeks to up to 3 months [5-7]. The
mechanisms of action underlying the anti-inflammatory properties of LC-®3 PUFASs have been
mostly linked to the altered activation of NF«xB [2], one of the main transcription factors regulating
the expression of pro-inflammatory mediators [8]. This is notably mediated by the activation of
PPARa and PPARY which physically interact with NFkB preventing its nuclear translocation [2].
Independently to NFkB, PPARs also directly modulate immune and inflammatory response in
macrophages via protein/protein interactions with transcription factors controlling
pro-inflammatory genes such as AP-1, C/EBP and STAT, a phenomenon called trans-repression.
PPARs can also regulate transcription via trans-activation by binding, in a ligand-dependent
manner, to DNA response elements (PPRE) in the promoter or enhancer regions of target genes
[9,10].

Whereas the biological properties and putative mechanisms of action of LC-w®3 PUFAs have been
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abundantly investigated, research gaps remain especially regarding the roles and mechanisms of
action of their oxygenated metabolites collectively known as oxylipins. Oxylipins refer to a
superclass of lipid mediators (hundreds of metabolites) produced from oxygenation of PUFAs.
They include the prostanoids and thromboids produced by COXs, leukotrienes, resolvins,
hepoxilins and mid-chain hydroxy-FA generated by LOXs, epoxy-FA and omega-terminal
hydroxy-FA produced by several CYPs as well as iso/neuroprostanes resulting from the
free-radical-mediated oxidation of PUFAs [11,12]. DHA in particular is not a good COX substrate
but it is readily oxygenated by LOX, CYPs as well as free-radical mediated pathways giving rise to
an array of oxylipins. From the LOX pathway, DHA gives rise to D serie resolvins, maresins and
protectins via further LOX and epoxygenation steps. Protectin D1 is produced via LOX, epoxide
formation from the hydroperoxide product and epoxide hydrolase activity while protectin DX is
formed via double LOX activity [13]. DHA is also readily oxygenated via CYP epoxygenase
activity, yielding epoxy FAs which can be converted to dihydroxy FAs via sEH. CYP
v-hydroxylase activity produces hydroxy-docosahexaenoic acid with hydroxyl groups near the
methyl end of DHA [14]. Finally, because of its high number of double bonds, DHA is very prone
to peroxidation yielding neuroprostanes which include a total of 128 theoretical compounds
categorized into 8 regioisomers series (4, 7, 10, 11, 13, 14, 17 or 20) among which levels of 4- and
20-series are predominant in vivo [15]. A large body of evidence suggests that oxylipins might be
the effective mediators of the anti-inflammatory properties of EPA and DHA. The group of Sethi et
al. was the first to demonstrate that the autooxidation of EPA and DHA (induced by ex-vivo
oxidation of the native FAs with CuSO4 and ascorbic acid) was a mandatory prerequisite to induce
a reduction of the adhesion of U937 monocytes to endothelial cells via a decreased expression of
adhesion molecules [16]. More recently, enzymatic oxylipins derived from EPA and DHA

(resolvins, protectins and maresins), have been examined extensively in cell culture and animal
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models of inflammation and have been identified as potent anti-inflammatory and inflammation
resolving lipid mediators [17]. Interestingly, several studies showed that LC-o3 PUFA-derived
oxylipins might act, at least in part, through PPAR dependent mechanisms [18-22]which is
consistent with reporter assay and in silico studies showing that oxidized metabolites of PUFAs are
good PPAR ligands [23,24]. Direct evidence regarding the biological activity and mechanisms of
action of non-enzymatic oxylipins are much scarcer but a study performed by the group of Morrow
as well as our previous results on atherosclerotic mice [25] also support the fact that the specific
DHA-derived oxylipins called neuroprostanes might also have anti-inflammatory activities
through a mechanism involving NFxB [26] and PPARs [27].

In the present study, we focused our attention on oxylipins derived from DHA rather than EPA
because of its more potent anti-inflammatory activity [1] and its higher susceptibility to produce
the non-enzymatic oxylipin neuroprostanes [28] expected to be new anti-inflammatory mediators
of interest [17]. The main objectives of our study were (1) to compare, in human primary
macrophages, the anti-inflammatory properties of neuroprostanes to the well-described protectins
and (2) to investigate the dose-response relationship. Moreover, since PPARs might be one of the
multiple targets of oxylipins, we assessed the ability of the DHA-derived oxylipins to bind and

activate PPARs using docking in silico tests and transient transfection assays.
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MATERIALS AND METHODS

Synthesis of DHA-derived oxylipins

14-As-NeuroP, was synthesized by Dr. G. Zanoni’s laboratory as previously described [29],
4-F4-NeuroP and NPD1 were synthesized by Dr. T. Durand’s laboratory as previously described
[30,31] while PDX was purchased from Cayman Chemical (via Bertin Pharma, Montigny le

Bretonneux, France). Stock solutions (20 mM) were prepared in ethanol and stored at -80 °C.

Cell culture
Human primary monocyte-derived macrophages

Mononuclear cells were isolated from buffy coats from healthy donors (French Blood Service,
Saint-Etienne, France) [32]. After Ficoll (GE Healthcare, ref: 17144002, Fisher Scientific,
Ilikirch-Graffenstaden, France) gradient centrifugation, the monocytes were suspended in RPMI
1640 medium containing gentamycin (0.1 mg/mL, Gibco, ref: 15710049, Fisher Scientific),
glutamine (2 mM, Gibco, ref: 11500-626, Fisher Scientific) and 10% decomplemented pooled
human serum (ref: S4190-100, Dominique Dutscher, Brumath, France). Cells were cultured at a
density of 3 x 10° cells/well in Corning® Primaria™ 6-well plastic culture dishes (BD Falcon™,
ref: 353846, Dominique Dutscher). Differentiation of monocytes into macrophages occurred
spontaneously by adhesion of cells to the culture dish. Mature monocyte-derived macrophages
were used for experiments after 7 days of culture. For treatment with the different DHA-derived
oxylipins, medium was changed to RPMI 1640 medium containing gentamycin (0.1 mg/mL) and
glutamine (2 mM) (Gibco, Fisher Scientific) and different concentrations of oxylipins (i.e. 0.1, 1 or

10 uM) were added. According to the literature reporting short half-lives of oxylipins (in the range
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of seconds) and their relative instability in cell culture medium [26] and based on our preliminary
results (data not shown), the DHA-derived oxylipins were added to the macrophages 30 min before
the induction of inflammatory response with LPS (100 ng/mL, 6 h, ref: L2654, Sigma-Aldrich,
Saint Quentin Fallavier, France). As eicosanoids may rapidly react with albumin [33], serum-free
medium was used in these steps. At the end of the treatments, supernatants were harvested for

ELISA and cells were processed for RNA extraction.
Cos-7 cells

To demonstrate the ability of the DHA-derived oxylipins to activate PPARs, COS-7 cells, a cell
model that can be easily and reproducibly transfected and that is more robust than primary
macrophages, has been used. Cos-7 cells, obtained from ATCC (CRL-1651, LGC Standards,
Molsheim, France) were seeded in 60 mm dishes at a density of 5.5x10° cells/dish in DMEM
medium (ref: 41965, Gibco, Fisher Scientific) supplemented with 10% fetal calf serum (FCS, ref:
SV30160.03, Hyclone, GE Healthcare Life Sciences, Fisher Scientific) and incubated at 37 °C, 5%
CO; for 16 h prior to transfection. Cells were transfected in DMEM medium, using jetPEl
tranfection reagent (ref: 101-10, Polyplus, Ozyme, Saint Quentin Yvelines, France), with reporter
(pG5-TK-pGL3) and pGal4-hPPARa, pGal4-hPPARy or pGal4-hPPARS expression plasmids
constructed as previously described [34]. Briefly, hPPAR domains were subcloned in the plasmid
pBD-Gal4 and the obtained chimera was subcloned in the pCDNA vector. The
pCMV-B-galactosidase expression plasmid (ref: 631719, Clontech, Ozyme) was co-transfected as
a control for transfection efficiency. After 16 h, transfection was stopped by addition of DMEM
medium supplemented with 10% FCS and cells were then trypsinized, seeded in 96 wells plates
and then incubated overnight in DMEM medium without FCS containing increasing

concentrations (0.1-20 uM) of 14-As-NeuroP, 4-Fs-NeuroP, NPD1, PDX or vehicle (DMSO).
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WY 14.643 (10 uM, Chemsyn Science Laboratories, Lenexa, KS, USA), Rosiglitazone (1 uM,
Sigma-Aldrich) and GW 501516 (1 uM, Calbiochem, Merck, Fontenay sous Bois, France) were
used as positive control of PPARa, PPARy and PPARS activation [35-37]

respectively. At the end of the experiment, cells were washed once with ice-cold PBS, lysed and

luciferase and B-galactosidase assays were performed as previously described [38].

RNA extraction and analysis

Total cellular RNA was extracted from macrophages using Trizol reagent (ref: 12044977, Fisher
Scientific) following the instructions of the manufacturer. For gRT-PCR analysis of TNF-a, IL-6,
COX-2, MCP-1 and CCL-3 expression, total RNAs were submitted to DNAse treatment using the
Thermo Scientific RNAse free DNAse | kit (ref: 10649890, Fisher Scientific), according to
manufacturer’s instructions, reverse transcribed (RT) using Applied Biosystems™ High-Capacity
cDNA Reverse Transcription Kit (ref: 10400745, Fisher Scientific) and subsequently amplified by
real-time quantitative polymerase chain reaction (qPCR) on an AB 7900 apparatus (Applied
Biosystems) using specific primers (Table 1) and Agilent Technologies Brilliant 111 ultra FAST kit
(ref: 600882, Agilent Technologies, Les Ulis, France) with a 60 °C elongation temperature. The
relative expression of each gene was normalized to the expression level of cyclophilin and
calculated by the AC: method. The AC: is expressed as the difference between the C; (threshold
cycle) of the indicated target gene and the C; of cyclophilin. The amount of target gene relative to

the cyclophilin was expressed as 2-(A4C,

ELISA test
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MCP-1 and TNF-a secreted in cell culture supernatants were quantified using enzyme linked
immunosorbent assays (ELISA) purchased from R&D Systems (DY279 and DY 210, respectively,

Abingdon, UK) according to the instructions of the manufacturer.

Statistical analysis

Data are presented as mean * standard deviation (SD). Comparisons between groups were
analyzed using Student’s t-test and statistical significance was established at p<0.05. For gene
expression and ELISA assays, all conditions were compared to vehicle 30 min, LPS 6 h
experimental condition. For PPAR transfection assays, all conditions were compared to vehicle

treated cells.
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RESULTS

The anti-inflammatory effects of the four DHA-derived oxylipins (i.e. the non-enzymatic
14-As-NeuroP, 4-Fs-NeuroP and the enzymatic PDX and NPD1), were evaluated by analyzing the
expression and secretion of selected pro-inflammatory markers in primary human
monocyte-derived macrophages after a 6 hours treatment with LPS (100 ng/mL). As expected, LPS
induced drastic increases (compared to control vehicle treated cells) of all markers, at the mRNA
(TNF-a: x92, p<0.001; IL-6: X819, p<0.001; MCP-1: x9, p<0.001; COX-2: x182, p<0.001; CCL-3:

x47, p<0.001) and protein (TNF-a: x70.0, p<0.001 and MCP-1: x3.7, p<0.01) levels.

Dose-dependent effects of DHA-derived oxylipins on mRNA levels of pro-inflammatory markers

In order to investigate the ability of DHA-derived oxylipins to modulate the inflammatory response
induced by LPS, monocyte-derived macrophages were pre-incubated with the DHA-derived

oxylipins (30 min) before LPS-induced inflammation.

Results of gene expression obtained with the highest dose of DHA-derived oxylipins (i.e. 10 uM)
are showed in Figure 1. Interestingly, the strongest effects were obtained with the cylopentenone
neuroprostane, 14-A4-NeuroP, which caused substantial decreases of IL-6 (-49.8%, p<0.001),
TNF-a (-40.8%, p<0.001), MCP-1 (-58.8%, p<0.001), CCL-3 (-21.7%, p<0.01) and COX-2
(-26.7% p<0.01) mRNA. The other neuroprostane, 4-Fs-NeuroP, also reduced mRNA levels of
IL-6 (-30.6%, p<0.01), TNF-a (-18.9%, p<0.05) and MCP-1 (-34.2%, p<0.01). Concerning the
enzymatic oxylipins, pre-incubation with PDX significantly decreased 1L-6 (-42.9%, p<0.05),
TNF-a (-52.3%, p<0.05) and MCP-1 (-54.2%, p<0.05) whereas NPD1 had no significant effect on

the mRNA levels of all tested pro-inflammatory markers.
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At lower doses (i.e. 0.1 and 1 uM), the DHA-derived oxylipins had less pronounced effects on
MRNA expression except for NPD1 (Table 2). More precisely, at 1 UM concentration,
4-F4-NeuroP reduced IL-6 (-24.5%, p<0.05) while NPD1 and PDX reduced CCL3 (-30.4% and
-25.6%, p<0.05, respectively). With 0.1 puM doses, 14-As-NeuroP reduced MCP-1 mRNA
(-23.8%, p<0.001) and NPD1, that was inactive at 10 uM, showed important effects with reduced

IL-6 (-14.9%, p<0.05), TNF-a. (-26.7%, p<0.05) and COX-2 (-38.7%, p<0.05) MRNA.

Dose-dependent effects of DHA-derived oxylipins on the secretion of TNF-a and MCP-1

ELISA assays were used to investigate the effects of the four DHA-derived oxylipins on
LPS-induced secretion of two main pro-inflammatory cytokines and chemokines, i.e. TNF-o and
MCP-1. Overall, it should be noted that the effects at the protein level (Figure 2) for TNF-a were
less pronounced than the effects described above at the mRNA level. However, consistently with
the previous results, both 14-As-NeuroP and 4-F4-NeuroP at 10 pM reduced TNF-a secretion
(-12.4%, p<0.05; -13.9%, p<0.01). Surprisingly, NPD1 also induced a significant decrease of
TNF-a secretion (-23.9%, p<0.05) and PDX had no effect. At lower concentration, none of the

DHA-derived oxylipins induced significant decrease of TNF-a secretion (Table 3).

Effects of the four DHA-derived oxylipins on MCP-1 protein levels matched those on mMRNA level
for the 10 UM dose: 14-As-NeuroP, 4-Fs-NeuroP and PDX reduced MCP-1 secretion (-36.1%,

p<0.01; -28.5%, p<0.01 and -55%, p<0.001 respectively).

At lower concentrations however, only PDX induced significant decreases of MCP-1 secretion,

with a -39.5% (p<0.05) reduction at 1 uM and a -56% (p<0.01) reduction at 0.1 uM (Table 3).
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Ability of DHA-derived oxylipins to bind to and activate PPARs

Activation of the PPARs is one of the three mechanisms through which LC-»3 PUFAs potentially
exert their anti-inflammatory properties [2] and several studies suggest that LC-o3 PUFA-derived
oxylipins might activate PPARs [18-22].

To assess whether 14-As-NeuroP, 4-F4-NeuroP, NPD1 and PDX are effective PPAR ligands,
transient transfections of a luciferase reporter vector with hPPARa, hPPARy or hPPARS
expression vectors were performed in Cos-7 cells. In all experiments, the agonists of the tested
receptor, i.e. respectively WY 14.643 (10 uM), rosiglitazone (1 pM) and GW501516 (1 uM),
drastically induced the transcriptional activity of luciferase reporter vector in Cos-7 cells
(x1.4x10'8, p<0.001; x2.2x10", p<0.001 and x6.4x10'7, p<0.001, respectively).

All assayed oxylipins led to the induction of the transcriptional activity of luciferase reporter vector
in Cos-7 cells transfected with the hPPARY expression vector (Figure 3). 14-As-NeuroP showed
again the most effect with significant induction at 1, 5 and 10 pM, attaining a maximum, equivalent
to 23.3% of the induction obtained with 1 uM rosiglitazone. Lower inductions were obtained when
Cos-7 cells were treated with 4-F4-NeuroP, NPD1 and PDX (with maximal induction representing
7.2, 5.5 and 13.3% of 1 uM rosiglitazone activation, respectively) and were significant only at 5

and 10 pM.

In experiments using the hPPARa expression vector, 14-As-NeuroP only induced slightly the
transcriptional activity of luciferase at 10 uM (3.8% of the induction obtained with WY 14.643).
Similar inductions were detected with 0.1, 0.5, 5 and 10 uM 4-F4t-NeuroP, with a maximum
induction of 3.0%. Interestingly, PDX showed dose-response activation with significant effects
starting at 0.5 uM and a maximum of 47.7% induction for 10 uM. Finally, lower, but still important

dose-response effects were observed with NPD1, with significant induction at 1, 5 and 10 pM,
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attaining a maximum of 23.2% induction. However, no induction was seen for any treatment with

the tested oxylipins in cells transfected with the hPPARGS vector.

21



243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

DISCUSSION

A large body of evidence suggests that LC-©3 PUFAs might exert a part of their anti-inflammatory
activities via their corresponding oxylipins. While enzymatic DHA-derived oxylipins, i.e. the
protectins, resolvins and maresins, have been extensively investigated in the last decade (see [17]
for a recent review), data regarding non-enzymatic species, i.e. the neuroprostanes, are scarce. In
this comparative and dose-response study performed in human primary macrophages, we showed
that the electrophilic cyclopentenone neuroprostanes were the most potent DHA-derived oxlipins
tested, especially at the high doses (10 uM). Interestingly, in our model, NPD1 had no effect at
high dose (10 uM) but became very active at the lowest dose (0.1 uM) whereas the other oxylipins
tested lost most of their effects at low doses. The other major results of this study are related to the
PPARs transfection experiments showing for the first time that (1) cyclopentenone neuroprostanes
activate PPARy, (2) cyclopentenone neuroprostanes activate PPARy stronger than the protectins

and (3) NPD1 and even more PDX preferentially activate PPARa.

Anti-inflammatory activity of the DHA-derived oxylipins.

Macrophages are able to convert DHA to a large array of oxylipins such as D-serie resolvins,
protectins, maresin as well as hydroy and epoxy FA and neuroprostanes which are suggested to
have complex interactions to drive to inflammatory response and promote the resolution of
inflammation. For instance, NPD1/PD1 biological actions have been extensively studied [39].
NPD1 regulates leukocyte infiltration, increases macrophage phagocytosis and regression from the
inflammation site [40]. NPD1, resolvin D1, and 14,21-diHDHA accelerate wound healing and

14S,21RdiHDHA recovers the reparative functions of macrophages from diabetic mice [41]. In the
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present experiment, attention was focused on neuroprostanes and their anti-inflammatory activity
which was compared to the LOX-derived protectins. All DHA-derived oxylipins investigated had
an anti-inflammatory activity with 14-As-NeuroP, 4-F4-NeuroP and PDX being active at 10 uM
while NPD1 had significant effects on mRNA expression of pro-inflammatory markers at 0.1 uM.
More precisely, among the four oxylipins tested, the cyclopentenone neuroprostane
(i.e.14-As-NeuroP) was the most potent, inducing substantial (up to 58.8%) reduction of all
pro-inflammatory markers assessed. These results are consistent with the previous study conducted
with this type of neuroprostane by the group of Morrow [26] who reported significant decreases of
the pro-inflammatory markers iNOS and COX-2 in RAW 264.7 macrophages pre-exposed to 10
MM 14-As-NeuroP. In this murine macrophage cell line, the authors also reported significant
effects with a lower dose of 14-As-NeuroP (1 pM) on the expression of iNOS but not on COX-2.
Altogether, the results obtained in our model bring more evidence that 14-As-NeuroP has
anti-inflammatory properties and extend the findings of Musiek et al. to humans. The other
neuroprostane, the 4-Fs-NeuroP, was also associated for the first time with significant
anti-inflammatory properties. However, in comparison with the cyclopentenone neuroprostane, the
4-F4-NeuroP has less pronounced effect which might be due to the absence of an electrophilic
carbon limiting its interaction with signaling proteins [42]. These in vitro results nevertheless
support preliminary results obtained in LDLR”" mice in which we showed that Fs-NeuroPs were
associated with reduced atherosclerosis [25], associated with a decreased inflammation [27]. Apart
from those anti-inflammatory properties, 4-Fs-NeuroP has recently been shown to exert
antiarrhythmic effect in mouse cardiomyocytes at doses ranging from 10 nM to 1 uM [43]. To the
best of our knowledge, this is the only other in vitro study reporting biological activities of the

Fs-neuroprostanes.

23



288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

In our model, PDX induced similar decrease of pro-inflammatory mediators than the
14-As-NeuroP at 10 pM, but results were more variable and therefore less significant. A previous
recent study performed in palmitate stimulated J774A.1 mouse macrophages reported decrease of
proteins levels (in the range of about 25%) for MCP-1, TNF-a and IL-6 but also CCL-5, IL-2,
INOS and -more surprisingly- 1L-10 [44]. It should be noted that these effects were observed with
lower doses of PDX (10 and 100 nM). Two other in vitro studies using different cell models found
out that PDX could reduce COX-2 activity in human platelets [45] and in LPS-induced human
neutrophils [46]. Several in vivo experiments also support the anti-inflammatory properties of PDX
which has been showed for instance to reduce the levels of TNF-a and IL-6, but also IL-1,
CXCL-1, CXCL-2 and NOS-2 by around 50% in the colon of PHIL mice that are specifically
devoid of eosinophils challenged with dextran sodium sulfate and injected with 0.05 mg/kg of PDX
[47]. In this study, the injection of PDX was also associated with a reduction of neutrophil
infiltration in the colon and the inhibition of chemotaxis by PDX was also reported in a mice model
of acute lung injury [48]. Concerning NPD1, in our model of human primary macrophages, it had
no significant effect at high dose (10 uM) on any of the pro-inflammatory markers investigated but
it induced significant decreases at lower doses, with up to 38.7% reduction of mMRNA levels of IL-6,
TNF-a and COX-2 at 0.1 uM and of CCL-3 at 1 uM. Among the four studied oxylipins, NPD1 is
by far the most studied, with clear indications of its anti-inflammatory properties whereas it has
never been investigated in human primary macrophages. Consistently with our findings, NPD1, at
doses ranging from 0.1 to 200 nM, reduced from about 25 to 100% different types of
pro-inflammatory markers (TNF-a, IL-6, COX-2, IL1-B, IFNy, CEX-1 and B94) in mouse
macrophages [40,41], in rat macrophages [49], in human peripheral blood T cells [50], in primary

human neuro-glial cells [22], in human glioma cells [51] or in human neuron cells [52]. In vivo,
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application of drops of NPD1 solution, 300 ng 2 times per day during 6 days or injection of 50 ng
NPD1 per day during 5 days, topically reduced pro-inflammatory markers (between around 30 and
90% inhibition of IL-6, CXCL-1, CXCL-10 and CCL-20 or around 50% inhibition of TNF-a) in
herpes simplex virus-infected mouse corneas [53] or diabetic mouse wound tissue [41],
respectively. To our knowledge, higher (micromolar) doses had never been studied before in vitro
and our finding with 1 and 10 pM NPD1 treatments are therefore not comparable to other studies.
The anti-inflammatory properties of NPD1 were associated with reduction of neutrophil
infiltration in vivo, in brain tissue from an ischemia-reperfusion mouse model [54], in herpes
simplex virus-infected mouse corneas [53], in rabbit wounded cornea [55], in mouse induced
peritonitis [39,40,50] or in kidneys from ischemia/reperfusion mouse models [49] and in vitro, with

human neutrophils through monolayers of human microvascular endothelial cells [39].

As stated above, the four DHA-derived oxylipins tested in this study had different effects
depending on the dose used. More precisely, 14-As-NeuroP, 4-F4-NeuroP and PDX showed most
effects on regulating pro-inflammatory genes only at the highest dose tested (10 uM) suggesting
threshold type of response with the absence of effect at low dose and an effect proportional to the
dose for doses over the threshold [56]. On the contrary, NPD1 showed a different type of response
with higher activity for the lowest dose tested while it becomes inactive at higher dose therefore
following an inverted U shape dose response in agreement with the hormesis hypothesis. It is
known that NPD1 stereoselectively and specifically binds with retinal pigment epithelial cells and
neutrophils, suggesting the presence of specific receptors for NPD1 in both the immune and visual
systems [57]. While the exact NPD1 receptor(s) have to be identified [58], one can indeed imagine
that the absence of effect of NPD1 at high dose might be due to receptor desensitization or receptor

over-saturation. Although more data would be necessary to understand completely these
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dose-responses, these results clearly show that different oxylipins may have the most beneficial
effect at very different doses, thus pointing towards actions in different biological contexts or at

different timing.

Altogether, this comparative and dose-response study strongly supports that neuroprostanes and
more especially cyclopentenone neuroprostanes should be considered as major contributors of the
anti-inflammatory effect of DHA. Whereas their anti-inflammatory action was mostly achieved at
high dose, one might imagine that the oxidative burst associated to the first steps of the
inflammatory response of macrophages could transiently generate high amount of neuroprostanes
at the intracellular level. On the contrary, the fact that NPD1 was only active at low doses suggests
a more subtle and enzymatically regulated activity consistent with its involvement in the resolution

phase of inflammation [40].

PPAR activation by the DHA-derived oxylipins.

The mechanisms of action underlying the anti-inflammatory effects of LC-©3 PUFAS are mostly
associated with an inhibition of the NF«xB pathway notably through PPARY dependent mechanisms.
Many studies also report that oxylipins could be potent PPAR ligands [23,24] which, together with
the central role of PPARs in the regulation of inflammation and immunity in macrophage [9],
strongly encouraged us to specifically investigate the ability of the DHA-derived oxylipins to bind
and activate PPARs This was done using transactivation assays in Cos-7 cells which are commonly
used to study the mechanisms of action of biomolecules through PPAR activation notably in the

field of oxylipins [18,21,22].

Our results showed that the four tested DHA-oxylipins were all able to bind and activate PPARa
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and PPARy (but not PPARS) with different potency depending on the sub-type of PPAR and the
oxylipins. Results concerning PDX and NPD1 are in good agreement with previous studies using
reporter assays in transfected cells [21,22]. It should nevertheless be noted that significant
activation were observed with lower doses of PDX and NPD1 which could be due to the difference
in the sensitivity of the assays, with 1 uM of rosiglitazone used in our case versus 0.1 uM
rosiglitazone in the one of White PJ et al. [21]. Concerning the neuroprostanes, to our knowledge,
these results are the first to demonstrate a direct link between 4-Fs-NeuroP or 14-As-NeuroP and
PPARy activation. Only one other study indirectly investigated the relationship between
14-As-NeuroP and PPARY using RAW macrophages and inhibitors of PPAR but failed to confirm

the contribution of PPARY in the anti-inflammatory action of 14-As-NeuroP [26].

Interestingly, neuroprostanes preferentially activate PPARy while the enzymatic oxylipins PDX
and NPD1 activated preferentially PPARa. This difference of ligand potency could be due the
differences of structure between these oxylipins. Indeed, although the large binding pocket of
PPARYy allows for high versatility of potential ligands, differences in the detailed stereochemistry
of said potential ligands lead to different potential to form hydrogen bonds or covalent bonds with

the binding pocket and thus differences in affinity [24].

Altogether, results of the transactivation assays suggest that the anti-inflammatory activity
previously described could be mediated, at least in part, through the binding of the DHA-derived
oxylipins to PPARa and PPARYy. Through trans-repression, activated PPARs have shown potential
to inhibit IkBa degradation, reduce p65 nuclear translocation or its binding to DNA [59,60].
Combined with trans-activation mechanism this will lead to the regulation of multiple signaling
pathways such as cholesterol homeostasis, but also the regulation of the immune response and

inflammation.
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The highest capacity of 14-As-NeuroP to activate PPARY probably contributes to explain its
highest anti-inflammatory activity in monocyte-derived macrophages. This could also be due to the
ability of 14-As-NeuroP to directly inhibit NFkB through the inactivation of IKK as showed by
Musiek et al. [26]. More precisely, the authors showed that 14-As-NeuroP lost its capacity to
inhibit LPS-induced nitrite production in RAW 264.7 macrophages after reduction of the carbonyl
moiety on the cyclopentenone ring to a nonreactive alcohol. Musiek et al. also found out that a
mutation of the cysteine 179 in the activation loop of IKKp could prevent the IKK-dependent
inhibition of IkBa phosphorylation triggered by 14-A4-NeuroP. 14-As-NeuroP may thus directly
inhibit IKK function (and thus NFkB activation) through Michael adduction of this thiol. This
action of cyclopentenone rings had already been found with other molecules such as

cyclopentenone prostaglandins and cyclopentenone isoprostanes [61].

Although Cos-7 transactivation assay brought significant results, it should be noted that the
DHA-derived oxylipins only partly activate PPARa or PPARy (maximum 25% or 45% of
activation respectively for PDX/PPARa and 14-A4-NeuroP/PPARy) which might not be
physiologically relevant in non-artificial systems. Other complementary mechanisms of action
should be investigated to further understand the observed anti-inflammatory properties of

DHA-derived oxylipins.

Conclusion

In conclusion, our results show that neuroprostanes and more especially cyclopentenone
neuroprostanes have significant anti-inflammatory activities similar or even more pronounced than

protectins supporting that neuroprostanes should be considered as important contributors to the
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anti-inflammatory effects of DHA. Concerning the dose-response effect, it should be noted that the
tested oxylipins had different effects depending on the doses. Notably, NPD1 was active for the
lowest dose while it becomes inactive at higher dose suggesting a putative interaction with
receptors and desensitization or receptor over-saturation at high dose. Transactivation assays
suggested that at least part of the anti-inflammatory properties of the DHA-derived oxylipins
investigated might be linked to PPARs whereas complementary mechanisms of action might also
contribute to the effects observed. Combined together, these results bring new insights concerning
the relative contribution and dose-dependent effect of different types of DHA-derived oxylipins
including the non-enzymatic neuroprostanes recently suggested to be new mediators of interest
[17]. The kinetics and cross-talks between the different types of oxylipins as well as a more
detailed deciphering of the mechanisms of action of DHA-derived oxylipins would be valuable

leads for further understanding the roles of oxylipins in the regulation of inflammation.
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Table 1. List of primers used for mRNA analysis

;iz?\?; Primer forward (5’ to 3”) Primer reverse (5’ to 3°)
Cyclophilin GCATACGGGTCCTGGCATCTTGTCC ATGGTGATCTTCTTGCTGGTCTTGC
IL-6 AAGTCCTGATCCAGTTCCTG GATGAGTTGTCATGTCCTGC
TNF-a CAGAGGGCCTGTACCTCATC GGAAGACCCCTCCCAGATAG
MCP-1 TCATAGCAGCCACCTTCATTCC GGACACTTGCTGCTGGTGATTC
COX-2 TGAGCATCTACGGTTTGCTG TGCTTGTCTGGAACAACTGC

CCL-3 TGCAACCAGTTCTCTGCATC TTTCTGGACCCACTCCTCAC
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Table 2. Percentage of IL-6, TNF-a, MCP-1, CCL-3 and COX-2 mRNA levels in human monocyte-derived macrophages pre-exposed
for 30 min with 0.1 or 1 puM of 14-A4-NeuroP, 4-F4-NeuroP, NPD1 or PDX before the induction of inflammatory response with LPS

(100 ng/mL, 6 hours), in comparison with macrophages pre-exposed to vehicle alone. Results are means of at least 5 independent
experiments using cells from different donors.

14-As-NeuroP 4-Fs-NeuroP NPD1 PDX
0.1 1 0.1 1 0.1 1 0.1 1
RE(%) SD p RE(%) SD p RE(%) SD p RE (%) SD p RE (%) SD p RE (%) SD p RE (%) SD p RE (%) SD p
IL-6 95.4 35.6 0.789 102.0 29.4 0.887 99.6 16.4 0.960 75.5 17.5 0.035 85.1 12.0 0.017 80.5 35.4 0.235 97.1 52.1 0.907 72.3 28.7 0.097
TNF-a 104.7 34.6 0.752 85.9 26.5 0.251 102.5 28.8 0.841 86.0 42.2 0.455 73.3 196 0.011 116.4 106.4 0.697 82.3 255 0.195 72.0 43.0 0.284
MCP-1 76.2 7.7 0.001 83.4 22.2 0.126 80.7 20.0 0.097 1004 339 0.979 114.8 55.2 0.473 92,6 54.6 0.732 109.3 59.3 0.716 88.6 69.7 0.706
CcCL3 88.7 25.4 0.379  98.7 34.0 0.937 92.6 26.1 0.562 78.0 40.2 0.288 81.5 33.0 0.229 69.6 28.0 0.045 106.4 33.1 0.686 74.2 20.0 0.044
COX-2 102.3 62.7 0.932 97.0 41.0 0.865 1019 415 0.916 1119 55.0 0.620 61.3 26.8 0.017 73.6 519 0.268 1085 351 0.617 64.5 33.8 0.126

RE: relative expression
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Table 3. Percentage of TNF-o. and MCP-1 protein levels secreted by human monocyte-derived macrophages pre-exposed for 30 min
with 0.1 or 1 uM of 14-A4-NeuroP, 4-F4-NeuroP, NPD1 or PDX before the induction of inflammatory response with LPS (100 ng/mL,

6 hours), in comparison with macrophages pre-exposed to vehicle alone. Results are means of at least 5 independent experiments using
cells from different donors.

14-As-NeuroP 4-F4-NeuroP NPD1 PDX

0.1 1 0.1 1 0.1 1 0.1 1
RS RS RS
RS(%) SD p RS(%) SD p RS(%) SD p (%) SD p RS(%) SD p RS(%) SD p (%) SD p (%) SD p
TNF-a 110.8 13.8 0.113 103.5 14.9 0.594 103.5 145 0.617 96.3 11.6 0.513 96.0 19.9 0.641 101.7 11.9 0.795 91.3 12.3 0.146 77.9 29.4 0.167
MCP-1 840 40.7 0380 100.3 54.1 0.990 76.2 23.9 0059 89.4 31.9 0.453 100.4 47.4 0.986 89.4 842 0.848 440 343 0010 60.5 26.9 0.030
RS: relative secretion
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Figure 1. Percentage of IL-6, TNF-a, MCP-1, CCL-3 and COX-2 mRNA levels in human
monocyte-derived macrophages pre-exposed for 30 min with 10 uM of 14-As-NeuroP,
4-F4-NeuroP, NPD1 or PDX before the induction of inflammatory response with LPS (100 ng/mL,
6 hours), in comparison with macrophages pre-exposed to vehicle alone. Results are means of at
least 5 independent experiments using cells from different donors.

Student's t test (comparison to vehicle 30 min, LPS 6h condition). * p<0.05; ** p<0.01; ***
p<0.001
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before the induction of inflammatory response with LPS (100 ng/mL, 6 hours), in comparison with
macrophages pre-exposed to vehicle alone. Results are means of at least 5 independent
experiments using cells from different donors.
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Figure 3. Induction of luciferase activity by pGal4/hPPARa, pGal4/hPPARYy or pGal4/hPPARS
constructs in Cos-7 cells (reported as a percentage of the induction found with WY14.643 10° M,
rosiglitazone 10° M or GW501516 10 M, respectively) exposed to varying concentrations of
14-A4-NeuroP, 4-F4-NeuroP, NPD1 and PDX. Experiments were performed in triplicates.
Student's t test (compared to vehicle condition). * p<0.05; ** p<0.01; *** p<0.001
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