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BACKGROUND AND PURPOSE

N-docosahexaenoylethanolamine (DHEA) is the ethanolamine conjugate of the long-chain polyunsaturated n-3 fatty acid
docosahexaenoic (DHA; 22: 6n-3). Its concentration in animal tissues and human plasma increases when diets rich in fish or
krill oil are consumed. DHEA displays anti-inflammatory properties in vitro and was found to be released during an
inflammatory response in mice. Here, we further examine possible targets involved in the immune-modulating effects of
DHEA.

EXPERIMENTAL APPROACH

Antagonists for cannabinoid (CB); and CB, receptors and PPAR, were used to explore effects of DHEA on NO release by
LPS-stimulated RAW264.7 cells. The possible involvement of CB, receptors was studied by comparing effects in LPS-stimulated
peritoneal macrophages obtained from CB,”~ and CB,"* mice. Effects on NF-xB activation were determined using a reporter
cell line. To study DHEA effects on COX-2 and lipoxygenase activity, 21 different eicosanoids produced by LPS-stimulated
RAW264.7 cells were quantified by LC-MS/MS. Finally, effects on mRNA expression profiles were analysed using gene arrays
followed by Ingenuity® Pathways Analysis.

KEY RESULTS

CB; and CB; receptors or PPARs were not involved in the effects of DHEA on NO release. NF-xB and IFN-f3, key elements of
the myeloid differentiation primary response protein D88 (MyD88)-dependent and MyD88-independent pathways were not
decreased. By contrast, DHEA significantly reduced levels of several COX-2-derived eicosanoids. Gene expression analysis
provided support for an effect on COX-2-mediated pathways.
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CONCLUSIONS AND IMPLICATIONS

DHEA modulates eicosanoid synthesis

Our findings suggest that the anti-inflammatory effects of DHEA in macrophages predominantly take place via inhibition of

eicosanoids produced through COX-2.
LINKED ARTICLES

This article is part of a themed section on Cannabinoids 2013 published in volume 171 issue 6. To view the other articles in
this section visit http://onlinelibrary.wiley.com/doi/10.1111/bph.2014.171.issue-6/issuetoc

Abbreviations

ACEA, arachidonyl-2’-chloroethylamide; AEA, N-arachidonoylethanolamine (anandamide); CB receptor, cannabinoid
receptor; CT, cycle threshold; DHA, docosahexaenoic acid (22:6n-3); DHEA, N-docosahexaenoylethanolamine; EPA,
eicosapentaenoic acid (20:5n-3); IPA, Ingenuity Pathways Analysis; IRAK, IL-1 receptor-associated kinase; LOX,
lipoxygenase; MCP-1, monocyte chemotactic protein-1; MyD88, myeloid differentiation primary response

protein D88; n-3 LC-PUFA, (n-3) long-chain polyunsaturated fatty acid; NAEs, N-acyl ethanolamines; poly-IC,
polyinosinic : polycytidylic acid; TLR, toll-like receptor; TRAF, receptor-associated factor; TRIF, TIR-domain-containing
adapter-inducing interferon-b; TRVP1, transient receptor potential channel vanilloid subtype 1; XTT, colorimetric assay

Introduction

Long-chain omega-3 polyunsaturated fatty acids (n-3
LC-PUFAs) including docosahexaenoic acid (DHA; 22: 6n-3)
and eicosapentaenoic acid (EPA; 20: Sn-3) play important
roles in normal tissue development, and their intake is asso-
ciated with the prevention or amelioration of certain cardio-
vascular, neural and possibly other diseases (Russo, 2009;
Calder, 2011). It is assumed that many of the health effects of
n-3 LC-PUFAs are related to modulation or resolution of an
elevated inflammatory status, which often plays a primary or
secondary role in these disorders (de Roos et al., 2009; Calder,
2011; De Caterina, 2011). To explain their activity on inflam-
mation different mechanisms are proposed, which are at least
partly linked or act in parallel (Calder, 2011). Several studies
found that DHA and EPA exert direct effects on receptors and
key regulators of inflammatory processes (Chapkin et al.,
2009; Mullen et al., 2010; Calder, 2011). One of the latest
additions was the study of Oh et al. demonstrating that n-3
LC-PUFAs can serve as natural ligands for the GPCR GPR120
(Oh et al., 2010). Alternatively, indirect mechanisms can be
involved that occur through incorporation of omega-3 fatty
acids in cell phospholipid membranes at the expense of the
highly abundant omega-6 fatty acid arachidonic acid. This
causes a shift from the formation of arachidonic acid-derived
PGs and LTs towards less potent pro-inflammatory pathways
(Calder, 2011). In addition, resolvins and protectins can be
formed from EPA and DHA, which are considered to be
pivotal in the control of the duration and magnitude of
inflammatory processes (Serhan and Chiang, 2008).
Recently, we found evidence for another mechanism
by which DHA can modulate inflammation, namely
via its N-acyl ethanolamine (NAE) metabolite N-
docosahexaenoylethanolamine (DHEA) (Balvers et al., 2010;
Meijerink et al., 2011). The formation of this endogenous
metabolite is stimulated by increasing the proportion of
omega-3 fatty acids in the diet (Berger et al., 2001) and DHEA
was found to display greater inhibitory effects than its parent
DHA on the release of NO and monocyte chemotactic
protein-1 (MCP-1) from activated macrophages (Meijerink

etal., 2011). DHEA belongs to the class of NAEs, of which
several members have been shown to act as endogenous
mediators. The best known representative of this group is the
endocannabinoid anandamide (N-arachidonoylethanola-
mine anandamide, AEA) (Alexander and Kendall, 2007;
Correa et al., 2009; Pertwee et al., 2010). The cannabinoid
(CB), receptor (Alexander et al., 2013a) has been linked to the
anti-inflammatory effects of anandamide and other endocan-
nabinoids and is predominantly expressed by cells of the
immune system (Batkai efal.,, 2007; Csoéka etal., 2009;
Mukhopadhyay et al., 2010; Basu and Dittel, 2011). At the
same time it is clear that not all NAEs exclusively bind to CB,
or CB, receptors, but often also (or instead) show affinity for
GPRSS5, GPR18, GPR119, transient receptor potential channel
vanilloid subtype 1 (TRPV1; see Alexander et al., 2013b) or
PPARs (Alexander and Kendall, 2007; Di Marzo et al., 2007;
Pertwee et al., 2010; Maccarrone, 2013; for nomenclature see
Alexander et al., 2013c). In addition, anandamide acts on
other key regulators of inflammation, including COX, and
it can be metabolized by COX, lipoxygenase (LOX) or
cytochrome P450 (CYP450) to products with activity on
inflammatory processes (Rouzer and Marnett, 2011; for
nomenclature see Alexander et al., 2013d).

These diverse and apparently pleiotropic interactions
between NAEs and inflammatory pathways prompted us to
further explore the underlying mechanism(s) of action of
DHEA in inflammation. Although DHEA has been shown to
possess affinity for both CB; and CB, receptors (Sheskin et al.,
1997; Brown et al., 2010), studies from our and other labs
(Brown et al., 2010) gave rise to questions about the involve-
ment of the CB, receptor in at least some of its anti-
inflammatory mechanisms. In the present paper, we first
studied the contribution of the Toll-like receptor (TLR)3/TLR4
myeloid differentiation primary response protein D88
(MyD88)-(in)dependent signalling pathways, the potential
involvement of NF-kB, and the possible effects on IFN-f. In
addition, possible roles of CB,; and CB, receptors and PPARyin
the DHEA-mediated effects were further examined. As the
combined results were pointing towards an effect on eicosa-
noid formation we then undertook a series of LC-MS/MS
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studies to measure eicosanoid profiles. To further explore our
findings and to examine the possible relationships with other
pathways, some gene array analyses followed by Ingenuity
Pathways Analysis (IPA) were carried out in parallel.

Methods
Culture of RAW264.7 cells

Most of the experiments were performed with RAW264.7
macrophages obtained from the American Type Culture Col-
lection (Teddington, UK). Cells were grown and maintained
in DMEM supplemented with 10% FBS, penicillin and strep-
tomycin (P/S) at 37°C in a 5% CO, humidified air atmos-
phere. Cells (2.5 x 10° cells mL™") were seeded into 96-well cell
culture plates for nitrite, IL-6 and viability/cytotoxicity meas-
urements [colorimetric assay (XTT)/LDH], or in 6-well plates
(2.5 x 10° cells mL™") for IFN-B and PGE, (EIA), COX-2
Western blot and eicosanoid analysis, and incubated
overnight.

Effects of DHEA, GP-1a, arachidonyl-2"-
chloroethylamide (ACEA), rosiglitazone and
antagonists on stimulated release of NO,
cytokines/chemokines and PGE;

Adherent cells were pre-incubated for 30 min with the test
compound or vehicle in duplicate or triplicate. LPS concen-
trations and incubation times were based on the specific
properties of the different inflammatory mediators and pre-
viously estimated responses in the cell line and in peritoneal
macrophages. In the case of RAW264.7 cells, LPS or polyi-
nosinic : polycytidylic acid (poly-IC) were added to a final
concentration of 1ug-mL"' in combination with the test
compound. Peritoneal macrophages were activated with
0.1 ug-mL™" LPS to measure IL-6 release, and with 1 ug-mL™!
LPS to measure NO production. Ethanol was used as solvent
for DHEA, GP-1a, ACEA, SR141716 and SR144528 and DMSO
was used as a solvent for GW9662. In all cases final ethanol/
DMSO concentration never exceeded 0.1% v v''. When
studying effects of antagonists, these were added (0.01, 0.1,
and 1 uM) 30 min before the ligands (5, 10 uM DHEA). After
another 30 min of incubation LPS (1 ug-mL™") was added.
Cells were then cultured for 48 h (24 h for peritoneal mac-
rophages) after which NO or XTT/LDH were measured.
Nitrite accumulated in the culture medium was measured as
an indicator of NO production using the Griess method
(Green et al., 1982). Briefly, 100 uL of cell culture medium
was mixed with 100 uL of Griess reagents and incubated at
room temperature for 10 min. Absorbance was measured at
540 nm using a plate reader. IL-6 release in the culture
medium was measured by ELisA after 16 h (peritoneal mac-
rophages) or 24 h (RAW264.7 cells) of incubation. IFN-B was
measured by ELisA following an incubation of 24 h. Produc-
tion of PGE, (24 h) was initially measured using EIA only.
Further analyses of eicosanoid patterns were performed using
LC-MS/MS. The supernatant of treated RAW264.7 cells was
used for both EIA and LC-MS/MS analyses. For eicosanoid
analysis, medium aliquots were stored at -80°C until analysis
in the presence of inhibitors of auto-oxidation as described
previously (Balvers et al., 2012b).
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Assays for viability and cytotoxicity. Cell viability and poten-
tial cytotoxic effects of compounds added were determined
by an XTT assay and by measuring LDH leakage. To measure
XTT conversion the XTT Cell Proliferation Kit II from
Roche Applied Science (Almere, The Netherlands) was
used. Briefly, RAW264.7 cells were incubated for 48 h with
the compounds and LPS. After incubation, supernatants
were carefully removed (for LDH determination) and
100 uL. of fresh medium supplemented with sodium 30-
[1-(phenylaminocarbonyl)-3,4-tetrazolium]bis(4-methoxy-6-
nitro) benzenesulfonic acid hydrate (XTT) (final concentra-
tion = 0.45mM) and N-methyldibenzopyrazine methyl
sulfate (1.25 mM), was added to the cells. After incubation at
37°C, the amount of formazan accumulated in the medium
was measured at 450 nm on a plate reader (Multiskan
Ascent, Thermo Labsystem, Breda, The Netherlands). Condi-
tions were considered cytotoxic when formazan formation
was >20% lower compared with untreated controls. LDH
leakage was measured using a Cytotoxicity Detection Kit
(Roche Applied Science, Almere, The Netherlands). LDH was
measured in culture supernatants (100 uL), which were
removed and mixed with enzyme reagents (diaphorase/
NAD mixture, 250 uL) and dye solutions (iodotetrazolium
chloride and sodium lactate, 11.25 mL). After 30 min of
incubation at 25°C, the absorbance was measured at
492 nm.

Collection of peritoneal macrophages

To collect peritoneal macrophages, male C57B1/6 (CB,"*) and
CB, "~ (KO, knockout; B6.129P2-Cnr2tm1Dgen/J; The Jackson
Laboratory, Bar Harbor, ME, USA) mice were used. For the
studies described here, a total of five CB,” and four CB,"*
animals were used. Approval for this study had been obtained
by the Local Committee for Care and Use of Laboratory
Animals of Wageningen University. All studies involving
animals are reported in accordance with the ARRIVE guide-
lines for reporting experiments involving animals (Kilkenny
et al., 2010; McGrath et al., 2010). Both CB,”~ and CB,"* mice
had been bred for several generations in the experimental
animal facilities of Wageningen University. They were housed
two or three mice per cage in a temperature-controlled envi-
ronment with a 12 h light-dark cycle (lights on between
06:00-18:00 h) and had free access to water and standard
chow. Mice were first injected i.p. with a 4% Brewer Thiogly-
collate solution. Three days later, animals were killed and
cells in the peritoneal cavity were collected by peritoneal
lavage, using RPMI1640 medium containing P/S. The cell
suspension was then centrifuged for 5 min at 280x g and 4°C
and pellets were subsequently treated with erythrocyte
lysis buffer (150 mM NH4Cl, 10 mM KHCOs;, 0.1 mM EDTA)
for 5-10 min on ice. Macrophages were collected and
re-suspended in RPMI1640 containing 10% heat-inactivated
(HI) FBS and P/S. Subsequently, they were counted and plated
in a density of approximately 750.000 cells mL™. After 2 h,
adhering macrophages were washed with PBS and cultured
for 72 h in RPMI1640 medium (containing 10% FBS-HI and
P/S) before stimulation. Q-PCR studies confirmed that the
CB, gene was not expressed in the CB,”" peritoneal mac-
rophages [cycle threshold (CT) values around 40] or in other
tissues of the CB,”~ mice, whereas the CB,"* peritoneal mac-
rophages showed normal to high expression (CT values



around 25) of the CB, gene (CB, expression in peritoneal
macrophages is shown in supplemental data).

NF-xB reporter assay

HEK293 cells were stably transfected with beta-galactosidase
(LacZ) (InvivoGen, San Diego, CA, USA) and subsequently
stably co-transfected with a luciferase reporter gene construct
containing an eukaryotic promoter sequence with five NF-xB
binding sites (pNiFty2-Luc, InvivoGen). For transfection,
InvivoGen LyoVec was used according to the supplied proto-
col. For selection of LacZ transfected cells the antibiotic blas-
ticidin (10 pg-mL™") was added to the medium, while for cells
co-transfected with pNiFty2-Luc, the addition of Zeocin
(300 pug-mL™) was also necessary. The antibiotics were added
during selection and culturing of the cells, but were omitted
during the subsequent experiments. All cells were cultured in
DMEM with 4.5 mg-L™ glucose and Glutamax, supplemented
with 10% heat inactivated (HI) FBS and 1% P/S at 37°C and
5% COs.

To measure effects of DHEA on NF-kB-mediated luciferase
activity, transfected HEK293 cells (6.5 x 10° cells mL™) were
seeded into 96-well cell culture plates and incubated over-
night. Cells were pre-incubated for 30 min with the test com-
pound or vehicle in duplicate, and thereafter stimulated for
4 h with 50 ng TNF-o in the presence of the respective com-
pound. Caffeic acid phenethyl ester (CAPE), a known inhibi-
tor of NF-xB activation was used as a positive control.
Experiments were performed in DMEM supplemented with
10% HI FCS and 1% P/S. As solvent ethanol was used (final
solvent concentration never exceeded 0.1% v v'). For cell
lysis and detection of TNF-o-induced NF-kB-luciferase activ-
ity, Britelite™ plus (Perkin Elmer, Groningen, The Nether-
lands) mixture was used in a 1:1 ratio, according to the
manufacturer’s protocol. Light emission was measured using
an Ascent fluorescence meter (Thermo Labsystem).

COX-2 Western blotting

To determine effects of DHEA on COX-2 expression, adherent
RAW264.7 macrophages were pre-incubated for 30 min with
the test compound or vehicle in duplicate, after which LPS
(1 ug'mL™") was added in combination with the same test
compound/vehicle. Ethanol was used as solvent for DHEA
(final ethanol concentration never exceeding 0.1% v v').
Following 24 h of incubation, cells were lysed using lysis
buffer (150 mM NaCl, 10 mM Tris-HCI pH 7.5, 5 mM EDTA,
1% Triton X-100) with a protease inhibitor cocktail (Roche) to
determine COX-2 protein expression. Cell lysates were cen-
trifuged at 16 000x g for 10 min at 4°C and the supernatants
were then assessed for protein concentration. Fifteen micro-
grams of protein was separated by 10% mini-protean TGX
precast gel (Bio-Rad, Veenendaal, The Netherlands) and trans-
ferred to a PVDF membrane using a Trans Blot Turbo Transfer
System (Bio-Rad). The membrane was incubated with anti-
COX-2 polyclonal antibody (dilution 1:1000) and anti-actin
polyclonal antibody (dilution 1:2000) at 4°C overnight. The
blot was washed and incubated with a secondary antibody
(goat anti-rabbit HRP, dilution 1:5000) at room temperature
for 1 h. Proteins were visualized by enhanced chemilumines-
cence (ECL) with a ChemiDoc® image analyser (Bio-Rad).

DHEA modulates eicosanoid synthesis

Extraction and LC-MS/MS analysis

of eicosanoids

To further investigate effects of DHEA on eicosanoid release
patterns from LPS-stimulated RAW264.7 cells, we used
LC-MS/MS applying a targeted lipidomic method as described
previously (Balvers et al., 2012b). This method allows the
quantification of eicosanoids derived from several enzymatic
pathways, covering COX-, LOX- and CYP450-derived
metabolites. Briefly, 375 uL of cell culture medium was
extracted with 1.5 mL methanol containing the appropriate
internal standards, placed on ice for 30 min, and centrifuged
for 5 min at 20 800x g. The supernatant was subsequently
diluted with 6 mL MQ water containing 0.1% formic acid
(FA) before solid phase extraction on HLB columns (Oasis;
Waters, Etten-Leur, The Netherlands). After washing with
2 mL 20% methanol in MQ water with 0.1% FA, columns
were eluted with 2 mL methanol and the eicosanoids were
captured in glass tubes containing 20 uL of 500 uM butylated
hydroxyethylene (BHT) and 10% glycerol in ethanol. After
evaporation, under a gentle stream of nitrogen, the eicosa-
noids were reconstituted in 100 pL ethanol, and subsequently
used for LC-MS/MS analysis. All eicosanoid analyses were
performed on a UPLC coupled to a Xevo TQ-S tandem quad-
rupole mass spectrometer (Waters) as described previously
(Balvers et al., 2012b). In brief, 5 uL extract was injected on
column, and all eicosanoids were separated on an Acquity
C18 BEH UPLC column (2.1 x 100 mm, 1.7 um) using a
gradient elution with a stable flow at 600 pL-min'. The MS
was operated with electrospray in negative ion mode and
eicosanoids were analysed in selective reaction mode. Cone
voltage and collision energies were optimized for each com-
pound individually. Peak identification and quantification
was performed using MassLynx software version 4.1 (Waters,
Etten-Leur, The Netherlands). Quality control samples were
included in each analytical run to check the quality of the
analysis and to correct for accuracy.

IPA

Upstream regulator analysis uses prior knowledge of pub-
lished literature on effects between transcriptional regulators
(any type of molecule, from transcription factor, to micro-
RNA, kinase, compound or drug, that affects the expression of
other molecules) and their target genes, which are stored in
the Ingenuity Knowledge Base. The analysis predicts likely
relevant transcriptional regulators by comparing the data sets
of the studied compound with data sets in the Ingenuity
Knowledge Base. The activation Z-score is a measure for the
overlap in gene-expression profile induced by the studied
compound with gene-expression profiles induced by
upstream transcription regulators in the Ingenuity Knowl-
edge Base (http://www.ingenuity.com/science/knowledge-
base). The activation Z-score also takes the direction of the
gene expression (up-regulated vs. down-regulated) into
account. Positive values suggest overlapping profiles of sets of
genes changed in a similar direction while negative values
suggest opposite changes of sets of genes. Cut-off values for
the activation Z-score are taken as 2 or —2. Statistical P values
give significance of the observed overlap in gene-expression
profiles.

For IPA, transcriptome data (for transcriptome analysis see
Supporting Information) were used from three independent
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experiments using LPS-stimulated RAW264.7 macrophages
treated with 10 uM DHEA or vehicle. Experiments were con-
ducted as described earlier.

Data analysis
All experiments in RAW264.7 macrophages were performed
in duplicate, and those performed in the peritoneal mac-
rophages were done as triplicate measures and repeated at
least three times in independent experiments. Data from
most experiments are expressed as a % of the LPS-treated
controls (set at 100%). Data from the eicosanoid analyses are
presented as absolute values. Data are presented as means
with SEM (see legends to the figures). Statistical analyses were
performed on the data as depicted in the figures, where
differences between treatments and controls were evaluated
by one-way anova followed by post hoc test (in most cases
Dunnett’s t-test). To test statistical differences between CB,"*
and CB,”" cells, variations were evaluated using repeated
measures.

A P value < 0.05 was considered as statistically significant.
P values were assigned at three different levels, namely P <
0.05, P < 0.01 and P < 0.001. For IPA activation, Z-scores are
shown with P values < 0.01.

Materials

DHEA, rimonabant, 5-(4-chlorophenyl)-1-(2,4-dichloro-
phenyl)-4-methyl-N-1-piperidinyl-1H-pyrazole -3 -carboxa-
mide (SR141716), 5-(4-chloro-3-methylphenyl)-1-[ (4-
methylphenyl)methyl]-N-[ (15,2S,4R)-1,3,3-trimethylbicyclo
[2.2.1]hept-2-yl]-1H-pyrazole-3-carboxamide (SR144528),
PGE; EIA Kits, Griess reagents including nitrite standard and
analytical standards for eicosanoid analyses were bought
from Cayman Chemical (Ann Arbor, MI, USA). GP-la
[N-(piperidin-1-yl)-1-(2,4-dichlorophenyl)- 1,4 -dihydro-6-
methylindeno[1,2-c|pyrazole-3-carboxamide]|, reported to
be a highly selective CB, agonist (Murineddu et al., 2006)
and ACEA were purchased from Tocris (Bristol, UK). LPS
(Escherichia coli O111:B4), DHA, GW9662 (2-chloro-5-
nitrobenzanilide), TMB (3,3’,5,5-tetramethylbenzidine),
BHT, BSA, f3-actin antibody, goat anti-rabbit HRP, rosiglita-
zone and CAPE (inhibitor of NF-xB (Natarajan et al., 1996)
were obtained from Sigma-Aldrich (Schnelldorf, Germany).
DMEM, RPMI1640, FBS and P/S were purchased from Lonza
(Verviers SPRL, Verviers, Belgium) and COX-2 antibody was
acquired from Cell Signalling Technology (Danvers, MA,
USA). Poly-IC (high molecular weight) a TLR3 ligand, specifi-
cally activating the MyD88-independent pathway, blasticidin
S and zeocin were purchased from InvivoGen (San Diego, CA,
USA) and PVDF membrane was acquired from Millipore
(Amsterdam, The Netherlands). BCA protein assay and ECL
were obtained from Pierce (Rockford, IL, USA). ELisa Kits for
IL-6 were bought from R&D Systems (Abingdon, UK). Brewer
thioglycollate was acquired from BD Sciences (Franklin Lakes,
NJ, USA) and Eusa kits for IFN- were purchased from PBL
Interferon Source (Piscataway, NJ, USA). Methanol was
bought from Riedel-de-Haén (Steinheim, Germany) and
ethanol from JT Baker (Deventer, The Netherlands). Nomen-
clature of drugs and receptors follows the BJP’s Concise Guide
to Pharmacology (Alexander et al., 2013a,b,c,d).
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Results

Cytotoxicity of test compounds

Results for cell viability/cytotoxicity (XTT and LDH) are
shown in Supporting Information Table S1. DHEA alone or in
combination with the antagonists rimonabant, SR144528,
the combination of rimonabant and SR144528, or with GW
9662 did not affect cell viability in RAW264.7 macrophages
at the concentrations tested. Data are shown for 5 and
10 uM DHEA, alone or in combination with 1 uM of each
antagonist.

DHEA inhibits IL-6 production from mouse
peritoneal macrophages and RAW264.7 cells
Effects of DHEA on the release of IL-6 was assessed for both
LPS-stimulated C57Bl/6 mice peritoneal macrophages
(Figure 1A) and RAW264.7 cells (Figure 1B). No IL-6 produc-
tion could be measured in the absence of LPS-stimulation. In
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Figure 1

Inhibitory effect of DHEA on IL-6 release from LPS-stimulated
C57BI/6 mouse peritoneal macrophages (A) and RAW264.7 cells (B).
Cells were pre-incubated with DHEA for 30 min before LPS stimula-
tion and IL-6 was measured after 16 h (peritoneal macrophages) or
24 h (RAW264.7 cells) of incubation with DHEA or vehicle in the
presence of LPS. Data are expressed as % of the IL-6 release with LPS
and solvent only (=100%). Bars represent means + SEM from four
separate mice experiments (three measured in triplicate and one in
duplicate; A), and four separate experiments with the RAW264.7 cell
line (measurements in duplicate; B). Asterisks indicate significant
difference from the control (one-way Anova, Dunnett’s t-test; **P <
0.01). IL-6 levels (ng-mL™") + SEM; for RAW264.7 cells, control 0; LPS
1ug-mL" 31.4 + 2.6; DHEA 10 uM 17.5 + 1.9; for peritoneal
macrophages, control 0; LPS 0.1 pg-mL™" 3.1 +1.6; DHEA 10 uM 1.7
+0.7.



activated RAW264.7 cells, DHEA significantly reduced IL-6
production at 10 uM (P < 0.01). In C57Bl/6 mice peritoneal
macrophages activated with LPS, a decreasing trend could be
observed upon stimulation with increasing concentrations of
DHEA. An ECs value of 14.7 uM was determined for DHEA-
induced NO reduction. The graph is presented in Supporting
Information Figure S2.

Effects of DHEA on TLR/MyD88-dependent
and -independent stimulation

To examine the involvement of TLR signalling pathways in
the anti-inflammatory effects of DHEA, RAW264.7 cells were
stimulated with the synthetic dsRNA analogue poly-IC, and
results were compared with those obtained after LPS stimu-
lation. Both LPS and poly-IC stimulation induced after 48 h a
significant increase in NO levels. After poly-IC stimulation
(MyD88-independent) DHEA reduced NO production
(Figure 2) with a significant inhibition of approximately
35% at 10 uM DHEA; n = 3, *P < 0.05 and **P < 0.01. A
concentration—-dependent relationship was also obtained
with LPS stimulation, achieving a higher maximal reduction
at 10 uM DHEA (approximately 60%) compared with that
using poly-IC.

DHEA does not inhibit NF-xB activation
or IFN-3 production
To investigate the possible interaction of DHEA with
key inflammatory mediators involved in the MyD88-
independent pathway and/or MyD88-dependent pathwayj, its
effect on the activation of the transcriptional regulator NF-«xB
and on poly-IC stimulated IFN-B release were studied.

As shown in Figure 3, a concentration series of DHEA had
no effect on the TNF-o induced activation of NF-xB measured
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Figure 2
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both at 4 h (Figure 3A) and 24 h (not shown). Further screen-
ing at various time points (1.0, 2.5, 5.0, 16.0 and 48.0 h) also
did not reveal any reduction of transcriptional activation of
NF-xB in the luciferase reporter assay (data not shown). The
positive control (CAPE) induced a significant reduction.
DHEA at 1 uM and 10 uM did not have any reducing effect on
IFN-B (a primary response gene product of the MyD88-
independent pathway) protein levels in RAW264.7 cells
stimulated with poly-IC (Figure 3B).

Effects of DHEA on NO release appear to be
independent from CB receptors and PPARy
The possible role of CB receptors and PPARy in mediating
DHEA-induced modulation of inflammatory mediators was
explored. When comparing the effects of DHEA on NO pro-
duction by peritoneal macrophages between CB,"* and CB, ™~
mice no significant differences were found between both
groups (Figure 4). Furthermore, the highly selective CB,
inverse agonist SR144528 (1 uM) did not significantly reverse
the DHEA-induced NO reduction at 10 uM (Figure 5). In
order to assess the possible involvement of the CB, receptor,
the CB,; inverse agonist SR141761 (rimonabant) was used.
Both SR141761 (1 uM) alone and a combination of SR 141761
(1 uM) with the CB, inverse agonist SR144528 (1 uM) did not
significantly reverse the DHEA-induced NO reduction at
10 uM (Figure 5). The CB, agonist ACEA (0.1, 1, 5, 10 uM) did
induce a NO reduction of approximately 15%. However, this
reduction was not concentration-dependent (Figure 5). Strik-
ingly, the (reported) selective CB, agonist GP-1a was found to
inhibit the production of NO (Figure 5) by LPS-stimulated
RAW264.7 cells in a manner comparable with that of DHEA.
However, additional experiments (using CB,”~ peritoneal
macrophages and SR144528) demonstrated that these GP-1a-

[] LPS+DHEA

L

*k

001pyM 01uM 1.0uM 50pM  10.0uM

DHEA reduces NO release in both the MyD88-dependent and the MyD88-independent pathway. Dose-response graph showing poly-IC- and
LPS-induced NO release modulated by DHEA in RAW264.7 mice macrophages. RAW264.7 macrophages were pre-incubated for 30 min with
DHEA and stimulated for 48 h with either LPS or poly-IC (1 ug-mL™) in the presence of DHEA. Data are expressed as % of the NO release
with LPS and solvent only (=100%). Bars represent means + SEM from three separate experiments with duplicate measurements. Asterisks
indicate significant difference from the control [one-way anova, Dunnett’s t-test (one-sided); *P < 0.05 and **P < 0.01]. [nitrite levels (uM) *
SEM: control 1.1 £ 0.7, poly-IC 1 ug-mL™ 26.3 + 5.6, DHEA 0.01 uM 29.8 + 6.5, DHEA 0.1 uM 24.7 + 3.9, DHEA 1 uM 24.9 + 5.6, DHEA
5uM 21.9 + 4.5, DHEA 10 uM 18.6 + 3.6 *; n = 3, *P < 0.05 vs. poly IC alone]. [nitrite levels (uM) = SEM: control 1.1 £ 0.3, LPS 1 pg-mL™'
28.3 £ 2, DHEA 0.01 uM 29.8 + 2.8, DHEA 0.1 uM 28.9 + 1.9, DHEA 1 uM 23.2 + 3, DHEA 5 uM 16.3 + 3**, DHEA 10 uM 13.1 £ 2.1*%;

n =13, *P < 0.01 vs. LPS alone].
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(A) Effect of DHEA on TNFao-induced NF-kB activity measured in a
HEK293 NF-kB lacZ luciferase reporter assay containing a promoter
sequence with five NF-xB binding sites. Cells were stimulated for 4 h
with TNFa (50 ng-mL™) in the presence of different concentrations
of DHEA (0.1, 1, 5, 10 and 15 uM). CAPE (3 ug-mL™), a synthetic
NF-xB inhibitor was used as positive control. A 24 h time point gave
similar results. (B) Effect of DHEA on IFN-B production of poly-IC
stimulated RAW264.7 macrophages. Cells were stimulated for 24 h
with poly-IC (1 ug-mL™) in the presence of 1 or 10 uM of DHEA.
Experimental details are described in the Methods. Data are
expressed as %, where TNFo. (A) or poly-IC (B) stimulation (contain-
ing vehicle) was set at 100%. Data represent means + SEM of three
separate experiments (each done in duplicate). Asterisks indicate
significant difference from the control (one-way anova, Dunnett’s
t-test; **P < 0.01, ***P < 0.001). IFN-B levels (ng-mL™") + SEM; control
0; poly-IC 1 pg-mL™" 1.05 + 0.2; DHEA 10 uM 1.27 + 0.3.

induced inhibitory effects were not mediated by activation of
CB; receptors (data not shown).

Figure 5 shows that the PPARy antagonist GW9662
(1 uM) also did not reverse DHEA-induced effects on NO
at 10 uM. The PPARy agonist Rosiglitazone (1, 10 puM)
itself did not affect NO production. Similar results were
found with 0.1 or 0.01 uM of the antagonists rimonabant,
SR144528, rimonabant and SR144528 combined and GW
9662 (Supporting Information Figure S3 shows results at
0.1 uM).
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NO reduction induced by DHEA in LPS-stimulated peritoneal mac-
rophages from CB,"* and CB,”~ mice did not differ. Cells were
pre-incubated for 30 min with each ligand (0.1, 1 or 10 uM) and NO
levels were measured after 48 h stimulation with LPS (1 ug-mL™) in
the presence of the respective ligand and concentration. Further
details are described in the Methods. Data are expressed as a %,
where LPS stimulation (containing vehicle) was set at 100%. Data
represent means + SEM of n = 4 CB,”* and n =5 CB,”~ mice (each
done in triplicate). No significant difference (n.s.) was found
between CB,** and CB,”~ (repeated measures). A significant overall
treatment effect was found for DHEA.

DHEA inhibits PGE, production while only
marginally affecting COX-2 expression

Next, it was studied whether DHEA interacts with targets
downstream of NF-xB and IFN-B. For this, PGE, and other
eicosanoids of the PLA,- and COX-regulated pathways were
selected. DHEA at a concentration of 1 uM was found to
inhibit the release of PGE, (initially measured by EIA) from
RAW264.7 cells by approximately 35%, while at 10 uM DHEA
a 70% reduction was found (Figure 6A, left panel). By com-
parison, the parent compound DHA did not decrease, and
even increased PGE, production when added to the cells
(Figure 6A, right panel). Gene expression levels of COX-2
were not altered by 10 uM DHEA (Figure 6B). However,
Western blot analysis showed that COX-2 protein levels were
partly affected by DHEA stimulation (Figure 6C).

DHEA specifically reduces arachidonic
acid-derived COX metabolites
To further characterize the effect of DHEA on the synthesis of
eicosanoids, RAW264.7 macrophages were incubated with
DHEA in the presence of LPS, and the eicosanoid concentra-
tions in the medium were subsequently determined using a
targeted lipidomics approach. This enabled the analysis of
eicosanoids, which are derived from various enzymatic path-
ways, including COX, LOX and CYP metabolites. Only
eicosanoids, which were altered by DHEA are depicted in
Figure 7, with the complete data presented in the supplemen-
tal data (Supporting Information Table S2).

DHEA at 10 uM significantly reduced the medium levels
of PGD,, PGE,, PGF,, TXB,, 8-iso-PGF,, and 12-HHTrE (all
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DHEA-induced reduction of NO production does not seem to involve the CB; or CB, receptors or PPARy. NO reduction induced by DHEA in
LPS-stimulated RAW264.7 macrophages was not significantly reversed by rimonabant, SR144528, a combination of rimonabant and SR144528,
or GW9662 (P > 0.05 for all combinations). Cells were incubated for 30 min with 1 uM of the respective antagonist after which the regular
pre-incubation with DHEA (10 uM) was started (see Methods for further details). NO levels were determined after 48 h LPS (1 pug-mL™) stimulation
in the presence of the respective antagonist and ligand. Data are expressed as %, where LPS stimulation (containing vehicle) was set at 100%.
Data represent means + SEM (n = 3-4 experiments; each done in duplicate). Statistical analysis was performed by one-way anova, Dunnett’s t-test,
with *P < 0.05 (with respect to LPS control), **P < 0.01 (with respect to LPS control), ***P < 0.001 (with respect to LPS control). DHEA + antagonists
(all combinations) were significantly different with respect to LPS control (not depicted in figure).

COX metabolites derived from arachidonic acid) to approxi-
mately 20-35%, and for TXB, to approximately 66% of the
vehicle control values. PGD, PGF,, and TXB, were also
significantly reduced at 1uM. A decreasing trend was
observed for 15-deoxy-d-12,14-PGJ,. The levels of the anti-
inflammatory mediator 19,20-DiHDPA, a CYP450 metabolite
derived from DHA, were increased approximately fourfold
with 10 uM DHEA. No statistically significant effects were
observed with 0.1 uM DHEA.

DHEA-induced inflammatory gene-expression

profile supports inhibition of PGE,

signalling pathway

Figure 8 shows the activation Z-scores of DHEA-induced
gene-expression profiles in LPS-stimulated macrophages that
displayed significant (P < 0.01) overlap with induced gene-
expression profiles of upstream transcriptional regulators.
Data were analysed using upstream regulator analysis with
IPA. Highest overlap in the opposite direction for DHEA-
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(A) DHEA reduced PGE, production in LPS-stimulated RAW264.7 macrophages. Cells were pre-incubated for 30 min with 1 or 10 uM DHEA and
stimulated for 24 h with LPS (0.1 pg-mL™) in the presence of the respective ligand and concentration. Data represent means + SEM of three
separate experiments (each done in duplicate). The right figure shows the mean (= SEM) of another set of three separate experiments. Here, cells
were stimulated with 1 ug-mL™" LPS and treated with 10 uM DHA or 10 uM DHEA. All other conditions were similar as mentioned for the left
figure. Experimental details are described in the Methods. Data are expressed as percentage, where LPS stimulation (containing vehicle) was set
at 100%. Asterisks indicate significant difference from the control (one-way anova, Dunnett’s t-test; *P < 0.05, **P < 0.01 and ***P < 0.001). PGE,
levels (pg-mL™") + SEM; for A, control 19.7 + 9.5; LPS 0.1 ug-mL™" 204.1 + 81; DHEA 10 uM 49.6 + 10.1. (B) DHEA does not influence COX-2 at
gene expression level. COX-2 expression was assessed using microarray analysis. Cells were pre-incubated for 30 min with 10 uM DHEA and
stimulated for 24 h with LPS (0.1 ug-mL™") in the presence of DHEA. As control non-LPS-stimulated cells were used. Graph shows means + SEM
of three separate experiments (each performed in duplo), no significant effect was found (n.s.); Q value > 0.05. (C) DHEA partly influences COX-2
at the protein level. Upper, representative example of Western Blot analysis showing COX-2 protein in RAW264.7 macrophages after 24 h
stimulation with 1 ug-mL™" LPS with or without DHEA. Antibodies were used against COX-2 or the control actin. Lower panel shows densitometry
of COX-2 protein expression, corrected for actin expression. Data show mean + SEM of six independent experiments (each performed in
duplicate). Asterisks indicate significant difference from the control (one-way anova, Dunnett’s t-test); *P < 0.05 ***P < 0.001.

induced inflammatory gene-expression profiles were found above a cut-off value of -2 or 2 are depicted in Figure 8 and
for the seven upstream transcriptional regulators TNF complete data are presented in the Supporting Information.
(-3.403), TLR3 (-3.077), IL-1 (-2.995), cholesterol (-2,811), Three upstream transcriptional regulators showed overlap in
LPS (-3.056) and PGE, (-2.508) and immunoglobulin gene expression-induced profiles in a direction similar to
(-2.346). All upstream regulators with activation Z-scores DHEA namely SB203580 (2.384), RPSA (2) and S100A6.
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Figure 7

Effect of DHEA on eicosanoid synthesis of LPS-stimulated RAW264.7 macrophages. DHEA reduced medium levels of several COX-derived
arachidonic acid eicosanoids, and increased the levels of 19,20-DiHDPA, a DHA metabolite, after LPS (1 pg.ml™) stimulation. Data represent means
+ SEM of three independent experiments. Asterisks indicate significant difference from the control [one-way anova, Dunnett’s t-test (one-sided)];

*P < 0.05 **P < 0.01 ***P < 0.001.

Discussion

DHEA is an endogenous ethanolamine conjugate derived
from the dietary important n-3 fatty acid DHA. Its presence
has been demonstrated in several species and tissues, includ-
ing bovine brain and retina (Sheskin efal., 1997; Bisogno
etal., 1999), pig brain (Berger et al., 2001), several tissues
from rodents (Wood et al., 2010; Balvers et al., 2012b), and in
human plasma (Balvers et al., 2010; 2013). In a previous
study, we demonstrated that DHEA can inhibit the release of
NO and MCP-1 from LPS-activated macrophages (Meijerink
etal.,, 2011). This effect was at least partly mediated at a
transcriptional level, as iNOS and MCP-1 mRNA levels were
found to be reduced as well. In the present study, these
findings were confirmed and the spectrum of anti-
inflammatory activities of DHEA was found to include the
modulation of IL-6 and eicosanoid release.

From its structural similarity to anandamide and other
endocannabinoids it seemed obvious to start examining the
question whether DHEA exerts its effects through CB, recep-
tors. Indeed, DHEA has been reported to possess binding

affinity to CB, (Brown et al., 2010), which is in line with
binding studies performed in our laboratory. Evidence for a
role of CB, receptors in modulating different immune pro-
cesses comes from a number of studies (Basu and Dittel,
2011). For example, Tschop et al. showed that CB,”~ mice
were more sensitive to sepsis compared with WT controls
(Tschop et al., 2009). In infected WT mice, the synthetic CB,
ligand GP-1a, the same as used in our study, caused increased
survival while reducing plasma IL-6 and bacteraemia. Appar-
ently, effects of GP-la were not tested in experimentally
infected CB,”~ mice in that study. In the present study, we did
not observe a difference between activated peritoneal mac-
rophages isolated from either CB,”* or CB,”~ mice in NO
reduction by DHEA. Evidence for the unlikelihood of a direct
role of CB, receptors in the anti-inflammatory actions of
DHEA was further supported by the observation that their
effects could not be reversed by the CB, inverse agonist SR
144528. Interestingly, questions about the (full) role of CB,
and/or selectivity of some (endo-) CBs or reported antagonists
in modulating anti-inflammatory pathways also comes from
other studies (Buckley, 2007; Kozela ef al., 2010). A certain
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IPA showing activation Z-scores of upstream regulator mediators
found to have highest overlapping opposite changes in gene-
expression profiles compared with DHEA-induced gene-expression
profiles. Activation Z-scores are shown for profiles significantly over-
lapping with P < 0.01 and cut off value of — 2.

degree of ‘promiscuity’ of presumed selective CB, ligands is
also seen with other compounds, for example JWH-133
(reported potent, selective CB, agonist) and GW-405,833
(reported potent, selective partial CB, agonist), which were
found to also interact with the GPRSS receptor (Anavi-Goffer
etal.,, 2012). Our results strongly suggest that the GP-la
induced inhibition of NO production is not mediated via CB,
(data not shown) and raises some questions about the
reported specificity of GP-1a. Although GP-1a has been docu-
mented to possess high agonist selectivity for CB, over CB,
receptors (Murineddu et al., 2006), this does not exclude the
possiblity that the compound may also interact with molecu-
lar targets of inflammation besides CB, receptors.

Our results with the CB,, CB, receptor and PPARy antago-
nists, their combinations and the lack of a substantial effect
of ACEA and rosiglitazone also do not suggest involvement of
CB, or PPARy receptors. These findings are in line with obser-
vations from other studies and models. For example, anti-
proliferative effects mediated by DHEA in prostate cancer cell
lines (Brown et al., 2010) as well as DHEA-induced effects on
neurite outgrowth and synaptogenesis in mice (Kim and
Spector, 2013) were also found to be independent of CB
receptors.

In the present study, it was found that DHEA not only
inhibited NO release when cells were stimulated with LPS, but
also, although to a lesser extent, after stimulation with poly-
IC. Poly-IC is a synthetic RNA duplex specifically activating
TLR3, thus simulating viral stimulation of the innate immune
system. Activation of TLRs leads to the activation of different
downstream signalling pathways resulting, amongst others, in
the expression of pro-inflammatory cytokines and the induc-
tion of acquired immunity (Akira and Takeda, 2004; Kawai and
Akira, 2010). Stimulation of TLR4 by LPS activates the so-called
MyD88-dependent pathway. The latter involves the MyD88,
TIR-domain-containing adapter-inducing interferon-b (TRIF),
IL-1 receptor-associated kinase (IRAK) 4, IRAK1 and TNF
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receptor-associated factor (TRAF) 6 adaptor molecules.
However, TLR4 stimulation also activates the so-called
MyD88-independent pathway. The production of inflamma-
tory cytokines via the MyD88-dependent pathway is mediated
via activation of the early phase of NF-xB. The MyD88-
independent pathway activates IFN-regulatory factor (IFN3)
leading to the late phase of NF-xB activation and the produc-
tion of IFN-f and IFN-inducible genes (Akira and Takeda, 2004;
Kawai and Akira, 2010). Stimulation of TLR3 leads only to
activation of the MyD88-independent signalling pathway. NO
is produced during activation of both pathways. It has a
pivotal function in inflammatory responses to pathogen
intruders and is therefore tightly regulated. However, during
chronic inflammatory conditions, harmful levels of NO are
produced, which are thought to be involved in several diseases
including insulin resistance and atherosclerosis (Detmers
et al., 2000; Charbonneau and Marette, 2010; Pilon et al.,
2010).

Our results demonstrate that DHEA reduces NO produc-
tion both after activation of the MyD88-dependent (LPS) and
the MyD88-independent (poly-IC) signalling cascades.

Our results provide no evidence for a direct interaction of
DHEA with NF-xB activation. NF-xB is a central regulator of
several inflammatory pathways. In our HEK293 NF-xB lacZ
luciferase reporter assay DHEA did neither affect transcrip-
tional activity of NF-xB itself, nor the activity of the IxB kinase
complex. It also did not interfere with the TNF receptor-
associated death domain/TRAF2 pathway as activated by
TNF-o.. In addition, IFN-B, a primary response gene product of
the MyD88-independent pathway (Kawai and Akira, 2010),
was not inhibited by DHEA after TLR3 stimulation with
poly-IC at 24 h. As both the TNF-o-stimulated NF-xB lacZ
luciferase reporter assay and the MyD88-independent
pathway cannot activate TLR4 and the MyD88, TRIF, IRAK4,
IRAK1 and TRAF6 adaptor molecules (Ruland, 2011), we
cannot exclude the possibility that these adaptor molecules or
the TLR4 itself are targeted by DHEA. Another plausible expla-
nation, however, is that DHEA primarily targets mechanisms,
which are located downstream of NF-kB or/and IFN-f and of
which the most likely candidates are pathways regulated
by cytosolic phospholipase A2, COX or LOX. Indeed, we
obtained pronounced effects of DHEA on the production of
PGE, and a number of other COX-derived eicosanoids. This
suggests that DHEA inhibits the activity of these signalling
pathways, likely by modulating a key inflammatory switch or
an upstream regulator. The strongest inhibition was found for
those metabolites (PGD,, PGE,, PGF,,, TXB,, 8-is0-PGF2o and
12-HHTrE), which are formed through the action of COX-2
(Rouzer and Marnett, 2011). Upstream regulator analysis (IPA)
of genes altered by DHEA, generating high activation Z-scores
for the PGE, signalling pathway, independently provide
further support for these findings. High activation Z-scores
were also obtained for other pathways like TNF-(-3.403),
TLR3-(-3.077) and LPS-(3.056). It should be noted that IPA
scores alone are currently only suitable to generate or support
hypotheses as results may be biased by the input of studies in
the Ingenuity database. In addition, gene expression-induced
profiles can be overlapping for partly overlapping or con-
nected pathways. Microarray analysis showed that DHEA did
not affect COX-2 gene expression after LPS stimulation.
However, COX-2 protein levels were reduced to some extent



by DHEA, as stimulation with 10 uM resulted in 29% lower
COX-2 protein levels compared with control. However, it
seems unlikely that this reduction solely explains the large, up
to almost 70%, inhibitory effects found on COX-2-derived PG
levels. Therefore, we conclude that DHEA probably acts as a
competitive or non-competitive inhibitor of COX-2. It is clear
that substrate selectivity of COX-2 is not limited to arachi-
donic acid and that it also able to bind and metabolize other
fatty acids and derivatives, including DHA and the endocan-
nabinoids anandamide (AEA) and 2-arachidonoylglycerol.
The latter generates PG ethanolamides (PG-EA) and PG glyc-
erol esters respectively (Yu etal., 1997; Kozak et al., 2002;
Rouzer and Marnett, 2011). Structure-activity studies showed
that the terminal hydroxyl group of the ethanolamide moiety
of AEA is crucial for the capability of COX-2 to utilize it as a
substrate (Kozak et al., 2003). Given the structural similarity of
AEA and DHEA, carrying the same hydroxyl- and ethanola-
mide moiety and only differing in their C-atom chain length
and number of double bounds, it is tempting to speculate that
DHEA may act as substrate for COX-2. However, this would be
subject to further investigation. Quite recently, novel DHEA-
derived bioactive molecules formed through LOX enzymes
have been identified (Yang ef al., 2011). In contrast to DHEA,
parent DHA was found to increase levels of PGE, excreted by
the RAW264.7 cells. This seems to be in line with results from
human intervention studies from our laboratory showing that
consumption of n-3 PUFA-rich shakes initially (during the first
6 h) induces pro-inflammatory gene-expression profiles in
peripheral blood mononuclear cells (Bouwens et al., 2010).

A principal effect of DHEA on eicosanoid production
could also explain the results obtained with the other inflam-
matory mediators that were measured. It is conceivable that a
reduction in PGE, production caused the reduction in NO
release. Studies have shown that TLR3-induced iNOS expres-
sion in RAW264.7 cells is dependent on PGE, produced by
COX-2 (Pindado et al., 2007). In TLR4 stimulated glomerular
mesangial cells, PGE, modulated NO production mainly
occurred in a cAMP-dependent manner through the EP,
receptor (Lin et al., 2008). PGE, was also found to be capable
of controlling the production of IL-6 via EP, in macrophages,
in an animal model of rtheumatoid arthritis (McCoy et al.,
2002), and in different cell types. For MCP-1 it was found that
in the process of macrophage migration, activated PGE,/EP,
signalling up-regulates its expression (Tajima et al., 2008). In
previous studies, we demonstrated in mice that DHEA levels
increased in different tissues after inducing an inflammatory
response, an effect also seen with anandamide (Balvers et al.,
2012a,b). This could indicate that DHEA has a role as an
endogenous anti-inflammatory mediator.

In conclusion, our data suggest that the anti-
inflammatory effects of DHEA in macrophages are at least
for a major part occurring through competitive or non-
competitive inhibition of COX-2-derived eicosanoid produc-
tion, most likely independently of CB; and CB, receptors or
PPARy. These effects are only to some extent associated with
areduction in COX-2 protein levels, which in turn was appar-
ently not related to a reduced transcription of COX-2 mRNA.
Further studies on the mechanism(s) involved and in particu-
lar their relevance for the in vivo situation (Calder, 2013) are
warranted both from a pharmacological and a nutritional
perspective.
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Figure S1 Q-PCR studies showing that the CB, gene was not
expressed in the peritoneal macrophages from CB,”" mice
(CT values around 40), whereas the CB,”* peritoneal mac-
rophages showed normal to high expression (CT values
around 25) of the CB, gene. N = 3 mice each.

Figure S2 EC-50 graph of DHEA-induced effects on NO.
Macrophages (250.000 cells mL™) were pre-incubated for
30 min with a concentration series of DHEA prior to a 48 h
LPS (1 ug-mL™") stimulation, in the presence of the ligand.
Data are expressed as percentage of the NO release with LPS
and solvent only (=100%). Bars represent means = SEM from
four separate experiments with duplicate measurements.
Figure $3 Similar experiments as shown in Figure 5, but at
0.1 uM of antagonists. NO levels were determined after 48 h
LPS (1 ug-mL™) stimulation in the presence of the respective
antagonist and ligand. Data are expressed as percentage,
where LPS stimulation (containing vehicle) was set at 100%.
Data represent means + SEM (n = 3 experiments; each done in
duplicate). Statistical analysis was performed by one-way
ANOVA, Dunnett’s t-test, with **P < 0.01 (with respect to LPS
control), ***P < 0.001 (with respect to LPS control) DHEA +
antagonists (all combinations) were found significantly dif-
ferent with respect to LPS control (not depicted in figure).
Figure S$S4 Ingenuity pathways analysis (IPA) showing acti-
vation Z-scores of upstream regulator mediators found to
have highest overlapping changes in similar direction in
gene-expression profiles compared with DHEA-induced gene-
expression profiles. Activation Z-scores are shown for profiles
significantly overlapping with P < 0.01 and cut off value of 2.
Table S1 Viability/toxicity (XTT/LDH) data of RAW264.7
macrophages treated with DHEA in combination with differ-
ent antagonist and with GP-1a, ACEA and rosiglitazone.
Table $2 All medium concentrations are in ng-mL™. If no
peak could be identified for a certain compound, than ‘<LOD’
(limit of detection) was noted. If a certain compound con-
centration was below the limit of quantification (LOQ), then
‘<LOQ’ was noted.
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