BBA - Molecular and Cell Biology of Lipids 1866 (2021) 158908

Contents lists available at ScienceDirect

BBA - Molecular and Cell Biology of Lipids

journal homepage: www.elsevier.com/locate/bbalip

ELSEVIER

Check for

Immunomodulating effects of 13- and 16-hydroxylated docosahexaenoyl | e
ethanolamide in LPS stimulated RAW264.7 macrophages

Ian de Bus ™", Sandra van Krimpen®, Guido J. Hooiveld 4 Mark V. Boekschotenj‘,
Mieke Poland ?, Renger F. Witkamp *, Bauke Albada™ ', Michiel G.J. Balvers® !

@ Division of Human Nutrition and Health, Wageningen University & Research, Stippeneng 4, 6708 WE Wageningen, the Netherlands
b Laboratory of Organic Chemistry, Wageningen University & Research, Stippeneng 4, 6708 WE Wageningen, the Netherlands

ARTICLE INFO ABSTRACT

Keywords: Docosahexaenoyl ethanolamide (DHEA), the ethanolamine conjugate of the n-3 long chain polyunsaturated fatty
Domsa}}exaeno}’l ethanolamide acid docosahexaenoic acid, is endogenously present in the human circulation and in tissues. Its immunomodu-
Transcriptome lating properties have been (partly) attributed to an interaction with the cyclooxygenase-2 (COX-2) enzyme.
ér;:::;}zzgiznon Recently, we discovered that COX-2 converts DHEA into two oxygenated metabolites, 13- and 16-hydroxylated-
Endocannabinoid DHEA (13- and 16-HDHEA, respectively). It remained unclear whether these oxygenated metabolites also display
Macrophage immunomodulating properties like their parent DHEA. In the current study we investigated the immunomo-

dulating properties of 13- and 16-HDHEA in lipopolysaccharide (LPS)-stimulated RAW264.7 macrophages. The
compounds reduced production of tumor necrosis factor alpha (TNFa), interleukin (IL)-1p and IL-1Ra, but did not
affect nitric oxide (NO) and IL-6 release. Transcriptome analysis showed that the compounds inhibited the LPS-
mediated induction of pro-inflammatory genes (InhbA, Ifitl) and suggested potential inhibition of regulators
such as toll-like receptor 4 (TLR4), MyD88, and interferon regulatory factor 3 (IRF3), whereas anti-inflammatory
genes (SerpinB2) and potential regulators IL-10, sirtuin 1 (Sirt-1), fluticasone propionate were induced. Addi-
tionally, transcriptome analysis of 13-HDHEA suggests a potential anti-angiogenic role. In contrast to the known
oxylipin-lowering effects of DHEA, liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS)
analyses revealed that 13- and 16-HDHEA did not affect oxylipin formation. Overall, the anti-inflammatory
effects of 13-HDHEA and 16-HDHEA are less pronounced compared to their parent molecule DHEA. There-
fore, we propose that COX-2 metabolism of DHEA acts as a regulatory mechanism to limit the anti-inflammatory
properties of DHEA.

explanations for these apparent discrepancies are differences in the level
of intake or administered dose, and the study population [1].
One of the most studied n-3 LC-PUFAs is docosahexaenoic acid

1. Introduction

Long chain n-3 polyunsaturated fatty acids (LC-PUFAs) are essential

for neural development and functioning, and have been linked to certain
beneficial health effects. For example, n-3 LC-PUFAs have been associ-
ated with neuroprotective and anti-depressant effects, improved endo-
thelial functioning, lowered triglyceride levels, functional fetal and
infant development, and proper cardiovascular and immune functioning
[1-3]. Moreover, n-3 LC-PUFAs are described to inhibit propagation of
many (chronic) inflammatory diseases like inflammatory bowel disease
[4], cardiovascular disease [5,6], rheumatoid arthritis [7-9], and
asthma [10]. Notwithstanding this, the potential health effects of n-3 LC-
PUFAs are continuously being challenged by new studies. Suggested
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(DHA; C22:6-n3). DHA exerts immunomodulating effects through
various mechanisms [1]. First, DHA can directly bind to receptors or key
regulators of inflammatory processes [11], such as peroxisome
proliferator-activated receptor gamma (PPARy) [12] or the G-protein
coupled receptor 120 (GPR120) [13,14]. Second, increased dietary DHA
intake alters the cell membrane composition leading to a higher n-3
content. This change in membrane composition leads to a decreased
production of pro-inflammatory n-6 oxylipins and increases the pro-
duction of potent inflammation resolving n-3 oxylipins including
resolvins, protectins, and maresins [1,11,15-19]. Third, DHA is
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converted to the endocannabinoid-like structure docosahexaenoyl
ethanolamide (DHEA) (Fig. 1). DHEA is endogenously present in the
circulation and tissues in humans and animals [15,20-25], and its levels
are generally increased after DHA intake, for example by consumption of
n-3 fatty acid-containing products such as fatty fish or fish oil supple-
ments [15,20,22,26]. Although the exact biosynthetic route of DHEA is
yet to be determined, evidence suggests the involvement of N-acyl
transferase and N-acyl phosphatidylethanolamine-specific phospholi-
pase D (NAPE-PLD) [27,28]. Breakdown of DHEA is subsequently
mediated by fatty acid amide hydrolase (FAAH) (Fig. 1) [28]. Impor-
tantly, DHEA is a potent inhibitor of inflammation in various models
[1,28,29]. For example, DHEA inhibits neuroinflammation via interac-
tion with the GPR110 [28,30], and reduces the production of inflam-
mation markers like monocyte chemoattractant protein 1 (MCP-1), NO,
IL-6, and prostaglandin E; (PGEy) in LPS-stimulated RAW264.7 mac-
rophages and 3T3-L1 adipocytes [1,29,31-33].

DHEA can be oxygenated to form DHEA derived metabolites with
novel biological activities [1,34]. Previously, 15-lipooxygenase (15-
LOX) was shown to metabolize DHEA into 17-hydroxydocosahexaenoyl
ethanolamide (17-HDHEA), which is further metabolized into 10,17-
dihydroxydocosahexaenoyl ethanolamide (10,17-diHDHEA), 15-hy-
droxy-16(17)-epoxy-docosapentaenoyl ethanolamide (15-HEDPEA),
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Fig. 1. Overview of the COX-2 mediated synthesis of 13-HDHEA and 16-
HDHEA from DHEA, including the suggested synthesis of DHEA from DHA
involving N-acyl transferase and NAPE-PLD. Hydrolysis of DHEA to DHA is
mediated by FAAH.
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and 13-HEDPEA. Of those metabolites, 10,17-diHDHEA and 15-HED-
PEA prevented formation of platelet-leukocyte aggregates in human
whole blood, and 15-HEDPEA possessed organ protecting roles in mouse
reperfusion second organ injury [35]. CYP450-derived epoxide metab-
olites of DHEA were also shown to possess anti-inflammatory, anti-
angiogenic, anti-migratory, and antitumorigenic properties [36,37].
Collectively, these data underline that DHEA is not a terminal end
product of DHA, and that its oxygenated metabolites display a variety of
immunomodulatory properties.

Recently, we showed that COX-2 also metabolizes DHEA. Using
enzyme assays, we demonstrated that purified COX-2 converts DHEA
into 13- and 16-HDHEA, and we confirmed its formation in 1.0 pg/mL
LPS-stimulated RAW264.7 macrophages (Fig. 1) [38]. Because of the
observed immunomodulatory properties of the various oxygenated
DHEA metabolites, it is tempting to speculate that 13- and 16-HDHEA
also exert biological effects. To determine if this is the case, we per-
formed a series of studies to unravel the immunomodulating properties
of 13- and 16-HDHEA in comparison to their parent DHEA. In the cur-
rent work, we analyzed the biological effects of the compounds on in-
dividual cytokine level using ELISAs. Subsequently, we measured effects
on mRNA expression levels in RAW264.7 macrophages using tran-
scriptomic analysis. Finally, we screened the production of lipid medi-
ators from several selected enzymes using targeted metabolomics with
LC-MS/MS.

2. Materials and methods
2.1. Materials

DHEA (>98%), (+)13-HDHA (>98%), (+)16-HDHA (>98%), 5-
HETE (>95%), 5-HETE-dg (>99% deuterated forms (di-dg)), LTB4
(>97%), LTC4 (>97%), LTD4 (>97%), LTD4-ds5 (>99% deuterated forms
(d1-ds)), PGE2 (>98%), PGD5 (>98%), PGE,-d4 (>99% deuterated forms
(d1-d4)), DHA (>98%), and DHA-ds5 (>99% deuterated forms (d;-ds))
were purchased from Cayman Chemical (supplied by Sanbio B.V., Uden,
The Netherlands). Isobutyl chloroformate (>98%) was purchased at
Fisher Scientific (Landsmeer, The Netherlands). Absolute ethanol
(EtOH) (for analysis, EMSURE®), ethanolamine (>99%), triethylamine
(>99.5%), Lipopolysaccharides from Escherichia coli 0111:B4 (L3024),
and Triton X-100 were purchased from Sigma Aldrich (Zwijndrecht, The
Netherlands). Chloroform-d (100.0 atom% D) was obtained from Jans-
sen Chimica (Beerse, Belgium). Dichloromethane (DCM) for the syn-
thetic procedure of the standards was purified using a Pure Solv 400
solvent purification system from Innovative Technology (Amesburry,
USA). Acetonitrile (ACN) (>99.9%, HiPerSolv CHROMANORM® for LC-
MS) was obtained from VWR Chemicals (Amsterdam, The Netherlands).
Formic acid (FA) (99%, ULC/MS) was purchased from Biosolve B.V.
(Valkenswaard, The Netherlands). Ultrapure water was filtered by a
MilliQ integral 3 system from Millipore (Molsheim, France). 1x PBS
(pH 7.4), Dulbecco’s Modified Eagle’s Medium (DMEM) and penicillin
and streptomycin were purchased from Corning (supplied by Fisher
Scientific, Landsmeer, The Netherlands). Fetal calf serum (FCS) was
obtained from Biowest (supplied by VWR International B.V., Amster-
dam, The Netherlands), Probumin® BSA was purchased from Merck
(Zwijndrecht, The Netherlands).

2.2. Methods

2.2.1. Synthesis of 13-HDHEA or 16-HDHEA

Synthesis of 13-HDHEA and 16-HDHEA was performed according to
a previously reported method [38]. In short, 500 pg of 13-HDHA or 16-
HDHA dissolved in EtOH (1 eq., 1.45 pmol) was evaporated to dryness
using co-evaporation with DCM, and dissolved in 2 mL dry DCM under
argon atmosphere. Then 100 pL of a freshly prepared solution of 282 pL
distilled triethylamine in 10 mL dry DCM was added (14 eq., 20.3 pmol),
followed by the addition of 100 pL of a freshly prepared solution of 226
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pL isobutyl chloroformate in 10 mL dry DCM (12 eq., 17.4 pmol). The
solutions were stirred at room temperature for 1 h under argon atmo-
sphere to form the mixed anhydrides, before the reaction was cooled on
ice. To the mixed anhydrides 100 pL of a freshly prepared solution of
223 pL distilled triethylamine (11 eq., 16.0 pmol) and 96 pL ethanol-
amine (11 eq., 16.0 pmol) in 10 mL dry DCM was added. The reactions
were stirred on ice for overnight. The next day the reaction mixtures
were evaporated and dissolved in 500 pL water:ACN (30:70) to purify
the product by preparative high pressure liquid chromatography (HPLC)
(vide infra). After purification, 169 pg of 13-HDHEA and 151 pg of 16-
HDHEA were obtained, which equals a synthetic yield of 30% and
27%, respectively. NMR spectra and LC-HRMS chromatograms of the
obtained compounds are provided in the Supplementary information
(Figs. S1-S18).

2.2.2. Preparative HPLC

13-HDHEA and 16-HDHEA were purified on a Zorbax Eclipse XDB-
C18 column (9.4 x 250 mm, 5 p) from Agilent Technologies B.V.
(Amstelveen, The Netherlands). The purification was performed using
an isocratic run of 30:70 water:ACN containing 0.1% FA with a flow rate
of 4 mL/min. The purified compounds were evaporated to dryness using
a rotary evaporator and subsequent freeze drying. The samples were
dissolved in absolute EtOH for quantification and use in cell culture
experiments.

2.2.3. HPLC quantification

Subsequent quantification of the HDHEA compounds was based on
the UV absorption at 240 nm, caused by the conjugated diene structure
in the oxidized PUFAs and their ethanolamine derived product; the UV-
absorption of DHEA indicated that the amide structure of the endo-
cannabinoid does not contribute to the 240 nm absorption (Figs.
$19-S27). Calibration curves of 13-HDHA and 16-HDHA were injected
in concentrations ranging from O to 100 pg/mL in duplicate, using 10 pL
per injection (Figs. S28-529). The chromatography was performed on a
Zorbax Eclipse XDB-C18 column (4.6 x 250 mm, 5 p) from Agilent
Technologies B.V. (Amstelveen, The Netherlands), using an isocratic run
of 30:70 water:ACN containing 0.1% FA with a flow rate of 1 mL/min.

2.2.4. Cell incubations

RAW264.7 macrophages (American Type Culture Collection, Ted-
dington, UK) were cultured in DMEM containing 10% fetal calf serum
(FCS) and 1% penicillin and streptomycin (P/S) at 37 °C in a 5% CO»
humidified incubator. For the incubations 2 mL of 250.000 cells/mL
were seeded in 6-wells plates. After 24 h, the medium of the adherent
cells was discarded and replaced by fresh medium containing vehicle
(0.1% EtOH), DHEA, 13-HDHEA, 16-HDHEA or a combination of 13-
HDHEA and 16-HDHEA. During the incubations, the final concentra-
tion of EtOH was preserved at 0.1% in DMEM. After 30 min. pre-
incubation with the compounds, the macrophages were stimulated
with 1.0 pg/mL LPS. This was achieved by adding 20 pL of 100 pg/mL
LPS (10% PBS in medium) to the cells. Control incubations without LPS
were supplied with 20 pL 10% PBS in medium. After 24 h, the medium of
the adherent cells was used for biological assays immediately or stored
at —80 °C. The cells were lysed using RLT buffer from Qiagen Benelux B.
V. (Venlo, The Netherlands) to extract the RNA from the macrophages
(vide infra), which was stored at —80 °C. Experiments were performed
three times using technical duplicates.

2.2.5. Cell cytotoxicity

To evaluate the cytotoxicity of the added compounds an LDH cyto-
toxicity Kit form Roche (Woerden, The Netherlands) was used to mea-
sure extracellular lactate dehydrogenase. The LDH assay was measured
immediately after collection of the sample medium. In short, 50 pL of a
reagent solution (1:45 LDH reagent 1:LDH reagent 2) was mixed with 50
pL of sample medium. The plate was then incubated at room tempera-
ture until the positive control (cells treated with 1% Triton X-100)
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colored dark red. The reaction was quenched with 25 pL of 1.0 M HCl
before the absorbance was read with a plate reader at 492 nm.

2.2.6. Determination of NO concentration

The NO production in LPS stimulated macrophages was measured
using a Griess assay from Cayman Chemical (supplied by Sanbio B.V.,
Uden, The Netherlands). The Griess assay was performed directly after
collection of the medium. The assay was performed by adding 50 pL of
Griess Reagent 1 and 50 pL Griess Reagent 2 to 100 pL of the medium.
The samples were mixed at room temperature until the colour devel-
oped. The samples were compared to a nitrite standard ranging from 0 to
35 pM, after blank subtraction. The samples were measured on an ELISA
plate reader at 540 nm.

2.2.7. Determination of cytokine concentrations

Concentrations of excreted IL-6, IL-1p, IL-1Ra, and TNFa in the
sample medium of the 24 h treated macrophages were determined by
the appropriate ELISA assays [i.e. a mouse IL-6 DuoSet ELISA, mouse IL-
1ra/IL-1F3 DuoSet ELISA, mouse IL-1 beta/IL-1F2 DuoSet ELISA, and
mouse TNF-alpha DuoSet ELISA were purchased from R&D systems
(Abingdon, UK)] according to manufacturer’s descriptions. IL-1p con-
centration was determined in undiluted medium samples; IL-1Ra was
determined in 10x diluted medium samples; TNFa and IL-6 concentra-
tions were determined in 100x diluted medium samples.

2.2.8. Transcriptome analysis

Cellular incubations with the compounds were performed three
times containing technical duplicates. RNA from the technical dupli-
cates were pooled for each separate experiment, thereby obtaining a
single RNA sample from each condition for each of the three indepen-
dent experiments. For the transcriptome analyses we used RNA from
vehicle (0.1% EtOH), 5.0 pM 13-HDHEA, 5.0 pM 16-HDHEA, or 2.5 pM
13-HDHEA plus 2.5 pM 16-HDHEA incubated 1.0 pg/mL LPS stimulated
RAW264.7 macrophages. Macrophages were stimulated with 1.0 ug/mL
LPS 30 min. after pre-incubation with the compounds or vehicle.

RNA from the lysed macrophages was purified according to the
manufacturers’ description using a RNeasy© Micro kit from Qiagen
Benelux B.V. (Venlo, The Netherlands). After purification on the col-
umns, the RNA was eluted using 20 pL of RNAse free water. RNA con-
centration was determined using nanodrop, and RNA quality was
assessed using RNA 6000 nanochips on the Agilent 2100 bioanalyzer
from Agilent Technologies B.V (Amstelveen, the Netherlands). All RNA
exceeded a RNA integrity number (RIN) of 9.5. Per sample, 100 ng of
purified total RNA was labeled with the Whole-Transcript Sense Target
Assay kit from Affymetrix (Life Technologies, Bleiswijk, The
Netherlands, P/N 902281), which was hybridized to an Affymetrix
GeneChip Mouse Gene 2.1 ST arrays (Life Technologies, Bleiswijk, The
Netherlands). Hybridization, washing, and scanning of the peg arrays
were carried out on an Affymetrix GeneTitan instrument according to
the recommendations of the manufacturer.

Microarray quality control and data analysis pipeline have been
described in detail previously [39]. Briefly, normalized expression es-
timates of probe sets were computed by the robust multiarray analysis
(RMA) algorithm [40] as implemented in the Bioconductor library oligo
[41]. Probe sets were redefined using current genome information ac-
cording to Dai et al. [42] based on annotations provided by the Entrez
Gene database, which resulted in the profiling of 27,381 unique genes
(custom CDF v24). Differentially expressed probe sets (genes) compared
to the vehicle control were identified by using linear models (library
limma) and an intensity-based moderated t-statistic [43-45]. The het-
erogeneity in gene expression profiles that was observed in PCA plots
was taken into account by fitting a heteroskedastic model that included
relative quality weights that were computed for each sample per
experimental group [46,47]. Probe sets that satisfied the criterion of
moderated P-value <0.01, and average gene expressions (average log2
expression >3.5) were considered to be significantly regulated (Table
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S1).
The microarray data set has been submitted to the Gene Expression
Omnibus (accession number GSE160086).

2.2.9. IPA analysis

Functional and Upstream Regulator analysis was performed using
Ingenuity Pathway Analysis (IPA®) (http://www.ingenuity.com/scienc
e/knowledgebase) from Qiagen Benelux B.V. (Venlo, The Netherlands)
in July 2020. The Ingenuity Knowledge Base is a knowledge repository
that houses the biological and chemical relationships extracted from the
scientific literature, and this information was used to analyze the effects
between transcriptional regulators (from transcription factor, to micro-
RNA, kinase, compound or drug, that affects the expression of other
molecules) and their target genes. IPA® examines how many known
gene targets of each transcription regulator are present in the data set,
and compares both direction and change (expression of the gene in the
13- and 16-HDHEA treatment compared to the vehicle) to stored path-
ways extracted from literature (http://pages.ingenuity.com/Inge
nuityUpstreamRegulatorAnalysisWhitepaper.html). Using this predic-
tion tool, potential upstream regulators and potential cellular processes
that may have been affected by 13- and 16-HDHEA are identified.

Differentially expressed genes between vehicle treated LPS stimu-
lated macrophages and the HDHEA (5.0 pM 13-HDHEA, 5.0 pM 16-
HDHEA, 2.5 pM 13-HDHEA and 2.5 pM 16-HDHEA combined) treated
LPS-stimulated macrophages were included in the input of the IPA®
analysis. In the output the upstream transcriptional regulators were
scored using an activation Z-score. Cut-off values for the activation Z-
score are 2.0 for induced upstream regulators or —2.0 for inhibited
upstream regulators. Similarly, Z-score cut-offs of 2.0 and —2.0 were
used in diseases and functions analysis. Moderated P values give sig-
nificance of the observed regulator pathways and functions. In the re-
sults only significant (P < 0.01) pathways and functions are displayed.

2.2.10. LC-MS/MS quantification of oxylipins and PUFAs
LC-MS/MS-based quantification of various eicosanoids and PUFAs
was performed by extracting 187.5 pL sample medium with 1.5 mL
MeOH containing 1.33 ng/mL of the internal standards PGEj-ds4, 5-
HETE-dg, LTD4-ds, DHA-d5 on ice for 30 min. The samples were centri-
fuged at 4 °C at 14000 rpm, after which the supernatant was diluted with
6 mL ultrapure water containing 0.1% formic acid (FA). The samples
were purified over HLB oasis SPE columns from Waters Chromatography
B.V. (Breda, The Netherlands). The columns were activated using 2 mL
of MeOH, and equilibrated using 2 mL ultrapure water containing 0.1%
FA. Subsequently the samples were loaded, after which the columns
were washed using 2 mL 20% MeOH in ultrapure water containing 0.1%
FA. The columns were dried for 15 min. and the oxylipins and PUFAs
were eluted using 1 mL MeOH. The eluates were collected in borosilicate
glass vials containing 20 pL of 500 uM butylated hydroxytoluene and
10% glycerol in EtOH to prevent oxidation of the oxylipins and to allow
for proper evaporation on a Turbovap evaporator (Biotage; Uppsala,
Sweden). The samples were dissolved in 100 pL of absolute EtOH, after
which 6 pL of the samples were injected on an ultra-high pressure liquid
chromatography (UPLC) coupled to a TQS mass spectrometer from
Waters Chromatography B.V. (Breda, The Netherlands). The MS settings
were optimized and measured in the negative ionization mode using 2.5
kV capillary voltage, 40 V cone voltage, source offset 20, 600 °C des-
olvation temperature. The chromatographic separation was accom-
plished on a Zorbax Eclipse Plus C18 column 2.1 x 150 mm, 1.8 p from
Agilent Technologies B.V. (Amstelveen, The Netherlands) using gradient
elution with solvent A containing 5% ACN in ultrapure water with 0.1%
FA, and solvent B containing 100% ACN with 0.1% FA. The gradient
started by applying 5% B in A followed by a linear increase to 30% B,
which was achieved at 5 min. This was followed by a linear increase
towards 50% B, which was achieved at 11.25 min. and maintained until
13.25 min. The system was subsequently switched to 100% B which was
achieved at 15.75 min. and maintained until 18.75 min., after which the
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system was equilibrated at 5% B until 22 min. The mass fragmentation
settings were optimized per compound (Table S2). Peak identification
and quantification were performed using TargetLynx version 4.1 soft-
ware from Waters Chromatography B.V. (Breda, The Netherlands).
Quality control samples were included to check the quality of the
analysis.

2.2.11. Statistical analyses

Experiments were performed three times containing two technical
replicates. Data is expressed as average percentage relative to 1.0 pg/mL
LPS treated vehicle control (set as 100%) containing standard deviation
or standard error of the mean. Statistical analysis was performed using a
non-parametric one-way ANOVA followed by a Dunnet’s t-test. P-values
assigned as statistically relevant are classified as P < 0.05, P < 0.01, P <
0.001. Statistical differences between treatments were shown if an effect
was found on 13- and 16-HDHEA (non-parametric one-way ANOVA
followed by a Tukey multiple comparison test, post hoc).

3. Results
3.1. Cytotoxicity of test compounds

Cytotoxicity of DHEA, 13-HDHEA and 16-HDHEA was evaluated by
measuring the LDH release from 1.0 pg/mL LPS-stimulated and incu-
bated RAW264.7 macrophages. Macrophages were incubated for 24.5 h
with 2.5 pM and 5.0 uM of the test compounds, or a combination of 2.5
pM 13-HDHEA and 2.5 pM 16-HDHEA. Neither the individual com-
pounds nor the combination showed a significant cytotoxic effect on the
macrophages when compared to the vehicle control with 1.0 pg/mL LPS
stimulation (Fig. S30).

3.2. 13- and 16-HDHEA do not reduce LPS induced NO and IL-6 release

The effects of 13- and 16-HDHEA and DHEA on the release of the
inflammatory mediators NO and IL-6 were investigated using LPS-
stimulated RAW264.7 macrophages. No significant effect was
observed for 13-HDHEA and 16-HDHEA on NO release after 24.5 h,
whereas the parent compound DHEA caused a small but significant in-
hibition for NO (Fig. 2a). Statistical testing showed that DHEA treatment
significantly reduced NO release (71 + 6% at 2.5 pM DHEA (P < 0.05);
66 + 18% at 5 pM DHEA (P < 0.05)).

Similarly, 13-HDHEA and 16-HDHEA did not affect IL-6 production
(Fig. 2b). DHEA again showed a significant reduction of IL-6 production
(75 £ 6% at 2.5 uM DHEA (P < 0.01); 77 + 11% at 5 pM DHEA (P <
0.05)).

3.3. 13-HDHEA reduces LPS induced production of TNFa and IL-1

Incubation of LPS-stimulated cells with 5 pM 13-HDHEA resulted in
lower TNFa concentrations (83 + 7% (P < 0.05)) compared to the
vehicle (Fig. 2c). Incubations with DHEA also caused significant
reduction of TNFa production (82 + 4% at 2.5 pM DHEA (P < 0.001); 88
+ 2% at 5 pM DHEA (P < 0.01)). Statistical analysis using Tukey’s
multiple comparison test showed no additional significant differences
between the various treatments.

Incubation of LPS-stimulated cells with 5 pM 13-HDHEA also
significantly reduced IL-1p cytokine concentrations (78 + 6% (P <
0.05)) compared to the vehicle (Fig. 2d). In addition, IL-1f concentra-
tion was reduced by the combined incubation with 2.5 pM 13-HDHEA
and 2.5 pM 16-HDHEA (80 + 8% (P < 0.05)). DHEA also reduced IL-
1P cytokine levels (71 + 2% at 2.5 pM DHEA (P < 0.001); 59 + 9% at 5
pM DHEA (P < 0.001)). Statistical analysis using Tukey’s multiple
comparison test indicated that 5 pM DHEA treatment was significantly
more effective in reducing IL-1p compared to 2.5 pM 13-HDHEA and 16-
HDHEA (P < 0.05), but not compared to 5 pM 13-HDHEA.
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Fig. 2. Production of NO (a), IL-6 (b), TNFu (c), IL-1p (d), and IL-1Ra (e) released from 1.0 pg/mL LPS stimulated RAW264.7 macrophages, incubated with 2.5 pM or
5 uM DHEA, 13-HDHEA, 16-HDHEA and a combined exposure to 2.5 pM 13-HDHEA and 2.5 uM 16-HDHEA. Cells were pre-treated with the compounds for 30 min.
before 1.0 pg/mL LPS addition and incubation of 24 h. Data are expressed as % relative to the vehicle control with 1.0 pg/mL LPS (=100%). Bars represent averages
with SD from n = 3 independent experiments containing technical duplicates. Asterisks indicate significant differences from the vehicle with 1.0 pg/mL LPS control
(one-way ANOVA, Dunnett’s t-test post hoc; * P < 0.05, ** P < 0.01, *** P < 0.001). Statistical testing showed significant effects compared to 5 yM DHEA treatment

(a) (one-way ANOVA, Tukey multiple comparison test post hoc; P < 0.05).
3.4. 13- and 16-HDHEA reduce LPS induced production of IL-1Ra

Incubation of LPS-stimulated cells with 13-HDHEA and 16-HDHEA
displayed inhibiting trends on IL-1Ra production (Fig. 2e). The com-
bined incubation with 2.5 pM 13-HDHEA and 2.5 uM 16-HDHEA (66 +
9% (P < 0.001)), and the incubation with only 5 pM 16-HDHEA (70 +
7% (P < 0.01)) reduced IL-1Ra productions. Incubations with only 13-
HDHEA or DHEA did not result in a significant reduction of IL-1Ra.
Statistical analysis using Tukey’s multiple comparison test showed no
additional significant differences between the various tests.

3.5. 13- and 16-HDHEA reduce expression of InhbA and Ifit1, and induce
expression of SerpinB2, Ptgshl, Alox5 and Ppbp

Because 13-HDHEA and 16-HDHEA showed relatively moderate
immunomodulating effects on the production and release of inflamma-
tory mediators NO, IL-6, IL-1Ra, IL-1f8, and TNF-a in LPS-stimulated
macrophages, it was decided to continue exploring the effects of 13-

and 16-HDHEA by investigating the effects on the full gene expression
profile of LPS-stimulated RAW264.7 macrophages. For transcriptome
analysis, incubations with 5 pM 13-HDHEA, 5 pM 16-HDHEA, and the
combination of 2.5 pM 13-HDHEA and 2.5 pM 16-HDHEA were
compared to the vehicle control. Transcriptome analysis revealed 203
differentially expressed genes for exposure to 13-HDHEA, 120 differ-
entially expressed genes for incubation with 16-HDHEA, and 165
differentially expressed genes for the combined 13-HDHEA and 16-
HDHEA exposure (Table S1). For 13-HDHEA exposure the ribosomal
protein L23A (Rpl23a) gene was most strongly induced, and the pre-
dicted gene 15754 (Gm15754) was most strongly reduced. For 16-
HDHEA strongest induction was obtained for melanoma antigen, fam-
ily A, 2 (Magea2), and highest reduction was obtained for gasdermin C-
like 2 (Gsdmcl2). Combined incubation with 13-and 16-HDHEA resulted
in strongest induction of the predicted gene 7665 (Gm7665), and
highest reduction of an unannotated gene. Twenty of the differentially
expressed genes were shared among the various incubations with
HDHEA (Fig. 3, Table 1). Among these genes, pro-platelet basic protein
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(Ppbp) was most strongly induced by 13-HDHEA, whereas GM4924 was
most strongly induced by 16-HDHEA. Interestingly, the inflammatory
resolution related gene serine peptidase inhibitor, clade B, member 2
(SerpinB2) was significantly induced by HDHEA exposure [48]. Next to
the induction of resolution related genes, inhibition of the inflammatory
regulating genes interferon-induced protein with tetratricopeptide re-
peats 1 (Ifitl) and inhibin beta-A (InhbA) was observed [49,50]. Finally,
the oxylipin regulating genes prostaglandin-endoperoxide synthase 1
(Ptgsh1) and arachidonate 5-lipoxygenase (Alox5) were also found to be
induced in all conditions tested.

3.6. Upstream regulator pathway analysis reveals an anti-inflammatory
signature for 13- and 16-HDHEA

In order to investigate whether the observed changes in gene
expression show a consistent pattern or relation with known regulators
and pathways, Ingenuity Pathway Analysis (IPA®) was performed (July
2020). 1dentified upstream regulators show that an anti-inflammatory
signature is apparent (Fig. 4). Many of the upstream regulators were
classified by IPA® as potentially inhibited, like TLR4, MyD88, IRF3,
IRF7, STAT1, and several IFNs are involved in LPS signaling through
TLR4 [51,52]. Potentially induced regulators like IL-10RA, SIRT-1, and
that of the anti-inflammatory drug fluticasone propionate are generally
involved in anti-inflammatory processes [53-55]. Analysis of stimulated
macrophages incubated with 16-HDHEA at 5 pM did not reveal any
significantly affected upstream regulators.

Functional IPA® analysis was performed in order to link the alter-
ations in expression to physiological processes with similar changes.
This approach generates hypotheses concerning the functional conse-
quences of the observed changes in gene expression. The functional
IPA® analyses suggested that 5 pM 13-HDHEA changed the expression
of gene sets associated with a decrease in angiogenesis, apoptosis of
prostate cancer cells, and the development of epithelial tissue (Fig. 5a).

13-HDHEA

16-HDHEA

13-HDHEA and 16-HDHEA

Fig. 3. Venn diagram showing overlap of significantly expressed genes (P <
0.01 and average log2 expression value >3.5) of the 1.0 pg/mL LPS stimulated
RAW264.7 macrophages, incubated with 5 pM 13-HDHEA (blue), 5 pM 16-
HDHEA (red), and a combinatorial 2.5 pM 13-HDHEA and 2.5 pM 16-HDHEA
incubation (green). Cells were incubated for 24 h, and pre-treated with the
compounds 30 min. before LPS addition. Experiments were performed three
times individually with pooled technical duplicates. The Venn diagram was
drawn using the free online Venn diagram drawing tool (http://bioinformatics.
psb.ugent.be/webtools/Venn/).
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Subsequently, gene sets associated with cell movement, adhesion of
immune cells, degeneration of connective tissue, and production of
radical oxygen species (ROS) for 5 pM 13-HDHEA were identified as
potentially induced (Fig. 5b). Incubation with 5 pM 16-HDHEA also
resulted in regulation of gene sets associated with an increase in cell
movement of phagocytes and adhesion of immune cells (Fig. 5¢). The
combined incubation with 2.5 pM 13-HDHEA and 2.5 pM 16-HDHEA
only pointed to potential increased inflammatory functions (Fig. 5d).

3.7. 13- and 16-HDHEA do not affect oxylipin profiles

Giving the inducing effects of 13-HDHEA and 16-HDHEA on the
expression of the lipid metabolizing genes Ptgs1, Alox5 (Table 1), and
the inducing effect of 13-HDHEA on leukotriene synthase C4 (Ltc4s)
(Table S1), we continued with lipidomic analyses to further validate the
consequences of the altered gene expression levels of these lip-
oxygenases. To this end, a targeted LC-MS/MS method was developed to
detect 5-HETE and LTB4 as Alox5 products, LTC4 and LTD4 as products
of Ltsc4, PGEy and PGD; as Ptgshl (also known as COX-1) and Ptgsh2
(also known as COX-2) products, and DHA as DHEA precursor in LPS-
stimulated macrophages. PGE; excretion was significantly inhibited by
DHEA (38 + 6% at 2.5 pM (P < 0.001); 21 + 10% at 5 pM DHEA (P <
0.001)) (Fig. 6a). With 13-HDHEA and 16-HDHEA exposed cells no
significant inhibition of the LPS induced PGE; production was obtained.
Similarly, PGD, excretion was significantly reduced DHEA (40 + 6% at
2.5 uM (P < 0.001); and 26 + 10% at 5 pM DHEA (P < 0.001)) (Fig. 6b),
and both 13-HDHEA and 16-HDHEA did not cause a reduction of PGD5
production. For the combination of 2.5 pM 13- and 16-HDHEA even a
small but significant induction of PGD; production was obtained. DHA
levels were found to be significantly decreased by 13-HDHEA (69 + 26%
at 2.5 uM (P < 0.05); 70 + 14% at 5 pM (P < 0.05)), by 5 uM 16-HDHEA
(64 + 34% (P < 0.05)), and by the combination of 2.5 pM 13- and 16-
HDHEA (73 & 32% (P < 0.05)). In contrast to a reduction of DHA for-
mation after incubation with HDHEA, DHEA seemed to give an
increasing trend on the DHA levels (Fig. 6¢). Statistical testing using a
one-way ANOVA multiple comparisons test using Tukey’s statistics
indicated a significant difference in DHA levels between 5 pM DHEA and
5 uM 16-HDHEA (P < 0.001), 5 M 13-HDHEA (P < 0.01), and the
combination of 2.5 pM 13-HDHEA and 16-HDHEA (P < 0.01). Levels of
5-HETE, LTB4, LTC4, and LTD4 could not be quantified, because the
concentrations were below the LOD.

4. Discussion

In this study we explored the biological effects of the recently
discovered DHEA metabolites 13- and 16-HDHEA in LPS-stimulated
RAW264.7 macrophages [38]. Potential immunomodulating effects of
13- and 16-HDHEA were studied on cytokine release, transcriptome
analysis, and via the production of several oxylipin mediators. In short,
13-HDHEA at medium concentrations of 5 pM significantly reduced
production of TNF-a and IL-1p in LPS-stimulated macrophages, and in-
cubation with 5 pM 16-HDHEA led to a significant reduction of IL-1Ra
production. The combination of 2.5 pM 13-HDHEA and 2.5 pM 16-
HDHEA in the medium led to a significant decrease in IL-1p and IL-
1Ra production. In contrast to the parent DHEA, 13- and 16-HDHEA
did not reduce LPS-induced IL-6 and NO levels. Transcriptome anal-
ysis revealed an anti-inflammatory signature for both 13-HDHEA and
16-HDHEA. Incubation with 13-HDHEA and 16-HDHEA induced the
resolution related gene SerpinB2, and was predicted to induce anti-
inflammatory regulated pathways, including IL-10, Sirt-1, and those
mimicking anti-inflammatory effects of the corticosteroid fluticasone
propionate. Additionally, 13-HDHEA and 16-HDHEA inhibited inflam-
matory regulating genes Ifitl and InhbA, and were predicted to deacti-
vate several downstream regulators of LPS activation. Finally, targeted
lipidomic analysis revealed that in contrast to DHEA, 13- and 16-HDHEA
do not reduce PGE; and PGD3 production after LPS stimulation, but led
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Table 1
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Fold change of significantly induced and reduced genes (P < 0.01) between the vehicle exposed LPS stimulated RAW264.7 macrophages and
the 5 M 13-HDHEA, 5 uM 16-HDHEA, and 2.5 pM combinatorial 13-HDHEA and 16-HDHEA exposed LPS-stimulated macrophages after 24 h
incubation. Only genes with an average log2 expression value >3.5 (Average Expr >11.314) are listed. Genes inhibited by the incubation of
our compounds are displayed in green, genes induced by exposure to the compounds are displayed in red. LPS stimulation was performed
using 1.0 pg/mL LPS 30 min. after pre-treatment of the compounds. Data obtained from three independent experiments with pooled technical
duplicate incubations.

13-HDHEA vs 16-HDHEA vs 13&16-HDHEA vs
Gene Symbol Vehicle Vehicle Vehicle Average Expr | Gene Name
Plin2 1.285 1.179 1.242 1796.082 perilipin 2
1110008P14Rik 1.140 1.174 1.138 955.671 RIKEN cDNA 1110008P14 gene
colony stimulating factor 2 receptor, beta, low-
Csf2rb 1.237 1.254 1.243 768.796 affinity (granulocyte-macrophage)
Pf4 1.188 1.216 1.187 775.378 platelet factor 4
Smox 1.259 1.242 1.236 452.344 spermine oxidase
serine (or cysteine) peptidase inhibitor, clade B,
Serpinb2 1.276 1.346 1.333 287.437 member 2
LSM3 homolog, U6 small nuclear RNA and
Lsm3 1.261 1.210 1.224 201.941 mRNA degradation associated
Fcgr3 1.315 1.272 1.269 155.375 Fc receptor, 1gG, low affinity IlI
C130050018Rik 1.479 1.247 1.239 150.907 RIKEN cDNA C130050018 gene
Ptgsl 1.314 1.246 1.289 104.593 prostaglandin-endoperoxide synthase 1
Frmd6 1.267 1.295 1.337 90.337 FERM domain containing 6
Alox5 1.416 1.302 1.425 76.133 arachidonate 5-lipoxygenase
Mird66f-4 1.320 1.344 1.274 86.522 microRNA 466f-4
Mir3075 1.694 1.605 1.551 27.848 microRNA 3075
Gm4924 1.475 1.716 1.515 13.016 predicted gene 4924
Ppbp 2.069 1.399 1.621 12.278 pro-platelet basic protein
Selenos -1.149 -1.143 -1.155 412.811 selenoprotein S
interferon-induced protein with
Ifitl -1.358 -1.215 -1.346 376.919 tetratricopeptide repeats 1
Clcn7 -1.157 -1.166 -1.210 375.762 chloride channel, voltage-sensitive 7
Inhba -1.353 -1.314 -1.428 86.121 inhibin beta-A
b
INSIG1
Immunoglobulin
- TICAM1 - IL10RA
o INS 8
© SAMSN1 ©
S ELL2 S
O Lipopolysaccharide ) Fluticasone propionate
o LR4 [
SASH1
g DOCK8 g
XBP1
g il g PPIF
0 APP 7]
o IRF7 =3
o Thapsigargin 2
MYD88 r .
> & N ° > ™
Z-score z
-score
d
IRF7 4 IL10RA
5 STAT1 4 S
o 2 SIRT1
© L
S ffnar ] 3 TRIM24
=]
o IFNB1 o
= PIK3CG
£ LPS (E. coli B4) 4 %
3 [ NKX2-3
= Interferon alpha < 43
7]
s 1214 S NRAS
ERK1/2
IRF3 4
o a9 IN Q Q N a9 > |
Z-score Z-score

Fig. 4. Activation Z-scores of affected upstream regulators of 5 pM 13-HDHEA treated (a and b) and 2.5 pM 13-HDHEA and 2.5 uM 16-HDHEA combined treatment
(c and d) in 1.0 pg/mL LPS stimulated RAW264.7 macrophages. Upstream regulators shown have a Z-score < —2.0 (A and C) or Z-score > 2.0 (b and d), and are
significant compared to the vehicle control (P < 0.01).
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Fig. 5. Activation Z-scores of disease and function annotations of 5 pM 13-HDHEA treated (a and b), 5 pM 16-HDHEA (c), and 2.5 pM 13-HDHEA and 2.5 pM 16-
HDHEA combined treatment (d) of 1.0 pg/mL LPS stimulated RAW264.7 macrophages. Inhibited diseases and functions have a Z-score < —2.0 (a), and induced
diseases and functions have a Z-score > 2.0 (b-d). All diseases and functions are significantly affected compared to the vehicle control (P < 0.01).
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Fig. 6. Release of PGE, (a), PGD, (b), and DHA (c) from 1.0 pg/mL LPS stimulated RAW264.7 macrophages, incubated with 2.5 pM or 5 pM DHEA, 13-HDHEA, 16-
HDHEA, and a combined treatment of 2.5 pM 13-HDHEA and 2.5 pM 16-HDHEA as determined by LC-MS/MS. Cells were pre-treated with the compounds for 30 min.
before 1.0 pg/mL LPS addition and incubation of 24 h. Data are expressed as % relative to the vehicle and 1.0 pg/mL LPS treated control (=100%). Bars represent
means with SD from n = 3 independent experiments containing technical duplicates. Asterisks indicate significant differences from the vehicle control (one-way
ANOVA, Dunnett’s t-test post hoc; * P < 0.05, *** P < 0.001). Statistical testing showed significant effects compared to 5 pM DHEA treatment P < 0.01 (a) or P <
0.001 (b) (one-way ANOVA, Tukey multiple comparison test post hoc).
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to a remarkable decrease of DHA in the cell medium. Even though 13-
and 16-HDHEA display anti-inflammatory effects in LPS-stimulated
RAW264.7 macrophages, these effects are less pronounced compared
to DHEA.

The anti-inflammatory effects of 13- and 16-HDHEA stand out from
other known DHEA metabolites that have been previously described in
the literature. For instance, 5 pM of 19(20)-EDP-EA, a predominant
metabolite produced by CYP450, showed a significant reduction in NO
release and IL-6 production in 25 ng/mL LPS-stimulated BV-2 microglial
cells [36]. In contrast to these observations, our model revealed that 5
pM of 13- or 16-HDHEA did not inhibit IL-6 and NO production, which
might indicate a distinct anti-inflammatory profile between the CYP450-
and COX-2-derived DHEA metabolites. A direct comparison can, how-
ever, not be made due to differences in the experimental setup such as a
difference cell model and a substantially lower LPS concentration
compared to our model. In the current study we specifically chose a
relatively strong LPS stimulation of 1.0 pg/mL to maintain conditions
identical to the conditions in which 13- and 16-HDHEA were formed, as
well as to conditions in studies on the immuno-modulating effects of
DHEA and other DHA-derived endocannabinoids that were previously
performed in our laboratory [32,33,38,56,57].

Additionally, the effects of 13- and 16-HDHEA also seem to stand out
from the 15-LOX products 10,17-diHDHEA and 15-HEDPEA. 10,17-
diHDHEA and 15-HEDPEA were previously found to reduce platelet-
leukocyte aggregation in human whole blood at concentrations as low
as 10 pM, whereas DHEA showed no activity up to 100 nM. Moreover,
15-HEDPEA and 10,17-diHDHEA showed increased CB, receptor acti-
vation when compared to DHEA [35]. Consequently, the 15-LOX me-
tabolites seem to have increased anti-inflammatory potential compared
to DHEA, whereas 13- and 16-HDHEA generally seem to be less anti-
inflammatory than DHEA. Nevertheless, due to differences in the
experimental setup, a lack of DHEA control experiment in several other
15-LOX metabolite anti-inflammatory tests, differences in anti-
inflammatory markers and mechanisms measured, and the use of
different models, a direct and conclusive comparison between the anti-
inflammatory potential of 15-LOX metabolites and 13- and 16-HDHEA
cannot be made.

Transcriptome analysis was performed to investigate mechanistic
immunomodulating effects of 13- and 16-HDHEA, next to the modest
anti-inflammatory behavior obtained by cytokine release. Here,
expression of Ifitl and InhbA was significantly reduced by both 13- and
16-HDHEA. Ifitl is a key regulator in downstream TLR4 mediated LPS
activation [49]. InhbA leads to the production of activin A which in-
duces early-stage activation of RAW264.7 macrophages leading to an
inflammatory response [50]. Reduction of expression of these genes
therefore suggests anti-inflammatory effects induced by 13-HDHEA and
16-HDHEA. In addition, Ppbp and SerpinB2 were found to be induced by
both 13- and 16-HDHEA. Ppbp is a biomarker for lung cancer, and leads
to induced macrophage chemotaxis [68]. SerpinB2 reduces cell migra-
tion and promotes the resolution of inflammation, thus suggesting an
anti-inflammatory role for 13- and 16-HDHEA [48]. Previously, it was
observed that incubation of a different DHA derived endocannabinoid,
docosahexeanoyl serotonin, reduced SerpinB2 gene expression in LPS-
stimulated RAW264.7 macrophages, suggesting differential effects
[56]. In addition to the direct effect on these inflammatory regulating
genes, several targets linked to inflammasome activation like the IL-1
pathway, MyD88, Mir3075, SerpinB2, Neat, and Cmpk2 were signifi-
cantly affected in macrophages exposed to 13-HDHEA [58,59]. These
observations suggest that 13- and 16-HDHEA reduce the production of
inflammasome regulators. Nonetheless, RAW264.7 cells are unable to
produce functional inflammasomes, because they lack the ASC adaptor
protein [60], so this cannot be experimentally verified in our model.
Future experiments in different models are required to establish whether
13- and 16-HDHEA do reduce functional inflammasome formation.

Inhibition of upstream regulators involved in LPS signaling was
suggested for 5 pM 13-HDHEA and the combined treatment of 2.5 pM
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13-HDHEA and 2.5 pM 16-HDHEA during IPA® analysis. Examples of
upstream regulators suggested to be inhibited are TLR4, MyD88, IRF3,
IRF7, STAT1, and LPS itself, pointing to an anti-inflammatory effect
somewhere in the LPS pathway [33,52,61]. On the other hand, upstream
regulators involved in anti-inflammatory responses, like IL-10, Sirt-1,
and a fluticasone propionate related pathway were suggested to be
induced by 13- and 16-HDHEA [53-55]. Since IPA® analysis is limited
by the overlap in gene-expression profiles of connected pathways and
the input of studies in the database, it cannot be excluded that 13- and
16-HDHEA can directly interact with TLR4, or adaptor molecules like
MyD88 and IRF. Function annotation analysis using IPA® suggested a
potential reduction in angiogenesis and an increase in ROS production
for the 5 pM 13-HDHEA incubation. The proposed anti-angiogenic effect
of 13-HDHEA was further supported by its reducing activity on Ang
expression (Table S1), which plays an important role in the angiogenic
effect of cells [62]. Moreover, SerpinB2 was found to decrease cancer
metastasis and macrophage migration, which could therefore also be
linked to anti-angiogenic effects [48]. Other oxidized DHEA metabolites
like the CYP450-produced derivatives also demonstrated strong anti-
angiogenic properties [36,37]. The proposed ROS production of 13-
HDHEA was further supported by previous research showing that the
interaction between DHEA and the enzymes COX-2 and 5-LOX resulted
in increased ROS production in head and neck squamous cell carcinoma
cells [63]. Moreover, perilipin 2 (Plin2) induction is known to increase
ROS formation (Table 1) [64]. Interestingly, Plin2 is regulated via
activation of CBq, which could directly be targeted by the CYP450 me-
tabolites of DHEA, and the 15-LOX metabolites 10,17-diHDHEA and 15-
HEDPEA [35-37,65]. Based on these observations it could be speculated
that 13- and 16-HDHEA reduce angiogenesis, and increase ROS forma-
tion via the interaction with CBj, ultimately leading to an anti-
tumorigenic potential.

Since transcriptomic analysis showed 13- and 16-HDHEA mediated
induction on several lipoxygenase genes (like Alox5, Ptgshl, and Ltc4s)
and DHEA itself has interactions with lipoxygenases [1], we tested the
formation of several oxylipins. We found no detectable amounts of
leukotrienes and 5-HETE, which corresponds with previous observations
in our laboratory [33]. Incubations of the macrophages with 13- and 16-
HDHEA decreased DHA levels, whereas DHEA incubations resulted in
DHA formation. The latter observation is most likely explained by hy-
drolysis of DHEA [28,66]. Reasons for the reduction of DHA levels in the
13- and 16-HDHEA incubations are unknown. Finally, PGE; and PGD,
production in LPS-stimulated cells was not affected by 13- and 16-
HDHEA, whereas DHEA strongly inhibits COX-2 derived prostaglandin
formation [33,38]. Transcriptome analysis suggested 13- and 16-
HDHEA-mediated induction of Ptgshl, however this remains without
consequences at the metabolite level. Apparently, the COX-2 upregula-
tion by 1.0 pg/mL LPS has a stronger effect on prostaglandin formation
than the observed additional induction of COX-1. Interestingly, the ob-
servations in this study support that the neutral lipid DHEA competes
with arachidonic acid in the substrate binding site of COX-2, whereas its
oxidized products 13-HDHEA and 16-HDHEA do not interfere with this
binding [38,67].

Comparisons in the anti-inflammatory profile of 13-and 16-HDHEA
with DHEA indicated that 13- and 16-HDHEA are less effective in
reducing individual mediators like NO, IL-6, TNFa, and IL-1f, but also
show distinct effects on e.g. IL-1Ra and DHA. Interestingly, tran-
scriptome analysis from a previously performed experiment using 10 pM
DHEA showed limited overlap in expression profile with 13- and 16-
HDHEA (Fig. S31), further underlining a distinct anti-inflammatory
profile between DHEA and its COX-2 derived metabolites [33]. Addi-
tionally, in contrast to DHEA, 13- and 16-HDHEA do not inhibit pros-
taglandin formation. It remains speculative to provide a meaningful
interpretation for this, or to speculate whether these differences would
also be apparent during in vivo inflammation. The modest anti-
inflammatory effects of 13-HDHEA and 16-HDHEA could also suggest
that 13- and 16-HDHEA are products of an DHEA-inactivation route via
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COX-2 instead of specifically produced immunomodulating compounds.
In addition, the metabolic fate of 13- and 16-HDHEA is unknown. Many
other lipoxygenases may be present, that could further metabolize 13-
and 16-HDHEA into compounds with yet unknown effects, making
biological interpretation more complex [1,19,34].

Future work should focus on the hypothesized anti-angiogenic and
anti-migratory properties of 13- and 16-HDHEA, which seem to be
distinct for oxidized DHEA derived metabolites [35-37]. Secondly, it
should be clarified whether 13- and 16-HDHEA are terminal end-
products of DHEA or whether they themselves are further metabo-
lized. A further elucidation of the metabolism and functional conse-
quences of 13- and 16-HDHEA could explain more about the
physiological relevance of DHEA and its metabolism in vivo. Interest-
ingly, epoxide derived DHEA metabolites have been quantified in
Sprague-Dawley rat brain, peripheral organs [36], in metastatic mice
lungs [37], and 15-LOX metabolites were found in mice brain [35],
demonstrating the presence of DHEA metabolism in vivo. Next to the
quantification of DHEA derived metabolites, future studies should focus
on the immunological effect of these DHEA derived metabolites in vivo.
Recently, it was shown that 5 mg/kg i.p. injected DHEA exerts inhibitory
effects on the pro-inflammatory cytokines IL-1p and TNF« in 1.0 mg/kg
i.p. LPS injected mice [30]. It would be interesting to understand the
potential role of the various DHEA metabolites in this and similar
studies.

In conclusion, 13- and 16-HDHEA differentially inhibit LPS induced
inflammation in RAW264.7 macrophages, and the observed immuno-
modulating effects were typically smaller and distinct from their parent
compound DHEA. Future studies should elucidate whether 13- and 16-
HDHEA are potential immunomodulating in different disease models
(like tumorigenic and angiogenic models), and identify whether 13- and
16-HDHEA are (terminal) end-pructs of DHEA or intermediates in a
further metabolization route.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.bbalip.2021.158908.
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