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Abstract: Sensory circumventricular organs (sCVOs) are pivotal brain structures involved in immune-
to-brain communication with a leaky blood–brain barrier that detect circulating mediators such
as lipopolysaccharide (LPS). Here, we aimed to investigate the potential of sCVOs to produce n-3
and n-6 oxylipins after LPS-stimulation. Moreover, we investigated if norepinephrine (NE) co-
treatment can alter cytokine- and oxylipin-release. Thus, we stimulated rat primary neuroglial
sCVO cultures under n-3- or n-6-enriched conditions with LPS or saline combined with NE or
vehicle. Supernatants were assessed for cytokines by bioassays and oxylipins by HPLC-MS/MS.
Expression of signaling pathways and enzymes were analyzed by RT-PCR. Tumor necrosis factor
(TNF)α bioactivity and signaling, IL-10 expression, and cyclooxygenase (COX)2 were increased,
epoxide hydroxylase (Ephx)2 was reduced, and lipoxygenase 15-(LOX) was not changed by LPS
stimulation. Moreover, LPS induced increased levels of several n-6-derived oxylipins, including
the COX-2 metabolite 15d-prostaglandin-J2 or the Ephx2 metabolite 14,15-DHET. For n-3-derived
oxylipins, some were down- and some were upregulated, including 15-LOX-derived neuroprotectin
D1 and 18-HEPE, known for their anti-inflammatory potential. While the LPS-induced increase
in TNFα levels was significantly reduced by NE, oxylipins were not significantly altered by NE or
changes in TNFα levels. In conclusion, LPS-induced oxylipins may play an important functional role
in sCVOs for immune-to-brain communication.

Keywords: cytokines; lipopolysaccharide; oxylipins; circumventricular organs; immune-to-brain
communication

1. Introduction

Supplementation of long-chain polyunsaturated fatty acids (PUFA) enriched for
omega-3 PUFA (n-3) have been shown to exhibit beneficial modulatory effects in a va-
riety of diseases, including aging [1], Parkinson’s and Alzheimer’s disease, depression,
or anxiety in rodent models [2] and human clinical studies [3,4]. Oxylipins compose a
large group of PUFA-derived oxidation-derived metabolites involving a variety of en-
zymes, including cyclooxygenase (COX)2, lipoxygenases (LOX), P450 enzymes, and soluble
epoxide hydroxylase (sEphx2) [5–7]. These metabolites have been implicated in various
processes in health and disease such as pain, oxidative stress, and inflammation [8]. In
particular, an important role for conveying pro- and anti-inflammatory effects from n-6
versus n-3-derived oxylipins has been proposed [9,10]. Moreover, oxylipin profiles are
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novel biomarkers for detection of disease states [8,11] and cellular phenotype polarization
such as in A1-like and A2-like astrocytes induced by lipopolysaccharide (LPS) or cytokine
treatment [12]. Indeed, oxylipin production and their functional significance have been
studied in vitro, for example, in macrophages [13], microglia [14,15], astrocytes [12,16,17],
neurons [18], and primary human brain microvessel endothelial cells [19]. However, other
than studies on hippocampal abundance [20,21], brain-region-specific production has rarely
been investigated for oxylipins.

Interestingly, systemic, i.e., peripheral inflammation such as abdominal inflamma-
tion or lung inflammation has emerged as an important contributor for the exacerbation
of preexisting brain pathology such as neurodegeneration or traumatic insults [22–24].
Experimentally, effects of peripheral insults on the brain have been extensively studied
using intraperitoneal (i.p.) stimulation with the bacterial mimetic LPS [25,26]. Mechanisms
of immune-to-brain communication during systemic/peripheral inflammation that con-
tribute to the exacerbation of brain pathology include immune cell trafficking and humoral
mediators such as the proinflammatory cytokines interleukin (IL)-6 and tumor necrosis
factor (TNF)α [27]. In addition, quick neuronal signaling via sensory or vagal afferents
has been described to convey inflammatory information to the brain [27–29]. Detection of
circulating inflammatory mediators from the periphery occurs in brain endothelial cells and
via sensory circumventricular organs (sCVOs), brain structures with a leaky blood–brain
barrier and pivotal sites for pathways in immune-to-brain communication [30]. Our and
other groups have previously revealed spatiotemporal genomic activation via nuclear factor
(NF)κB or signal transducer and activator of transcription (STAT)3-signaling in sCVOs
during various peripheral inflammatory insults involving direct action of LPS and IL-6 on
brain cells such as astrocytes, microglia, endothelial cells, and neurons [27,31].

Additionally, during stressful events, norepinephrine (NE) is released and can act as
a humoral mediator on all organ systems including sCVO brain cells. Previous reports
confirmed the presence of adrenergic receptors and the functional significance of NE sig-
naling in various brain regions [32], including sCVOs [33–35]. As such, in vitro stimulation
with NE dampened LPS-induced inflammatory responses such as production of TNFα in
microglia [36–38], while COX-2 expression was shown to be increased [39].

Here, we aimed to investigate whether sCVOs show changes in oxylipin release during
LPS-induced inflammation. In addition, we wanted to test if NE alters cytokine release,
inflammatory signaling, oxylipin release, and expression of enzymes involved in their
production.

For this purpose, we used pooled primary neuroglial cell cultures of the three sCVOs,
namely the vascular organ of the lamina terminalis (OVLT), subfornical organ (SFO), and
area postrema (AP). Moreover, the effect of NE on the inflammatory response, i.e., TNFα
and IL-6 release and inflammatory NFκB- and STAT3-signaling, was assessed via bioassays
and expression of their negative regulatory proteins inhibitor (I)κBα and suppressor of
cytokine signaling (SOCS)3, respectively [27]. As several oxylipins are known to convey
their effects via peroxisome proliferator-activated receptor (PPAR)γ activation [40], we used
(PPAR)γ coactivator 1-alpha (PGC1α) mRNA expression as a marker for its activation [41].
IL-10 mRNA expression served as an indicator for potential anti-inflammatory action in
sCVOs [42]. In addition, expression levels of enzymes involved in oxylipin production
were investigated (i.e., COX-2, ALOX15, and Ephx2).

2. Results
2.1. Analyses of Cytokines in Supernatants: LPS Stimulated IL-6 and TNFα Release Is Partially
Inhibited by NE (TNFα) in Primary Neuroglial sCVO-Cultures

Increased TNFα and IL-6 release from cultured sCVO cells was quantified in super-
natants indicative for its inflammatory potential, as previously shown [43]. Pro-inflammatory
LPS-stimulation (4 h duration) significantly increased the release of TNFα (p < 0.0001; all
p values represent the main effect of LPS stimulation if not stated differently) and IL-6
(p < 0.0001) into the supernatants (Figure 1). Additional treatment of cells with NE as a
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humoral signal related to psychological stress significantly dampened LPS-induced TNFα
(post hoc LPS+vehicle vs. LPS+NE p < 0.01, Figure 1a). However, IL-6 levels were not
significantly altered by NE in comparison to solely LPS-stimulated cell cultures (Figure 1b).
Moreover, NE treatment also affected non LPS-stimulated cells to lower basal TNFα and
IL-6 release (main effect NE treatment TNFα p = 0.0077, IL-6 p = 0.0431, Figure 1a,b).
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confirming a proinflammatory activation of cells via the NFκB- and STAT3 pathway (IκB 
p < 0.0001, SOCS3 p = 0.0383). NE treatment only tended to lower IκB mRNA expression, 
suggesting that the contribution of TNFα to this response was limited (Figure 2a). 
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Figure 1. Bioassay cytokine measurements from supernatants: Release of the proinflammatory cy-
tokines tumor necrosis factor α (TNFα, (a) and interleukin (IL)-6 (b) into the supernatants of primary
sensory circumventricular organ (sCVO) cultures. Cells were stimulated with lipopolysaccharide
(LPS, 10 µg/mL) or saline and simultaneously treated with norepinephrine (NE, 1 µmol/L) or vehicle
for 4 h. For every sample set, cytokine concentrations are plotted as fold change to the LPS-treated
sample (LPS+vehicle) from six independent experiments. TNFα and IL-6 secretion increased after LPS
stimulation (* main effect LPS stimulation), whereas NE treatment lowered basal and LPS-induced
secretion of both cytokines into the supernatants (+ main effect NE treatment). LPS-induced TNFα
release was significantly dampened by NE (# LPS+vehicle vs. LPS+NE). n = 6 per group; two-factorial
ANOVA, Bonferroni post hoc test, *** p < 0.001; + p < 0.05, ++ p < 0.01; ## < 0.01.

2.2. mRNA-Expression Analyses of Inflammatory Marker Proteins: LPS-Induced Inflammation
Increased IL-6 and TNFα-Activated Signaling Pathways, the Anti-Inflammatory Cytokine IL-10,
and the Lipid-Metabolizing Enzymes COX-2, but Decreased Ephx2

mRNA expression levels of pro- and anti-inflammatory markers and enzymes regu-
lating lipid mediator synthesis were used to further assess lipid metabolism and cytokine
signaling pathways. Inhibitors of (I)κBα and SOCS3, respectively, were used as common
indicators and negative feedback inhibitors of TNFα and IL-6 signaling via the proinflam-
matory transcription factors NFκB and STAT3 [44,45]. IκB- and SOCS3-mRNA expression
showed a robust significant increase in LPS-stimulated groups (Figure 2a,b) confirming
a proinflammatory activation of cells via the NFκB- and STAT3 pathway (IκB p < 0.0001,
SOCS3 p = 0.0383). NE treatment only tended to lower IκB mRNA expression, suggesting
that the contribution of TNFα to this response was limited (Figure 2a).
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Figure 2. mRNA expression of inflammatory markers and lipid mediator metabolism: mRNA ex-
pression was assessed for markers of inflammatory pathway activation (a–d) and lipid mediator
metabolism enzymes (e–g). Cells were stimulated with lipopolysaccharide (LPS, 10 µg/mL) or saline
and simultaneously treated with norepinephrine (NE, 1 µmol/L) or vehicle for 4 h. The 2-∆∆ct
method was applied to present relative quantities as fold change of the lowest expression. Pro-
inflammatory pathway-activation-marker inhibitor (I)κB, (a) and suppressor of cytokine signaling
(SOCS)3, (b) and the anti-inflammatory cytokine interleukin (IL)-10 (d) increased due to LPS stimula-
tion. The rate-limiting enzyme for prostaglandin production, i.e., cyclooxygenase (COX)-2 (e), showed
an LPS-induced increase, whereas there were reduced epoxide hydrolase (Ephx)2 (g) mRNA levels in
LPS-stimulated groups. Peroxisome proliferator-activated receptor gamma coactivator ((PGC)1α, (c))
and arachidonate 15-lipoxygenase (ALOX15, (f)) mRNA expression were not significantly affected by
LPS-stimulation or NE treatment. n = 6 per group; two-factorial ANOVA, Bonferroni post hoc test,
* main effect LPS stimulation; * p < 0.05, ** p < 0.01, *** p < 0.001.

As a read-out for anti-inflammatory PPARγ pathway activation, a target of several lipid
mediators such as docosahexaenoic acid (DHA) [46], neuroprotectin D1 (NPD1) [47], 15-
deoxy-prostaglandin-J2 (15d-PGJ2) [48], or 13-hydroxyoctadecadienoic acid (13-HODE) [49],
we measured PGC1α mRNA expression, which was not significantly affected by LPS
stimulation or NE treatment (Figure 2c). As TNFα and the anti-inflammatory cytokine
IL-10 are strongly interconnected [31,38,39,43–59], we also analyzed IL-10 mRNA ex-
pression (Figure 2d). The mRNA expression highly increased in LPS-stimulated groups
(p = 0.0019); however, NE treatment did not significantly influence IL-10 expression after
LPS stimulation.

Lipid mediator production from PUFA increases during inflammation and is related to
stimulated changes of mRNA expression of involved pathway enzymes [6]. Here, COX-2
mRNA expression (Figure 2e) significantly increased in LPS-stimulated cells compared to
control groups (p = 0.0022), whereas Ephx2 mRNA expression (Figure 2g) was significantly
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lower in LPS- vs. saline-stimulated counterparts (p = 0.0084). NE treatment did not
influence COX-2- nor Ephx2-mRNA levels. Arachidonate 15-lipoxygenase (ALOX15)
mRNA expression did not significantly change between groups (Figure 2f).

2.3. LC MS/MS Analyses of n-6 Oxylipins: Almost All n-6 Metabolites Derived from Arachidonic
Acid (AA) and Linoleic Acid (LA) That Were Altered by LPS Stimulation Were Elevated

Having observed changes in LPS-induced mRNA expression and cytokine release of
the sCVOs that have direct access to circulating LPS and NE during septic and psychological
stress, our next aim was to determine if LPS and altered levels of TNFα by NE may
affect the production of n-6-derived AA and LA metabolites. Conditioned supernatants
obtained from primary sCVO cell cultures stimulated with LPS or saline and treated with
NE or vehicle were analyzed by liquid chromatography–tandem mass spectrometry (LC-
MS/MS) for the presence and quantity of lipid mediators and metabolites from PUFA.
Lipid mediators produced from n-6 AA substrate include important proinflammatory
mediators such as prostaglandin (PG)E2, which was not significantly altered under the
present experimental condition and timing. However, the 15-LOX-derived AA metabolites
15-hydroxy-eicosatetraenoic acid (HETE, p = 0.0444); 8,15-DiHETE (p < 0.0001) and 15-
oxo-eicosatetraenoic acid (OxoETE, p = 0.0002) significantly increased in supernatants
of LPS-stimulated cells (Figure 3a–c). 5-LOX derived 5-OxoETE (Figure 3d) also showed
significantly higher concentrations in LPS-stimulated groups compared to saline-stimulated
controls (p = 0.009). Cytochrome P450 monoxygenase (CYP450) enzymes metabolize AA
into 18-HETE, which was significantly reduced in LPS-stimulated samples (p < 0.0001,
Figure 3e). Other CYP450 and Ephx2 metabolites such as 11,12-dihydroxy-eicosatrienoic
acid (DHET, p = 0.0161) and 14,15-DHET (p < 0.0001) increased due to LPS stimulation
(Figure 3f,g). Additionally, the concentration of 15d-PGJ2, an anti-inflammatory mediator
that is metabolized from PGJ2 [60], was significantly higher in LPS-stimulated groups
(p = 0.0264, Figure 3h).

n-6 LA is a precursor of AA with a slightly different composition, namely a shorter fatty
acid chain. Interestingly, anti-inflammatory LA metabolite 13-hydroxy-octadecadienoic
acid (HODE, Figure 3i) synthesized via 15-LOX activity significantly increased in super-
natants from LPS-stimulated cells (p = 0.0002). Similarly, CYP450 derived 9,10-dihydroxy-
octadecenoic acid (DiHOME, p = 0.0471) and 12,13-DiHOME (p < 0.0001) were increased
in supernatants by LPS stimulation (Figure 3j,k). Other AA or LA metabolites detected
did not significantly change with LPS stimulation or NE treatment. Overall, NE did not
significantly change the concentration/fold change of any AA or LA derived metabolites,
suggesting that TNFα and NE do not play a major role in LPS-induced lipid metabolism.
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Figure 3. n-6 lipid mediators and metabolites from supernatants: detection and quantification of
n-6 lipid mediators and metabolites derived from arachidonic acid (AA) (a–h) or linoleic acid (LA)
(i–k) from supernatants using LC-MS/MS. Primary sensory circumventricular organ (sCVO) cell
cultures were stimulated with lipopolysaccharide (LPS 10 µg/mL) or saline and simultaneously
treated with norepinephrine (NE, 1 µmol/L) or vehicle for 4 h. For every sample set, metabolite
concentrations are plotted as fold change to the LPS-stimulated sample (LPS+vehicle) for each of
the six independent experiments. AA-derived metabolites elevated in LPS-stimulated samples:
(a) 15-HETE (hydroxy-eicosatetraenoic acid); (b) 8,15-DiHETE (dihydroxy-eicosatetraenoic acid),
(c) 15-OxoETE (oxo-eicosatetraenoic acid); (d) 5-OxoETE; (f) 11,12-DHET (dihydroxy-eicosatrienoic
acid); (g) 14,15-DHET; (h) 15d-PGJ2 (15-Deoxy-Delta-12,14-prostaglandin-J2); (e) 18-HETE was re-
duced in LPS-stimulated samples. LPS-induced LA metabolites showed higher levels in supernatants
compared to controls: (i) 13-HODE (hydroxy-octadecadienoic acid); (j) 9,10-DiHOME (dihydroxy-
octadecenoic acid); (k) 12,13-DiHOME; n = 6 per group, two-factorial ANOVA, Bonferroni post hoc
test, * main effect LPS stimulation, * p < 0.05, ** p < 0.01, *** p < 0.001.
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2.4. LC MS/MS Analyses of n-3 Oxylipins: n-3 Metabolites Derived from DHA Namely NPD1
Increased While EPA-Derived Metabolites Decreased or Increased after LPS Stimulation

The metabolites deriving from n-3 eicosapentaenoic acid (EPA) have mostly anti-
inflammatory capacities [9,10,61]. Lipoxin A5 (LXA5) is produced via 5-LOX and 15-LOX
and was significantly increased by LPS stimulation vs. saline counterparts (p < 0.0001,
Figure 4a), whereas 12-LOX- and CYP450-derived 12-hydroxy-eicosapentaenoic acid (HEPE,
Figure 4d) were reduced due to LPS-stimulation (p < 0.0001). CYP450 and LOX activity
are also involved in the production of 8-HEPE and 9-HEPE (Figure 4b,c). Both were
significantly reduced in LPS-stimulated samples compared to saline controls (8-HEPE
p = 0.0021, 9-HEPE p < 0.0001). However, for CYP450-derived 18-HEPE we observed
significantly higher levels in supernatants from LPS-stimulated cells (p = 0.0286, Figure 4e).
Notably, 18-HEPE is the precursor of the anti-inflammatory and pro-resolving resolvin E1,
suggesting increased production of resolvin E1 in the present study. While we were not
able to detect resolvin E1 in this study, 18-HEPE is a suitable and more easily detectable
mediator and anti-inflammatory marker, as previously shown [6,9,10,62].
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Figure 4. n-3 lipid mediators and metabolites from supernatants: detection and quantification of
n-3 lipid mediators and metabolites derived from eicosapentaenoic acid (EPA, (a–e)) or docosahex-
aenoic acid (DHA, (f)) from supernatants using LC-MS/MS. Primary sensory circumventricular
organ (sCVO) cell cultures were stimulated with lipopolysaccharide (LPS, 10 µg/mL) or saline and
simultaneously treated with norepinephrine (NE, 1 µmol/L) or vehicle for 4 h. For every sample set,
metabolite concentrations are plotted as fold change to the LPS-stimulated sample (LPS+vehicle) for
each of the six independent experiments. The EPA metabolites LXA5 (Lipoxin A5, (a)) and 18-HEPE
(hydroxy-eicosapentaenoic acid, (e)) were elevated in supernatants of LPS-stimulated cells, whereas
8-HEPE (b), 9-HEPE (c), 12-HEPE (d) levels were reduced due to LPS-stimulation when compared to
controls. DHA-derived NPD1 (neuroprotectin D1, (f)) showed LPS-induced increase. n = 6 per group,
two-factorial ANOVA, Bonferroni post hoc test, * main effect LPS stimulation; * p < 0.05, ** p < 0.01,
*** p < 0.001.
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Moreover, NPD1 (Figure 4f), an important anti-inflammatory mediator synthesized
from DHA via 15-LOX [47], was strongly increased in supernatants of LPS-stimulated cells
(p < 0.0001). Overall, other EPA or DHA metabolites detected did not significantly change
with LPS stimulation and NE did not alter any measured n-3 fatty acid metabolites.

3. Discussion

In the present study, we revealed that LPS mainly increases n-6-derived oxylipins,
while n-3 oxylipins were increased or decreased by the inflammatory stimulus in primary
neuroglial cultures of rat sCVOs. This response was accompanied by LPS-induced increased
NFκB and STAT3 signaling, COX-2 expression, and reduced Ephx2 mRNA expression, as
well as an increased expression of the anti-inflammatory cytokine IL-10. Moreover, we
show that NE inhibits LPS-induced TNFα release into the supernatants of sCVO cultures
whereas oxylipin levels in supernatants and LPS-induced IL-6 levels were not altered
by NE.

sCVOs have direct access to circulating mediators during systemic inflammatory
insults. Indeed, we have previously shown nuclear translocation of STAT3 and NFκB
and calcium responses to cytokines such as IL-6 and TNFα and pathogen-associated
molecular patterns such as LPS in these brain structures using in vitro and in vivo ap-
proaches [27,31,43,51,63]. In addition, lipid mediators such as PGE2 induce increased
intracellular calcium concentration alone or enhance glutamate-induced responses in neu-
rons and astrocytes of the OVLT involved in the fever induction pathways [52]. Interestingly,
PGE2 can also reduce LPS-induced release of TNFα in these cultures, most likely represent-
ing a negative feedback loop to limit the inflammatory response [52]. Here, we expand on
these findings and establish, for the first time, an altered production of several n-6 and n-3
derived oxylipins in these pivotal brain structures that are essential for immune-to-brain
communication. To ensure the availability of substrates and to mimic in vivo supplementa-
tion, we enriched the cultures with AA, EPA, and DHA (50 µmol/L) during cultivation,
as described previously [55]. Supplementation of the cultures was relevant, as the sCVOs
would have direct access to such PUFA through the circulation. While such enrichment can
be regarded as a limitation of the current study, we aimed to investigate the capacities of
sCVO brain cells to convert such substrates, which necessitates their high abundance.

NE treatment decreased LPS-induced levels of bioactive TNFα, but not IL-6, in su-
pernatants of primary sCVO cultures. This result is partially in line with previous reports
showing that NE, at the same dose as applied here, reduced TNFα release from primary rat
and mouse microglia cultures [36]. However, we did not observe a significant reduction in
IL-6 bioactivity, at least after LPS stimulation. This difference may be related to a rather
high variance between independent cell-culture experiments, the brain structures used
for extraction (cortex versus sCVOs), and the fact that our cultures contained rather high
amounts of astrocytes (~50%), oligodendrocytes (~30%), followed by around ~10% of
neurons and ~10% microglia. Interestingly, the oxylipin 18 HEPE, a precursor of resolvin
E1, has been shown to reduce TNFα secretion from murine macrophages at 0.5 µM concen-
tration [64]. As 18-HEPE was elevated by LPS in supernatants in the present study, this
mechanism may not have been involved but may have masked some more robust effects
by NE.

LPS stimulation was also accompanied by further inflammatory signaling as evi-
denced by increased mRNA expression of IκBα and SOCS3, negative regulatory proteins
and markers of NFκB or STAT3 activation, as previously reported in sCVOs [27,65,66].
Interestingly, while oxylipins have been reported to act via PPAR activation [40], we did
not reveal any significant changes in PGC1α mRNA expression. In addition to proinflam-
matory cytokines, the anti-inflammatory cytokine IL-10 was also significantly increased by
LPS but not altered by NE. Regarding important enzymes involved in oxylipin production,
COX-2-expression was increased by LPS but its expression was not further enhanced by
NE as previously reported [39]. Here, we applied a much higher LPS dose than applied
by Schlachetzki et al. (2010; 10 µg/mL versus 10 ng/mL), which occurs during septic-like
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inflammation in mice [67]. This may have resulted in a ceiling effect, which was not further
affected by NE. Nonetheless, we believe that it was meaningful to test if NE, as a mimetic of
a systemic stress response, can modulate LPS-induced oxylipin production. Future studies
should include further pharmacological testing of epinephrine, NE, and acetylcholine as
indicators to the action of both the sympathetic and the parasympathetic nervous system,
on oxylipin production in sCVOs.

In fact, our results provide support for the notion that cytokines such as TNFα are
not major contributors to the observed changes in oxylipin production, as changes in its
bioactivity did not lead to changes in oxylipin levels. However, further studies are needed
to confirm this hypothesis. While several important oxylipins (i.e., 8,15-diHETE, LXA5, and
NPD1) were increased by LPS stimulation, the expression of their metabolizing enzyme
ALOX15 was not altered within the sCVOs, similar to what has been described in the
hippocampus after in vivo LPS stimulation [21]. Interestingly, ALOX15 expression was
increased 24 h after LPS stimulation (1 µg/mL) in a murine microglial cell line in vitro;
suggesting potential cell-type specific changes that may not have been picked up in our
culture with only 10% microglial contribution [68]. sEphx2 expression was analyzed, as
this enzyme is increased in depressive patients and brains of animal models of depression-
like behavior, and its inhibition is a promising target for future treatment strategies of
depression [69]. Additionally, it has been proposed that the sEphx2 enzyme could be
involved in the metabolic inactivation of oxylipin mediators [5]. Here, we observed its
reduced expression during LPS-induced inflammation in sCVOs, suggesting potential
reduced activation.

Despite the fact that experimental animal work has revealed exciting new data on
beneficial direct and indirect effects of n-3 PUFA on a variety of brain diseases and in-
sults [70], data on n-3 PUFA and brain inflammation and neurodegeneration in humans
remains controversial [71]. Mixed results most likely pertain to differences in the study
design, dose, and timing of PUFA supplementation, as well as the notion that n-3 PUFA
may not always be the treatment of choice, e.g., when host inflammatory responses are
altered during some kinds of infections [72–74]. Data for the situation in humans are largely
lacking [75]; nonetheless, recent evidence indicates that some mechanisms proposed in
animal models may also play a role in humans. Using a human hippocampal progenitor
cell line, Borsini et al. (2021) showed that LOX and P450 EPA/DHA metabolites such as
18-HEPE, which was also detected in the present study, may contribute to the prevention
of apoptosis and increase neurogenesis. Importantly, these oxylipins were also found in
plasma of patients following treatment with their precursors and correlating with less
severe depressive symptoms [76].

Concerning n-6-derived oxylipins, several candidates were increased by LPS-stimulation,
including 15-HETE, 13-HODE, and 15d-PGJ2 [77], as well as 5-oxo-ETE and 15-oxo-ETE [78],
known to act as PPARγ ligands with partially potent anti-inflammatory capacities [40]. As
such, LPS has been shown to induce 15d-PGJ2 in primary rat microglial cultures [79], and
Huang et al. (2015) revealed inhibition of microglial activation by i.p. 15d-PGJ2 treatment
in a model of brain ischemia [80], potentially via NFκB inhibition [81]. Moreover, 15d-PGJ2,
which is also found in cerebrospinal fluid, inhibited fever during systemic LPS-induced
inflammation when intracerebroventricularly infused [60]. In particular, larger amounts
of 15-HETE can be detected in supernatants of IL-4-induced M2-polarized macrophages
after live E. coli [82] or LPS stimulation (100 ng/mL, 16 h) [13]. Oxidized eicosanoids
such as 5-oxo-ETE and 15-oxo-ETE were also increased by LPS-stimulation in the present
study. As such, it has been demonstrated that 5-oxo-ETE production increases during
inflammation [83] and may play a role in the pathophysiology of allergic inflammation to
induce skin infiltration of eosinophils by calcium mobilization [84]. In respect to the func-
tional significance of increased n-6-derived oxylipins described here, similar mechanisms
could also apply for sCVOs. Therefore, such mechanisms may be related to immune-cell
trafficking to the sCVOs, polarization of sCVO microglia in a macrophage-like manner, or
anti-inflammatory action of oxylipins (e.g., 15d-PGJ2) to counteract and dampen systemic
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inflammatory immune-to-brain signaling. The precise role of each of these mediators
within the sCVOs remains to be further investigated in future studies.

Concerning n-3-derived oxylipins, we found three major entities of mediators—EPA-
derived LXA5, 18-HEPE, and DHA-derived NPD1—to be increased, and several HEPE
species (8-HEPE, 9-HEPE, 12-HEPE) to be decreased by LPS in the supernatants of sCVO
cultures. Interestingly, while not much is known about the functional significance of
LXA5, it was shown to be involved in superoxide anion generation in canine neutrophil
granulocytes [85], which may be also relevant for the brain during septic-like inflammation.
More studies have already investigated the role of 18-HEPE, the precursor of resolvin E1,
for its anti-inflammatory pro-resolving effects in peripheries such as the lung [62,86] and
the brain [68,69]. For example, 18-HEPE has been demonstrated to induce brain-derived
neurotrophic factor in Müller glia [87] or to inhibit TNFα secretion after LPS stimulation
(0.5 µg/mL) in a murine macrophage cell line [64]. Moreover, 18-HEPE is also found in
supernatants of M1 and M2 macrophages [13]. In addition, NPD1 remains one of our most
prominently detected mediators increased by LPS in our sCVOs cultures. This small pro-
resolving lipid mediator (SPM) has multiple beneficial effects during brain inflammatory
insults such as ischemic or traumatic brain injury [88] via preservation of mitochondrial
membrane structure [89] or blockage of neuronal apoptosis and antioxidative effects [90].
However, caution needs to be taken as this mediator is hard to distinguish from its isomer
protectin DX [91]. Nonetheless, PDX has also been shown to exhibit less prominent but
similar beneficial anti-inflammatory effects [92] such as inhibition of LPS-induced COX-2
and reactive oxygen species in human neutrophil granulocytes [93].

A recent discussion has emerged on detectability and exact enzymatic pathways for
SPM production in biological samples [94]. Unfortunately, we were not able to detect SPMs
such as resolvins in the supernatants of our sCVOs cultures. Nonetheless, compelling
evidence supports an important function of SPMs [9], which may reach physiologically
relevant concentrations in a paracrine manner, asking for further improvements and harmo-
nization in methods for their extraction and detection. Future directions for the detection
of brain oxylipins include in vivo detection by solid-phase microextraction [95]. Moreover,
oxylipins represent very interesting biomarkers for disease states [8,11,16,96] or changes
in cellular phenotypes between more pro- or anti-inflammatory states, e.g., in astrocytes,
monocytes, and macrophages [12,13,97], with high potential as future biomarkers for
stratification of patients, for example, with major depressive disorders [98]. Currently,
the investigation into oxylipins and their role in health and disease is a growing field
of research that could have broad implications. Our present results add new insights
to existing literature for sCVOs during acute inflammation. In the last decade, modern
analytical methods vastly improved the understanding of oxylipins’ role and enabled the
detection of fragile metabolites as well as new interactions with pathway enzymes. A broad
overview of the relationship between enzymes, oxylipins, and their substrates is shown
in Figure 5, contextualizing our results. However, such an approach can only capture a
simplified high-level scheme of a continuously changing body of evidence for underlying
pathways [6,99,100].

Aside from technical challenges in differentiating NPD1 and PDX, the detectability of
metabolic pathways, and SPMs, limitations of the present study pertain to our measures
of mRNA expression of enzymes. It is well-known that mRNA levels do not necessarily
reflect changes on protein level. Moreover, we did not account for dynamic changes of
inflammatory signaling and oxylipin production. However, previous work has already
shown partially similar but also distinct changes in enzyme expression. These experiments
included assessments performed at 2 h and 24 h time points in vitro (microglia cell line)
or in vivo (LPS-treatment in mice) of different brain structures such as the hippocam-
pus [21,68]. Thus, while future studies should further expand on our present findings, such
as through assessing metabolic pathways in a more dynamic manner and testing additional
stimulants than LPS, we believe that our present data are meaningful and highlight the piv-
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otal role of sCVOs and the need to explore the functional significance of oxylipin signaling
in specific brain regions.
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Figure 5. Summary of results and lipid mediator metabolism pathways in lipopolysaccharide
(LPS)-stimulated CVO cultures: simplified pathway models of polyunsaturated fatty acids’ (PUFA)
metabolism with literature-based “checkpoint” enzymes; n-6 fatty acids (linoleic acid, yellow; arachi-
donic acid, red) and n-3 fatty acids (eicosapentaenoic acid, green; docosahexaenoic acid, blue) are
metabolized by the same enzymes: cyclooxygenases (COX), lipoxygenases (LOX), cytochrome P450
monoxygenases (CYP450), and epoxide hydrolase 2 (Ephx2). Other pathway enzymes are not dis-
played for better visualization. Increased or decreased levels of metabolites in supernatants or
cells’ mRNA expression of enzymes are displayed by arrows (increased ↑, decreased ↓). Substrates
(fatty acids) and enzymes not measured by us are visualized in color (fatty acids) or in italic with
an asterisk (*). Colored lines depict metabolic pathways via enzymes to produce oxylipins from
their substrates. Sensory circumventricular organ (sCVO)-derived primary cell cultures were pre-
incubated with PUFA (each 50 µmol/L). LPS-induced (10 µg/mL) inflammatory stimulation of cell
cultures for 4 h induced mRNA expression of COX-2 and decreased mRNA expression of Ephx2.
ALOX15 expression was not affected by LPS stimulation. Enzymes’ activity led to altered release of
lipid metabolites into supernatants, as depicted by arrows. Arachidonic acid-derived metabolites
were elevated in LPS-stimulated samples: 15-HETE (hydroxy-eicosatetraenoic acid); 8,15-DiHETE
(dihydroxy-eicosatetraenoic acid), 15-OxoETE (oxo-eicosatetraenoic acid); 5-OxoETE; 11,12-DHET
(dihydroxy-eicosatrienoic acid); 14,15-DHET; 15d-PGJ2 (15-Deoxy-Delta-12,14-prostaglandin-J2). The
arachidonic acid metabolite 18-HETE was reduced in LPS-stimulated samples when compared to
controls. Linoleic acid metabolites were increased in supernatants by LPS: 13-HODE (hydroxy-
octadecadienoic acid); 9,10-DiHOME (dihydroxy-octadecenoic acid); 12,13-DiHOME. Eicosapen-
taenoic acid metabolites LXA5 (Lipoxin A5) and 18-HEPE (hydroxy-eicosapentaenoic acid) were
elevated in supernatants of LPS-stimulated cells, whereas 8-HEPE, 9-HEPE, and 12-HEPE levels were
reduced due to LPS stimulation versus controls. Docosahexaenoic-derived NPD1 (neuroprotectin
D1) was observed to be increased by LPS stimulation. Metabolic pathways are visualized according
to [6,99,100].

In summary, we revealed that LPS increased inflammatory signaling and altered
enzyme expression, which was accompanied by increased or decreased levels of n-3- and n-
6-derived oxylipin subsets. While NE inhibited TNFα release, neither n-3 nor n-6 oxylipins
were significantly altered. In conclusion, we present the first evidence for the production
of oxylipins in sCVO, pivotal brain structures in immune-to-brain communication. Some
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of these lipid mediators are already known for their capacity to modulate inflammatory
responses, highlighting their potential functional significance in inflammatory signaling
in the brain. In particular, NPD1 and 18-HEPE or LXA5 represent interesting targets for
further functional characterization in these brain structures known to detect circulating
mediators. While NE is able to modulate inflammatory TNFα production in the brain,
neither NE nor TNFα seem to play a major role for local LPS-induced oxylipin release
from sCVO brain cells. Overall, we highlight metabolic pathways in oxylipin production
(Figure 5) and the importance of sCVOs to produce lipid mediators linked to inflammation.
Locally produced oxylipins may play an important role in immune-to-brain communication
within sCVOs during LPS-induced inflammation.

4. Materials and Methods
4.1. Animals

All experiments were performed in accordance with the German Animal Welfare
Act and international legislation (Directive 2010/63, European Community) and were
approved by local authorities (JLU number 580_M). Wistar rat pups (4–6 days old) of both
sexes obtained from an in-house breeding colony were used for all experiments. Breeding
animals were originally obtained from Charles River WIGA (Sulzfeld, Germany). Adult
rats had ad libitum access to drinking water and standard laboratory chow; dams reared
their pups in M4-size cages. Room temperature was controlled at 22 ± 1 ◦C, relative
humidity at 50%, and 12 h light cycles.

4.2. Isolation and Cultivation of OVLT, SFO, and AP Primary Cell Cultures

Best results for successful preparation of differentiated rat brain neuroglial cell cultures
can be achieved from neonatal rat pups. Under these conditions, neurons and glial cells
respond to a variety of transmitters and stimuli typical for the respective brain structure,
such as glutamate or LPS [31,43,50–53]. Primary cell cultures of all sCVOs were established
from topographically excised brain tissue of 4–6-day-old Wistar rat pups. Six animals per
preparation (balanced male and female pups) were quickly decapitated with sharp scissors
and the heads were immersed (<20 s) in cold 70% ethanol. Each brain was immediately
removed from the skull, under aseptic conditions, and fixed onto a Teflon®-block with
Histoacryl® tissue glue (Braun, Melsungen, Germany). The brains were rapidly transferred
to a chamber containing ice-cold oxygenated Gey’s Balanced Salt Solution (GBSS; Biotrend,
Cologne, Germany) enriched with 5% d-glucose (Sigma-Aldrich, Munich, Germany) where
serial coronal brain slices (400 µm) were cut starting at the level of the anterior hypothala-
mus using a vibratome (752 M Vibroslice; WPI, Berlin, Germany). Sections containing the
OVLT were selected with the anterior commissure and optic chiasm as main neuroanatomi-
cal landmarks (bregma ∼0.20 mm–∼−0.26 mm) [54]. SFO sections were collected based
on the dorsal opening of the third ventricle, the SFO extending into the ventricular space
and its vicinity to ventricle’s choroid plexus (bregma ∼−0.80 mm–∼−0.92 mm). The AP
(bregma ∼−13.68 mm–∼−13.8 mm) was located on the dorsal surface of the medulla im-
mediately adjacent to the Nucleus tractus solitarius (NTS). OVLT, SFO, and AP regions were
dissected under stereomicroscopic control (SMZ-U; Nikon, Düsseldorf, Germany) using
fine eye scissors. For OVLT and SFO sections, it should be noted that 400 µm coronal brain
slices used represent more than just one coronal plane from the representative stereotaxic
atlas of the rat brain [54]. Therefore, borders at the rostral and caudal end of prepared
tissue slices were identified by apparent neuroanatomical structures.

The isolated tissue from OVLT, SFO, and AP was transferred into Petri dishes contain-
ing oxygenated HBSS (Hanks Balanced Salt Solution without Ca2+ and Mg2+; Biochrom,
Berlin, Germany) supplemented with 20 mM HEPES (Sigma Aldrich) pH 7.4. The super-
natant was removed and tissue samples from all three regions were pooled and treated
with 2 mL dispase (2 U/mL; Roche Diagnostics, Mannheim, Germany) in oxygenated
HBSS with 20 mM HEPES, pH 7.4, at 37 ◦C. After 45 min of incubation, the tissue was
washed three times with 1 mM EDTA (Merck KGaA, Darmstadt, Gemany) in HBSS to
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inactivate the enzyme. Subsequently, EDTA was sluiced down from tissue with 3 mL
complete medium consisting of Neurobasal medium A supplemented with 2% B 27, peni-
cillin (100 U/mL)/streptomycin (0.1 mg/mL), and 2 mM l-glutamine (all Life Technologies
GmbH, Darmstadt, Germany). Sedimentation of tissue fragments was followed by re-
moval of supernatants and tissue was resuspended in 1 mL complete medium. Repeated
trituration with a 1 mL Eppendorf pipette was applied to dissociate tissue fragments.
The dissociated cells were counted using a hemocytometer, diluted in complete medium
to 120,000 cells/mL and plated onto prewarmed, poly-l-lysine (1 mg/mL H2O; Sigma
Aldrich)-coated CELLocate® glass coverslips, which were mounted on reusable Flexiperm-
micro-12 wells (6 mm diameter; Heraeus, Hanau, Germany). After that, cells were cultured
in a humidified atmosphere of 5% CO2/95% air at 37 ◦C. Preliminary experiments apply-
ing immunohistochemical detection of cellular marker proteins revealed a mean cellular
content as follows: astrocytes (~50%), oligodendrocytes (~30%), ~10% of neurons, and
~10% microglia.

4.3. Experimental Protocol

After seeding, cells were incubated for 24 h to adhere to the coated glass cover slips.
Medium was replaced to remove debris and cultures were incubated for an additional 48
h. On the fourth day of cultivation, medium was replaced for 24 h with fresh medium
supplemented with AA, EPA, and DHA, each 50 µmol/L, as described previously [55].
On the fifth day, fatty-acid-enriched medium was removed and cultures washed with nor-
mal medium and stimulated with 10 µg/mL LPS (Escherichia coli O111:B4, Sigma-Aldrich
Chemie GmbH), at a dose that induces strong inflammatory activation [31,43] or saline.
Moreover, groups received an additional treatment with 1 µmol/L NE (norepinephrine-
hydrogen-tartrate, Sigma Aldrich) or vehicle according to a previously published proto-
col [39]. All reagents were diluted in medium. After 4 h, experiments were stopped by
collecting supernatants and lysing cells from coverslips by washing with saline and apply-
ing 200 µL lysis buffer for 2 min (RA1buffer, NucleoSpin© RNA XS kit, Macherey Nagel,
Düren, Germany). Cells and supernatants were stored at −80 ◦C until further analysis.
Each sample consisted of 6 culture wells with a pooled volume of 2.1 mL supernatant
coming from 252,000 seeded cells on coverslips. Sample size was n = 6 of pooled samples
per group with four treatment groups investigated in all six independent preparations.
Additional spare cell-suspension wells were incorporated into the cultivation process and
stained for vitality (Trypan blue solution, Sigma Aldrich) at the end of experiments to
assure cultures’ quality.

4.4. Cytokine Measurements

sCVOs cell cultures’ supernatants were analyzed for IL-6 levels by a bioassay based
on the dose-dependent growth-inducing effect of IL-6 on a B9 hybridoma cell line. Concen-
trations of TNFα in supernatants were quantified using the cytotoxic effect of TNFα on a
WEHI cell line as described previously by Welsch et al. (2012) [56]. For calibration of the
bioassays, we used international standards (murine TNFα standard: code 88/532; human
IL-6 standard: code 89/548; National Institute for Biological Standards and Control, South
Mimms, UK). After adjusting for the dilution of the samples, the bioassays’ detection limits
were determined to be 3 IU IL-6/mL and 6 pg TNFα/mL, respectively.

4.5. Eicosanoid Extraction and LC-MS/MS Based Mass Spectrometric Analysis

All LC-MS-grade solvents were purchased from VWR, Merck (both Darmstadt, Ger-
many), Honeywell (Seelze, Germany), and Fisher Scientific (Schwerte, Germany). Eicosanoid
standards and deuterated internal standards were obtained from Cayman Chemical (local
distributor: Biomol, Hamburg, Germany).

Eicosanoids were extracted and analyzed by high-pressure liquid chromatography–
tandem mass spectrometry (HPLC-MS/MS), as described previously [57,58]. In brief,
1 mL of cell-culture supernatants was mixed with 25 µL of the deuterated internal stan-



Int. J. Mol. Sci. 2022, 23, 8745 14 of 19

dard mixture and 50 µL methanol and vortexed vigorously. Samples were centrifuged
(10,000 rpm, 4 ◦C, 5 min) and the supernatants were subjected to solid-phase extraction via
Bond Elute Plexa solid-phase extraction columns (Agilent Technologies, Santa Clara, CA,
USA). Extraction was performed following the manufacturer’s instructions and eicosanoids
were eluted using 500 µL methanol. The solvent was evaporated and extracts were resolved
in 100 µL of water/acetonitrile/formic acid (70:30:0.02, v/v/v; solvent A) and immediately
analyzed by HPLC-MS/MS.

Eicosanoids were analyzed on a QTRAP 5500 mass spectrometer (Sciex, Darmstadt,
Germany), coupled to an Agilent 1290 Infinity LC system (Agilent Technologies, Santa Clara,
CA, USA), equipped with a Synergi Hydro reverse-phase C18 column (2.1 × 250 mm; Phe-
nomenex, Aschaffenburg, Germany). The flow rate was set to 0.3 mL/min and analytes
were separated applying the following gradient: 1 min (0% solvent B: acetonitrile/isopropyl
alcohol, 50:50, v/v;), 3 min (25% solvent B), 11 min (45% solvent B), 13 min (60% solvent B),
18 min (75% solvent B), 18.5 min (90% solvent B), 20 min (90% solvent B), 21 min (0% solvent
B). The column was re-equilibrated by keeping 0% solvent B for five min. Eicosanoids
were analyzed in negative-ion mode applying a scheduled multiple-reaction monitoring
approach, using transitions, individual collision energies, and further instrument parame-
ters, as described by Dumlao et al. [57]. For quantification, an external 10-point calibration
curve was measured in triplicate. Data analysis and peak integration were performed using
the MultiQuant software (v.2.1.1, Sciex, Darmstadt, Germany). The table of results can be
found in Supplementary Materials.

4.6. Real Time RT-PCR

For determination of gene expression of selected target genes involved in inflammation
and lipid mediator pathways, we performed real-time RT-PCR. RNA was extracted from
harvested cell samples using the RNA isolation kit (NucleoSpin® Macherey-Nagel, Düren,
Germany) according to the manufacturer’s protocol. Briefly, cell lysates were homogenized
and filtered to remove debris. RNA and DNA were bound by Ethanol and caught in a
column filter. Next, DNA was digested by rDNase mixture and rinsed from the column.
Finally, pure RNA was eluted from the column and collected in single reaction tubes.
Extracted RNA was stored at −20 ◦C for later reverse transcription. About 200 ng total
RNA was employed for reverse transcription by 50 U of murine leukemia virus reverse
transcriptase, 40 µM random hexamers, and 10 µM deoxynucleoside triphosphate (dNTP)
mix (Applied Biosystems, Foster City, CA, USA), which were added to a total reaction
volume of 20 µL. The StepOnePlus Real-Time PCR System (Applied Biosystems) was used
for relative quantification of all samples in duplicates applying a primer/probe mixture
(TaqMan Gene Expression Assay, Applied Biosystems) and a TaqMan PCR Master Mix
(Applied Biosystems) with the following cycling protocol: polymerase activation (50 ◦C for
2 min), initial denaturation (95 ◦C for 10 min), 40 cycles of denaturation (95 ◦C for 15 s), and
annealing/elongation (60 ◦C for 1 min). We applied the following gene-expression assays
from Applied Biosystems: ALOX15 (Rn01646191_m1), COX-2 (Rn01483828_m1), Ephx2
(Rn00576023_m1), GPC1α (Rn00580241_m1), IL-10 (Rn99999012_m1), IκB (Rn01473657_g1),
and SOCS3 (Rn00585674_s1). For analysis of cDNA quantities between samples and groups,
we beforehand normalized the individual gene expression to the housekeeping gene β-actin
(Rn00667869_m1; Applied Biosystems) as reference in each sample, which exhibited stable
expression between treatment groups. For relative quantification of every gene’s expression,
the 2−(∆∆Ct) method was calculated so that results represent the x-fold difference in relation
to a control sample, which showed the lowest expression.

4.7. Data Analysis and Statistics

Relative quantity values were chosen for direct statistical analysis of gene mRNA
expression. Parameters measured from supernatants (cytokines, lipid mediators) were
normalized before statistical analyses to fold change of the LPS+vehicle-treated group
within each independent experiment to account for differences caused by environmental
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factors between days of cell-culture preparation. Cytokines and lipid mediators were quan-
tified by regression analysis of standard curve functions. For lipid mediators detected by
LC-MS/MS, cell-culture medium was analyzed as control samples. In case of a detectable
lipid mediator showing smaller quantities in the sample than the mean concentration in
medium controls, these sample values were set to the mean concentration of medium
controls, which were used as a lower cut off values. Supernatant lipid mediator concentra-
tions were LOG10-transformed before normalization to the LPS+vehicle group. In general,
groups were analyzed by two-way ANOVA with the factors of stimulation (LPS, saline) and
treatment (NE, vehicle). Main effects were reported and in case of significant interaction,
Bonferroni post hoc testing was performed for the single-group comparison. p < 0.05 was
applied for statistical significance and mean ± SEM are displayed in the figures.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijms23158745/s1.

Author Contributions: Conceptualization, F.J.P., J.W., A.N. and C.R.; methodology, F.J.P., J.W., A.N.,
D.O., J.R. and C.R.; software, F.J.P., M.F. and C.R.; validation, F.J.P., J.W. and C.R.; formal analysis, F.J.P.
and J.W.; investigation, F.J.P., J.W., D.O. and C.R.; resources, A.N. and C.R.; data curation, F.J.P., M.F.
and C.R.; writing—original draft preparation, F.J.P., M.F., T.W., J.H. and C.R.; writing—review and
editing, all; visualization, F.J.P., M.F., J.R. and C.R.; supervision, A.N. and C.R.; project administration,
F.J.P., D.O. and C.R.; funding acquisition, C.R. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was partially funded by EU Joint Programme – Neurodegenerative Disease
Research (JPND): SOLID JPND2021-650-233; Federal Ministry of Education and Research: 01ED2207
and the APC was partially funded by Justus Liebig University.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki; the animal study protocol was approved by the Institutional Review Board
(animal welfare officers of) of Justus Liebig University Giessen (protocol code JLU number 580_M
and approved 25 November 2015).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in Table S1 and are
available on rescannable request from the corresponding author.

Acknowledgments: We would like to thank D. Marks, J. Murgott, and B. Watzer for excellent
technical assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Joffre, C.; Dinel, A.L.; Chataigner, M.; Pallet, V.; Laye, S. n-3 Polyunsaturated Fatty Acids and Their Derivates Reduce Neuroin-

flammation during Aging. Nutrients 2020, 12, 647. [CrossRef]
2. Moranis, A.; Delpech, J.-C.; De Smedt-Peyrusse, V.; Aubert, A.; Guesnet, P.; Lavialle, M.; Joffre, C.; Layé, S. Long term adequate

n-3 polyunsaturated fatty acid diet protects from depressive-like behavior but not from working memory disruption and brain
cytokine expression in aged mice. Brain Behav. Immun. 2012, 26, 721–731. [CrossRef] [PubMed]

3. Sun, G.Y.; Simonyi, A.; Fritsche, K.L.; Chuang, D.Y.; Hannink, M.; Gu, Z.; Greenlief, C.M.; Yao, J.K.; Lee, J.C.; Beversdorf, D.Q.
Docosahexaenoic acid (DHA): An essential nutrient and a nutraceutical for brain health and diseases. Prostaglandins Leukot.
Essent. Fatty Acids 2018, 136, 3–13. [CrossRef] [PubMed]

4. Li, P.; Song, C. Potential treatment of Parkinson’s disease with omega-3 polyunsaturated fatty acids. Nutr. Neurosci. 2022, 25,
180–191. [CrossRef]

5. Buczynski, M.W.; Dumlao, D.S.; Dennis, E.A. Thematic Review Series: Proteomics. An integrated omics analysis of eicosanoid
biology. J. Lipid Res. 2009, 50, 1015–1038. [CrossRef] [PubMed]

6. Astarita, G.; Kendall, A.C.; Dennis, E.A.; Nicolaou, A. Targeted lipidomic strategies for oxygenated metabolites of polyunsaturated
fatty acids. Biochim. Biophys. Acta 2015, 1851, 456–468. [CrossRef]

7. Dyall, S.C.; Balas, L.; Bazan, N.G.; Brenna, J.T.; Chiang, N.; da Costa Souza, F.; Dalli, J.; Durand, T.; Galano, J.M.; Lein, P.J.; et al.
Polyunsaturated fatty acids and fatty acid-derived lipid mediators: Recent advances in the understanding of their biosynthesis,
structures, and functions. Prog. Lipid Res. 2022, 86, 101165. [CrossRef]

https://www.mdpi.com/article/10.3390/ijms23158745/s1
https://www.mdpi.com/article/10.3390/ijms23158745/s1
http://doi.org/10.3390/nu12030647
http://doi.org/10.1016/j.bbi.2011.11.001
http://www.ncbi.nlm.nih.gov/pubmed/22085587
http://doi.org/10.1016/j.plefa.2017.03.006
http://www.ncbi.nlm.nih.gov/pubmed/28314621
http://doi.org/10.1080/1028415X.2020.1735143
http://doi.org/10.1194/jlr.R900004-JLR200
http://www.ncbi.nlm.nih.gov/pubmed/19244215
http://doi.org/10.1016/j.bbalip.2014.11.012
http://doi.org/10.1016/j.plipres.2022.101165


Int. J. Mol. Sci. 2022, 23, 8745 16 of 19

8. Shearer, G.C.; Walker, R.E. An overview of the biologic effects of omega-6 oxylipins in humans. Prostaglandins Leukot. Essent.
Fatty Acids 2018, 137, 26–38. [CrossRef]

9. Serhan, C.N. Pro-resolving lipid mediators are leads for resolution physiology. Nature 2014, 510, 92–101. [CrossRef]
10. Serhan, C.N. Treating inflammation and infection in the 21st century: New hints from decoding resolution mediators and

mechanisms. FASEB J. 2017, 31, 1273–1288. [CrossRef] [PubMed]
11. Domenichiello, A.F.; Jensen, J.R.; Zamora, D.; Horowitz, M.; Yuan, Z.X.; Faurot, K.; Mann, J.D.; Mannes, A.J.; Ramsden, C.E.

Identifying oxidized lipid mediators as prognostic biomarkers of chronic posttraumatic headache. Pain 2020, 161, 2775–2785.
[CrossRef] [PubMed]

12. Chistyakov, D.V.; Gavrish, G.E.; Goriainov, S.V.; Chistyakov, V.V.; Astakhova, A.A.; Azbukina, N.V.; Sergeeva, M.G. Oxylipin
Profiles as Functional Characteristics of Acute Inflammatory Responses in Astrocytes Pre-Treated with IL-4, IL-10, or LPS. Int. J.
Mol. Sci. 2020, 21, 1780. [CrossRef]

13. Ebert, R.; Cumbana, R.; Lehmann, C.; Kutzner, L.; Toewe, A.; Ferreiros, N.; Parnham, M.J.; Schebb, N.H.; Steinhilber, D.; Kahnt,
A.S. Long-term stimulation of toll-like receptor-2 and -4 upregulates 5-LO and 15-LO-2 expression thereby inducing a lipid
mediator shift in human monocyte-derived macrophages. Biochim. Biophys. Acta Mol. Cell Biol. Lipids 2020, 1865, 158702.
[CrossRef] [PubMed]

14. Taki-Nakano, N.; Kotera, J.; Ohta, H. 12-oxo-phytodienoic acid, a plant-derived oxylipin, attenuates lipopolysaccharide-induced
inflammation in microglia. Biochem. Biophys. Res. Commun. 2016, 473, 1288–1294. [CrossRef]

15. Madore, C.; Leyrolle, Q.; Morel, L.; Rossitto, M.; Greenhalgh, A.D.; Delpech, J.C.; Martinat, M.; Bosch-Bouju, C.; Bourel, J.; Rani,
B.; et al. Essential omega-3 fatty acids tune microglial phagocytosis of synaptic elements in the mouse developing brain. Nat.
Commun. 2020, 11, 6133. [CrossRef] [PubMed]

16. Chistyakov, D.V.; Astakhova, A.A.; Azbukina, N.V.; Goriainov, S.V.; Chistyakov, V.V.; Sergeeva, M.G. Cellular Model of Endotoxin
Tolerance in Astrocytes: Role of Interleukin 10 and Oxylipins. Cells 2019, 8, 1553. [CrossRef]

17. Guryleva, M.V.; Chistyakov, D.V.; Lopachev, A.V.; Goriainov, S.V.; Astakhova, A.A.; Timoshina, Y.A.; Khutorova, A.V.; Fedorova,
T.N.; Sergeeva, M.G. Modulation of the Primary Astrocyte-Enriched Cultures’ Oxylipin Profiles Reduces Neurotoxicity. Metabolites
2021, 11, 498. [CrossRef]

18. Hennebelle, M.; Morgan, R.K.; Sethi, S.; Zhang, Z.; Chen, H.; Grodzki, A.C.; Lein, P.J.; Taha, A.Y. Linoleic acid-derived metabolites
constitute the majority of oxylipins in the rat pup brain and stimulate axonal growth in primary rat cortical neuron-glia co-cultures
in a sex-dependent manner. J. Neurochem. 2020, 152, 195–207. [CrossRef]

19. Aukema, H.M.; Winter, T.; Ravandi, A.; Dalvi, S.; Miller, D.W.; Hatch, G.M. Generation of Bioactive Oxylipins from Exogenously
Added Arachidonic, Eicosapentaenoic and Docosahexaenoic Acid in Primary Human Brain Microvessel Endothelial Cells. Lipids
2016, 51, 591–599. [CrossRef] [PubMed]

20. Chataigner, M.; Martin, M.; Lucas, C.; Pallet, V.; Laye, S.; Mehaignerie, A.; Bouvret, E.; Dinel, A.L.; Joffre, C. Fish Hydrolysate Sup-
plementation Containing n-3 Long Chain Polyunsaturated Fatty Acids and Peptides Prevents LPS-Induced Neuroinflammation.
Nutrients 2021, 13, 824. [CrossRef]

21. Rey, C.; Delpech, J.C.; Madore, C.; Nadjar, A.; Greenhalgh, A.D.; Amadieu, C.; Aubert, A.; Pallet, V.; Vaysse, C.; Laye, S.; et al.
Dietary n-3 long chain PUFA supplementation promotes a pro-resolving oxylipin profile in the brain. Brain Behav. Immun. 2019,
76, 17–27. [CrossRef] [PubMed]

22. Perry, V.H.; Cunningham, C.; Holmes, C. Systemic infections and inflammation affect chronic neurodegeneration. Nat. Rev.
Immunol. 2007, 7, 161–167. [CrossRef]

23. Umemura, A.; Oeda, T.; Tomita, S.; Hayashi, R.; Kohsaka, M.; Park, K.; Sugiyama, H.; Sawada, H. Delirium and high fever
are associated with subacute motor deterioration in Parkinson disease: A nested case-control study. PLoS ONE 2014, 9, e94944.
[CrossRef]

24. Utagawa, A.; Truettner, J.S.; Dietrich, W.D.; Bramlett, H.M. Systemic inflammation exacerbates behavioral and histopathological
consequences of isolated traumatic brain injury in rats. Exp. Neurol. 2008, 211, 283–291. [CrossRef]

25. McColl, B.W.; Rothwell, N.J.; Allan, S.M. Systemic inflammatory stimulus potentiates the acute phase and CXC chemokine
responses to experimental stroke and exacerbates brain damage via interleukin-1- and neutrophil-dependent mechanisms. J.
Neurosci. 2007, 27, 4403–4412. [CrossRef] [PubMed]

26. Hoogland, I.C.; Houbolt, C.; van Westerloo, D.J.; van Gool, W.A.; van de Beek, D. Systemic inflammation and microglial activation:
Systematic review of animal experiments. J. Neuroinflammation 2015, 12, 114. [CrossRef] [PubMed]

27. Rummel, C. Inflammatory transcription factors as activation markers and functional readouts in immune-to-brain communication.
Brain Behav. Immun. 2016, 54, 1–14. [CrossRef]

28. Griton, M.; Konsman, J.P. Neural pathways involved in infection-induced inflammation: Recent insights and clinical implications.
Clin. Auton. Res. 2018, 28, 289–299. [CrossRef]

29. Hosoi, T.; Okuma, Y.; Nomura, Y. Electrical stimulation of afferent vagus nerve induces IL-1beta expression in the brain and
activates HPA axis. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2000, 279, R141–R147. [CrossRef]

30. Roth, J.; Harre, E.M.; Rummel, C.; Gerstberger, R.; Hubschle, T. Signaling the brain in systemic inflammation: Role of sensory
circumventricular organs. Front. Biosci. 2004, 9, 290–300. [CrossRef]

http://doi.org/10.1016/j.plefa.2018.06.005
http://doi.org/10.1038/nature13479
http://doi.org/10.1096/fj.201601222R
http://www.ncbi.nlm.nih.gov/pubmed/28087575
http://doi.org/10.1097/j.pain.0000000000001983
http://www.ncbi.nlm.nih.gov/pubmed/32694380
http://doi.org/10.3390/ijms21051780
http://doi.org/10.1016/j.bbalip.2020.158702
http://www.ncbi.nlm.nih.gov/pubmed/32222425
http://doi.org/10.1016/j.bbrc.2016.04.060
http://doi.org/10.1038/s41467-020-19861-z
http://www.ncbi.nlm.nih.gov/pubmed/33257673
http://doi.org/10.3390/cells8121553
http://doi.org/10.3390/metabo11080498
http://doi.org/10.1111/jnc.14818
http://doi.org/10.1007/s11745-015-4074-0
http://www.ncbi.nlm.nih.gov/pubmed/26439837
http://doi.org/10.3390/nu13030824
http://doi.org/10.1016/j.bbi.2018.07.025
http://www.ncbi.nlm.nih.gov/pubmed/30086401
http://doi.org/10.1038/nri2015
http://doi.org/10.1371/journal.pone.0094944
http://doi.org/10.1016/j.expneurol.2008.02.001
http://doi.org/10.1523/JNEUROSCI.5376-06.2007
http://www.ncbi.nlm.nih.gov/pubmed/17442825
http://doi.org/10.1186/s12974-015-0332-6
http://www.ncbi.nlm.nih.gov/pubmed/26048578
http://doi.org/10.1016/j.bbi.2015.09.003
http://doi.org/10.1007/s10286-018-0518-y
http://doi.org/10.1152/ajpregu.2000.279.1.R141
http://doi.org/10.2741/1241


Int. J. Mol. Sci. 2022, 23, 8745 17 of 19

31. Ott, D.; Murgott, J.; Rafalzik, S.; Wuchert, F.; Schmalenbeck, B.; Roth, J.; Gerstberger, R. Neurons and glial cells of the rat organum
vasculosum laminae terminalis directly respond to lipopolysaccharide and pyrogenic cytokines. Brain Res. 2010, 1363, 93–106.
[CrossRef] [PubMed]

32. Hertz, L.; Lovatt, D.; Goldman, S.A.; Nedergaard, M. Adrenoceptors in brain: Cellular gene expression and effects on astrocytic
metabolism and [Ca2+]i. Neurochem. Int. 2010, 57, 411–420. [CrossRef]

33. Gerstberger, R.; Muller, A.R.; Simon-Oppermann, C. Functional hypothalamic angiotensin II and catecholamine receptor systems
inside and outside the blood-brain barrier. Prog. Brain Res. 1992, 91, 423–433. [CrossRef] [PubMed]

34. Aoki, C.; Pickel, V.M. Ultrastructural relations between beta-adrenergic receptors and catecholaminergic neurons. Brain Res. Bull.
1992, 29, 257–263. [CrossRef]

35. Aoki, C.; Pickel, V.M. C-terminal tail of beta-adrenergic receptors: Immunocytochemical localization within astrocytes and their
relation to catecholaminergic neurons in N. tractus solitarii and area postrema. Brain Res. 1992, 571, 35–49. [CrossRef]

36. Farber, K.; Pannasch, U.; Kettenmann, H. Dopamine and noradrenaline control distinct functions in rodent microglial cells. Mol.
Cell Neurosci. 2005, 29, 128–138. [CrossRef]

37. Hetier, E.; Ayala, J.; Bousseau, A.; Prochiantz, A. Modulation of interleukin-1 and tumor necrosis factor expression by beta-
adrenergic agonists in mouse ameboid microglial cells. Exp. Brain Res. 1991, 86, 407–413. [CrossRef]

38. Feinstein, D.L.; Heneka, M.T.; Gavrilyuk, V.; Dello Russo, C.; Weinberg, G.; Galea, E. Noradrenergic regulation of inflammatory
gene expression in brain. Neurochem. Int. 2002, 41, 357–365. [CrossRef]

39. Schlachetzki, J.C.; Fiebich, B.L.; Haake, E.; de Oliveira, A.C.; Candelario-Jalil, E.; Heneka, M.T.; Hull, M. Norepinephrine enhances
the LPS-induced expression of COX-2 and secretion of PGE2 in primary rat microglia. J. Neuroinflamm. 2010, 7, 2. [CrossRef]

40. Bosviel, R.; Joumard-Cubizolles, L.; Chinetti-Gbaguidi, G.; Bayle, D.; Copin, C.; Hennuyer, N.; Duplan, I.; Staels, B.; Zanoni,
G.; Porta, A.; et al. DHA-derived oxylipins, neuroprostanes and protectins, differentially and dose-dependently modulate the
inflammatory response in human macrophages: Putative mechanisms through PPAR activation. Free Radic. Biol. Med. 2017, 103,
146–154. [CrossRef]

41. Koenig, S.; Luheshi, G.N.; Wenz, T.; Gerstberger, R.; Roth, J.; Rummel, C. Leptin is involved in age-dependent changes in response
to systemic inflammation in the rat. Brain Behav. Immun. 2014, 36, 128–138. [CrossRef] [PubMed]

42. Harden, L.M.; Rummel, C.; Luheshi, G.N.; Poole, S.; Gerstberger, R.; Roth, J. Interleukin-10 modulates the synthesis of inflam-
matory mediators in the sensory circumventricular organs: Implications for the regulation of fever and sickness behaviors. J.
Neuroinflamm. 2013, 10, 790. [CrossRef]

43. Wuchert, F.; Ott, D.; Murgott, J.; Rafalzik, S.; Hitzel, N.; Roth, J.; Gerstberger, R. Rat area postrema microglial cells act as sensors
for the toll-like receptor-4 agonist lipopolysaccharide. J. Neuroimmunol 2008, 204, 66–74. [CrossRef] [PubMed]

44. Laflamme, N.; Rivest, S. Effects of systemic immunogenic insults and circulating proinflammatory cytokines on the transcription
of the inhibitory factor kappaB alpha within specific cellular populations of the rat brain. J. Neurochem. 1999, 73, 309–321.
[CrossRef]

45. Lebel, E.; Vallieres, L.; Rivest, S. Selective involvement of interleukin-6 in the transcriptional activation of the suppressor of
cytokine signaling-3 in the brain during systemic immune challenges. Endocrinology 2000, 141, 3749–3763. [CrossRef]

46. Kong, W.; Yen, J.H.; Vassiliou, E.; Adhikary, S.; Toscano, M.G.; Ganea, D. Docosahexaenoic acid prevents dendritic cell maturation
and in vitro and in vivo expression of the IL-12 cytokine family. Lipids Health Dis. 2010, 9, 12. [CrossRef]

47. Zhao, Y.; Calon, F.; Julien, C.; Winkler, J.W.; Petasis, N.A.; Lukiw, W.J.; Bazan, N.G. Docosahexaenoic acid-derived neuroprotectin
D1 induces neuronal survival via secretase- and PPARgamma-mediated mechanisms in Alzheimer’s disease models. PLoS ONE
2011, 6, e15816. [CrossRef]

48. Bernardo, A.; Levi, G.; Minghetti, L. Role of the peroxisome proliferator-activated receptor-gamma (PPAR-gamma) and its natural
ligand 15-deoxy-Delta12, 14-prostaglandin J2 in the regulation of microglial functions. Eur. J. Neurosci. 2000, 12, 2215–2223.
[CrossRef]

49. Nagy, L.; Tontonoz, P.; Alvarez, J.G.; Chen, H.; Evans, R.M. Oxidized LDL regulates macrophage gene expression through ligand
activation of PPARgamma. Cell 1998, 93, 229–240. [CrossRef]

50. Ott, D.; Wuchert, F.; Murgott, J.; Rummel, C.; Gerstberger, R.; Roth, J. The viral mimetic polyinosinic:polycytidylic acid (poly I:C)
induces cellular responses in primary cultures from rat brain sites with an incomplete blood-brain barrier. Neurosci. Lett. 2012,
530, 64–68. [CrossRef]

51. Wuchert, F.; Ott, D.; Rafalzik, S.; Roth, J.; Gerstberger, R. Tumor necrosis factor-alpha, interleukin-1beta and nitric oxide induce
calcium transients in distinct populations of cells cultured from the rat area postrema. J. Neuroimmunol. 2009, 206, 44–51.
[CrossRef]

52. Simm, B.; Ott, D.; Pollatzek, E.; Murgott, J.; Gerstberger, R.; Rummel, C.; Roth, J. Effects of prostaglandin E2 on cells cultured from
the rat organum vasculosum laminae terminalis and median preoptic nucleus. Neuroscience 2016, 313, 23–35. [CrossRef]

53. Jurzak, M.; Muller, A.R.; Gerstberger, R. Characterization of vasopressin receptors in cultured cells derived from the region of rat
brain circumventricular organs. Neuroscience 1995, 65, 1145–1159. [CrossRef]

54. Paxinos, G.; Watson, C. The Rat Brain in Stereotaxic Coordinates—The New Coronal Set, 5th ed.; Academic Press: San Diego, CA,
USA, 2005.

http://doi.org/10.1016/j.brainres.2010.09.083
http://www.ncbi.nlm.nih.gov/pubmed/20883673
http://doi.org/10.1016/j.neuint.2010.03.019
http://doi.org/10.1016/s0079-6123(08)62362-6
http://www.ncbi.nlm.nih.gov/pubmed/1410429
http://doi.org/10.1016/0361-9230(92)90055-3
http://doi.org/10.1016/0006-8993(92)90507-6
http://doi.org/10.1016/j.mcn.2005.01.003
http://doi.org/10.1007/BF00228965
http://doi.org/10.1016/S0197-0186(02)00049-9
http://doi.org/10.1186/1742-2094-7-2
http://doi.org/10.1016/j.freeradbiomed.2016.12.018
http://doi.org/10.1016/j.bbi.2013.10.019
http://www.ncbi.nlm.nih.gov/pubmed/24513873
http://doi.org/10.1186/1742-2094-10-22
http://doi.org/10.1016/j.jneuroim.2008.07.017
http://www.ncbi.nlm.nih.gov/pubmed/18786731
http://doi.org/10.1046/j.1471-4159.1999.0730309.x
http://doi.org/10.1210/endo.141.10.7695
http://doi.org/10.1186/1476-511X-9-12
http://doi.org/10.1371/journal.pone.0015816
http://doi.org/10.1046/j.1460-9568.2000.00110.x
http://doi.org/10.1016/S0092-8674(00)81574-3
http://doi.org/10.1016/j.neulet.2012.09.038
http://doi.org/10.1016/j.jneuroim.2008.10.010
http://doi.org/10.1016/j.neuroscience.2015.11.034
http://doi.org/10.1016/0306-4522(94)00539-H


Int. J. Mol. Sci. 2022, 23, 8745 18 of 19

55. Le Faouder, P.; Baillif, V.; Spreadbury, I.; Motta, J.P.; Rousset, P.; Chene, G.; Guigne, C.; Terce, F.; Vanner, S.; Vergnolle, N.; et al.
LC-MS/MS method for rapid and concomitant quantification of pro-inflammatory and pro-resolving polyunsaturated fatty acid
metabolites. J. Chromatogr. B Analyt. Technol. Biomed. Life Sci. 2013, 932, 123–133. [CrossRef] [PubMed]

56. Welsch, J.; Hubschle, T.; Murgott, J.; Kirschning, C.; Rummel, C.; Gerstberger, R.; Roth, J. Fever induction by systemic stimulation
with macrophage-activating lipopeptide-2 depends upon TLR2 but not CD36. Innate Immun. 2012, 18, 541–559. [CrossRef]

57. Dumlao, D.S.; Buczynski, M.W.; Norris, P.C.; Harkewicz, R.; Dennis, E.A. High-throughput lipidomic analysis of fatty acid
derived eicosanoids and N-acylethanolamines. Biochim. Biophys. Acta 2011, 1811, 724–736. [CrossRef]

58. Banhos Danneskiold-Samsoe, N.; Sonne, S.B.; Larsen, J.M.; Hansen, A.N.; Fjaere, E.; Isidor, M.S.; Petersen, S.; Henningsen, J.;
Severi, I.; Sartini, L.; et al. Overexpression of cyclooxygenase-2 in adipocytes reduces fat accumulation in inguinal white adipose
tissue and hepatic steatosis in high-fat fed mice. Sci. Rep. 2019, 9, 8979. [CrossRef]

59. Harden, L.M.; Rummel, C.; Laburn, H.P.; Damm, J.; Wiegand, F.; Poole, S.; Gerstberger, R.; Roth, J. Critical role for peripherally-
derived interleukin-10 in mediating the thermoregulatory manifestations of fever and hypothermia in severe forms of
lipopolysaccharide-induced inflammation. Pflugers Arch. 2014, 466, 1451–1466. [CrossRef] [PubMed]

60. Mouihate, A.; Boisse, L.; Pittman, Q.J. A novel antipyretic action of 15-deoxy-Delta12,14-prostaglandin J2 in the rat brain. J.
Neurosci. 2004, 24, 1312–1318. [CrossRef]

61. Laye, S.; Nadjar, A.; Joffre, C.; Bazinet, R.P. Anti-Inflammatory Effects of Omega-3 Fatty Acids in the Brain: Physiological
Mechanisms and Relevance to Pharmacology. Pharmacol. Rev. 2018, 70, 12–38. [CrossRef] [PubMed]

62. Hecker, M.; Sommer, N.; Foch, S.; Hecker, A.; Hackstein, H.; Witzenrath, M.; Weissmann, N.; Seeger, W.; Mayer, K. Resolvin E1
and its precursor 18R-HEPE restore mitochondrial function in inflammation. Biochim. Biophys. Acta Mol. Cell Biol. Lipids 2018,
1863, 1016–1028. [CrossRef]

63. Peek, V.; Harden, L.M.; Damm, J.; Aslani, F.; Leisengang, S.; Roth, J.; Gerstberger, R.; Meurer, M.; von Kockritz-Blickwede, M.;
Schulz, S.; et al. LPS Primes Brain Responsiveness to High Mobility Group Box-1 Protein. Pharmaceuticals 2021, 14, 558. [CrossRef]

64. Weylandt, K.H.; Krause, L.F.; Gomolka, B.; Chiu, C.Y.; Bilal, S.; Nadolny, A.; Waechter, S.F.; Fischer, A.; Rothe, M.; Kang, J.X.
Suppressed liver tumorigenesis in fat-1 mice with elevated omega-3 fatty acids is associated with increased omega-3 derived
lipid mediators and reduced TNF-alpha. Carcinogenesis 2011, 32, 897–903. [CrossRef] [PubMed]

65. Gautron, L.; Lafon, P.; Chaigniau, M.; Tramu, G.; Laye, S. Spatiotemporal analysis of signal transducer and activator of
transcription 3 activation in rat brain astrocytes and pituitary following peripheral immune challenge. Neuroscience 2002, 112,
717–729. [CrossRef]

66. Rummel, C.; Hubschle, T.; Gerstberger, R.; Roth, J. Nuclear translocation of the transcription factor STAT3 in the guinea pig brain
during systemic or localized inflammation. J. Physiol. 2004, 557, 671–687. [CrossRef]

67. Pais de Barros, J.P.; Gautier, T.; Sali, W.; Adrie, C.; Choubley, H.; Charron, E.; Lalande, C.; Le Guern, N.; Deckert, V.; Monchi, M.;
et al. Quantitative lipopolysaccharide analysis using HPLC/MS/MS and its combination with the limulus amebocyte lysate
assay. J. Lipid Res. 2015, 56, 1363–1369. [CrossRef] [PubMed]

68. Rey, C.; Nadjar, A.; Buaud, B.; Vaysse, C.; Aubert, A.; Pallet, V.; Laye, S.; Joffre, C. Resolvin D1 and E1 promote resolution of
inflammation in microglial cells in vitro. Brain Behav. Immun. 2016, 55, 249–259. [CrossRef] [PubMed]

69. Borsini, A. The role of soluble epoxide hydrolase and its inhibitors in depression. Brain Behav. Immun. Health 2021, 16, 100325.
[CrossRef]

70. Bazinet, R.P.; Layé, S. Polyunsaturated fatty acids and their metabolites in brain function and disease. Nat. Rev. Neurosci. 2014, 15,
771–785. [CrossRef]

71. Fraga, V.G.; Carvalho, M.D.G.; Caramelli, P.; de Sousa, L.P.; Gomes, K.B. Resolution of inflammation, n-3 fatty acid supplementa-
tion and Alzheimer disease: A narrative review. J. Neuroimmunol. 2017, 310, 111–119. [CrossRef]

72. Ji, S.; Hardy, R.W.; Wood, P.A. Transgenic expression ofn-3 fatty acid desaturase (fat-1) in C57/BL6 mice: Effects on glucose
homeostasis and body weight. J. Cell. Biochem. 2009, 107, 809–817. [CrossRef]

73. Ghosh, S.; DeCoffe, D.; Brown, K.; Rajendiran, E.; Estaki, M.; Dai, C.; Yip, A.; Gibson, D.L. Fish oil attenuates omega-6
polyunsaturated fatty acid-induced dysbiosis and infectious colitis but impairs LPS dephosphorylation activity causing sepsis.
PLoS ONE 2013, 8, e55468. [CrossRef]

74. Russell, C.D.; Schwarze, J. The role of pro-resolution lipid mediators in infectious disease. Immunology 2014, 141, 166–173.
[CrossRef]

75. Ponce, J.; Ulu, A.; Hanson, C.; Cameron-Smith, E.; Bertoni, J.; Wuebker, J.; Fisher, A.; Siu, K.C.; Marmelat, V.; Adamec, J.; et al.
Role of Specialized Pro-resolving Mediators in Reducing Neuroinflammation in Neurodegenerative Disorders. Front. Aging
Neurosci. 2022, 14, 780811. [CrossRef] [PubMed]

76. Borsini, A.; Nicolaou, A.; Camacho-Munoz, D.; Kendall, A.C.; Di Benedetto, M.G.; Giacobbe, J.; Su, K.P.; Pariante, C.M. Omega-3
polyunsaturated fatty acids protect against inflammation through production of LOX and CYP450 lipid mediators: Relevance for
major depression and for human hippocampal neurogenesis. Mol. Psychiatry 2021, 26, 6773–6788. [CrossRef] [PubMed]

77. Huang, J.T.; Welch, J.S.; Ricote, M.; Binder, C.J.; Willson, T.M.; Kelly, C.; Witztum, J.L.; Funk, C.D.; Conrad, D.; Glass, C.K.
Interleukin-4-dependent production of PPAR-gamma ligands in macrophages by 12/15-lipoxygenase. Nature 1999, 400, 378–382.
[CrossRef]

http://doi.org/10.1016/j.jchromb.2013.06.014
http://www.ncbi.nlm.nih.gov/pubmed/23831705
http://doi.org/10.1177/1753425911426892
http://doi.org/10.1016/j.bbalip.2011.06.005
http://doi.org/10.1038/s41598-019-45062-w
http://doi.org/10.1007/s00424-013-1371-4
http://www.ncbi.nlm.nih.gov/pubmed/24114176
http://doi.org/10.1523/JNEUROSCI.3145-03.2004
http://doi.org/10.1124/pr.117.014092
http://www.ncbi.nlm.nih.gov/pubmed/29217656
http://doi.org/10.1016/j.bbalip.2018.06.011
http://doi.org/10.3390/ph14060558
http://doi.org/10.1093/carcin/bgr049
http://www.ncbi.nlm.nih.gov/pubmed/21421544
http://doi.org/10.1016/S0306-4522(02)00115-X
http://doi.org/10.1113/jphysiol.2003.058834
http://doi.org/10.1194/jlr.D059725
http://www.ncbi.nlm.nih.gov/pubmed/26023073
http://doi.org/10.1016/j.bbi.2015.12.013
http://www.ncbi.nlm.nih.gov/pubmed/26718448
http://doi.org/10.1016/j.bbih.2021.100325
http://doi.org/10.1038/nrn3820
http://doi.org/10.1016/j.jneuroim.2017.07.005
http://doi.org/10.1002/jcb.22179
http://doi.org/10.1371/journal.pone.0055468
http://doi.org/10.1111/imm.12206
http://doi.org/10.3389/fnagi.2022.780811
http://www.ncbi.nlm.nih.gov/pubmed/35250536
http://doi.org/10.1038/s41380-021-01160-8
http://www.ncbi.nlm.nih.gov/pubmed/34131267
http://doi.org/10.1038/22572


Int. J. Mol. Sci. 2022, 23, 8745 19 of 19

78. Shiraki, T.; Kamiya, N.; Shiki, S.; Kodama, T.S.; Kakizuka, A.; Jingami, H. Alpha,beta-unsaturated ketone is a core moiety of
natural ligands for covalent binding to peroxisome proliferator-activated receptor gamma. J. Biol. Chem. 2005, 280, 14145–14153.
[CrossRef]

79. Ajmone-Cat, M.A.; Nicolini, A.; Minghetti, L. Prolonged exposure of microglia to lipopolysaccharide modifies the intracellular
signaling pathways and selectively promotes prostaglandin E2 synthesis. J. Neurochem. 2003, 87, 1193–1203. [CrossRef]

80. Huang, L.; Li, G.; Feng, X.; Wang, L. 15d-PGJ2 Reduced Microglia Activation and Alleviated Neurological Deficit of Ischemic
Reperfusion in Diabetic Rat Model. Biomed. Res. Int. 2015, 2015, 864509. [CrossRef] [PubMed]

81. Wu, J.S.; Tsai, H.D.; Cheung, W.M.; Hsu, C.Y.; Lin, T.N. PPAR-gamma Ameliorates Neuronal Apoptosis and Ischemic Brain Injury
via Suppressing NF-kappaB-Driven p22phox Transcription. Mol. Neurobiol. 2016, 53, 3626–3645. [CrossRef]

82. Rao, Z.; Pace, S.; Jordan, P.M.; Bilancia, R.; Troisi, F.; Borner, F.; Andreas, N.; Kamradt, T.; Menche, D.; Rossi, A.; et al. Vacuolar (H+)-
ATPase Critically Regulates Specialized Proresolving Mediator Pathways in Human M2-like Monocyte-Derived Macrophages
and Has a Crucial Role in Resolution of Inflammation. J. Immunol. 2019, 203, 1031–1043. [CrossRef]

83. Powell, W.S.; Rokach, J. Biosynthesis, biological effects, and receptors of hydroxyeicosatetraenoic acids (HETEs) and oxoeicosate-
traenoic acids (oxo-ETEs) derived from arachidonic acid. Biochim. Biophys. Acta 2015, 1851, 340–355. [CrossRef] [PubMed]

84. Powell, W.S.; Rokach, J. Targeting the OXE receptor as a potential novel therapy for asthma. Biochem. Pharmacol. 2020, 179, 113930.
[CrossRef]

85. Lam, B.K.; Wong, P.Y. Biosynthesis and biological activities of lipoxin A5 and B5 from eicosapentaenoic acid. Adv. Exp. Med. Biol.
1988, 229, 51–59. [CrossRef]

86. Mayer, K.; Sommer, N.; Hache, K.; Hecker, A.; Reiche, S.; Schneck, E.; Weissmann, N.; Seeger, W.; Hecker, M. Resolvin E1 Improves
Mitochondrial Function in Human Alveolar Epithelial Cells during Severe Inflammation. Lipids 2019, 54, 53–65. [CrossRef]
[PubMed]

87. Suzumura, A.; Kaneko, H.; Funahashi, Y.; Takayama, K.; Nagaya, M.; Ito, S.; Okuno, T.; Hirakata, T.; Nonobe, N.; Kataoka, K.;
et al. n-3 Fatty Acid and Its Metabolite 18-HEPE Ameliorate Retinal Neuronal Cell Dysfunction by Enhancing Muller BDNF in
Diabetic Retinopathy. Diabetes 2020, 69, 724–735. [CrossRef]

88. Berg, R.W.V.; Davidsson, J.; Lidin, E.; Angeria, M.; Risling, M.; Gunther, M. Brain tissue saving effects by single-dose intralesional
administration of Neuroprotectin D1 on experimental focal penetrating brain injury in rats. J. Clin. Neurosci. 2019, 64, 227–233.
[CrossRef]

89. Zirpoli, H.; Sosunov, S.A.; Niatsetskaya, Z.V.; Mayurasakorn, K.; Manual Kollareth, D.J.; Serhan, C.N.; Ten, V.S.; Deckelbaum, R.J.
NPD1 rapidly targets mitochondria-mediated apoptosis after acute injection protecting brain against ischemic injury. Exp. Neurol.
2021, 335, 113495. [CrossRef] [PubMed]

90. Yamagata, K. Dietary docosahexaenoic acid inhibits neurodegeneration and prevents stroke. J. Neurosci. Res. 2021, 99, 561–572.
[CrossRef] [PubMed]

91. Balas, L.; Guichardant, M.; Durand, T.; Lagarde, M. Confusion between protectin D1 (PD1) and its isomer protectin DX (PDX). An
overview on the dihydroxy-docosatrienes described to date. Biochimie 2014, 99, 1–7. [CrossRef]

92. Lagarde, M.; Guichardant, M.; Bernoud-Hubac, N. Anti-inflammatory and anti-virus potential of poxytrins, especially protectin
DX. Biochimie 2020, 179, 281–284. [CrossRef] [PubMed]

93. Liu, M.; Boussetta, T.; Makni-Maalej, K.; Fay, M.; Driss, F.; El-Benna, J.; Lagarde, M.; Guichardant, M. Protectin DX, a double
lipoxygenase product of DHA, inhibits both ROS production in human neutrophils and cyclooxygenase activities. Lipids 2014, 49,
49–57. [CrossRef]

94. Schebb, N.H.; Kuhn, H.; Kahnt, A.S.; Rund, K.M.; O’Donnell, V.B.; Flamand, N.; Peters-Golden, M.; Jakobsson, P.J.; Weylandt,
K.H.; Rohwer, N.; et al. Formation, Signaling and Occurrence of Specialized Pro-Resolving Lipid Mediators-What is the Evidence
so far? Front. Pharmacol. 2022, 13, 838782. [CrossRef]

95. Napylov, A.; Reyes-Garces, N.; Gomez-Rios, G.; Olkowicz, M.; Lendor, S.; Monnin, C.; Bojko, B.; Hamani, C.; Pawliszyn, J.;
Vuckovic, D. In Vivo Solid-Phase Microextraction for Sampling of Oxylipins in Brain of Awake, Moving Rats. Angew Chem. Int.
Ed. Engl. 2020, 59, 2392–2398. [CrossRef]

96. Gladine, C.; Fedorova, M. The clinical translation of eicosanoids and other oxylipins, although challenging, should be actively
pursued. J. Mass Spectrom Adv. Clin. Lab 2021, 21, 27–30. [CrossRef]

97. Rao, J.S.; Ertley, R.N.; DeMar, J.C.; Rapoport, S.I.; Bazinet, R.P.; Lee, H.J. Dietary n-3 PUFA deprivation alters expression of
enzymes of the arachidonic and docosahexaenoic acid cascades in rat frontal cortex. Mol. Psychiatry 2006, 12, 151–157. [CrossRef]
[PubMed]

98. Stirton, H.; Meek, B.P.; Edel, A.L.; Solati, Z.; Surendran, A.; Aukema, H.; Modirrousta, M.; Ravandi, A. Oxolipidomics profile in
major depressive disorder: Comparing remitters and non-remitters to repetitive transcranial magnetic stimulation treatment.
PLoS ONE 2021, 16, e0246592. [CrossRef]

99. Gabbs, M.; Leng, S.; Devassy, J.G.; Monirujjaman, M.; Aukema, H.M. Advances in Our Understanding of Oxylipins Derived from
Dietary PUFAs. Adv. Nutr. 2015, 6, 513–540. [CrossRef]

100. Gollasch, B.; Wu, G.; Dogan, I.; Rothe, M.; Gollasch, M.; Luft, F.C. Effects of hemodialysis on plasma oxylipins. Physiol. Rep. 2020,
8, e14447. [CrossRef] [PubMed]

http://doi.org/10.1074/jbc.M500901200
http://doi.org/10.1046/j.1471-4159.2003.02087.x
http://doi.org/10.1155/2015/864509
http://www.ncbi.nlm.nih.gov/pubmed/26844229
http://doi.org/10.1007/s12035-015-9294-z
http://doi.org/10.4049/jimmunol.1900236
http://doi.org/10.1016/j.bbalip.2014.10.008
http://www.ncbi.nlm.nih.gov/pubmed/25449650
http://doi.org/10.1016/j.bcp.2020.113930
http://doi.org/10.1007/978-1-4757-0937-7_5
http://doi.org/10.1002/lipd.12119
http://www.ncbi.nlm.nih.gov/pubmed/30697748
http://doi.org/10.2337/db19-0550
http://doi.org/10.1016/j.jocn.2019.03.032
http://doi.org/10.1016/j.expneurol.2020.113495
http://www.ncbi.nlm.nih.gov/pubmed/33038416
http://doi.org/10.1002/jnr.24728
http://www.ncbi.nlm.nih.gov/pubmed/32964457
http://doi.org/10.1016/j.biochi.2013.11.006
http://doi.org/10.1016/j.biochi.2020.09.008
http://www.ncbi.nlm.nih.gov/pubmed/32956736
http://doi.org/10.1007/s11745-013-3863-6
http://doi.org/10.3389/fphar.2022.838782
http://doi.org/10.1002/anie.201909430
http://doi.org/10.1016/j.jmsacl.2021.08.003
http://doi.org/10.1038/sj.mp.4001887
http://www.ncbi.nlm.nih.gov/pubmed/16983392
http://doi.org/10.1371/journal.pone.0246592
http://doi.org/10.3945/an.114.007732
http://doi.org/10.14814/phy2.14447
http://www.ncbi.nlm.nih.gov/pubmed/32562348

	Introduction 
	Results 
	Analyses of Cytokines in Supernatants: LPS Stimulated IL-6 and TNF Release Is Partially Inhibited by NE (TNF) in Primary Neuroglial sCVO-Cultures 
	mRNA-Expression Analyses of Inflammatory Marker Proteins: LPS-Induced Inflammation Increased IL-6 and TNF-Activated Signaling Pathways, the Anti-Inflammatory Cytokine IL-10, and the Lipid-Metabolizing Enzymes COX-2, but Decreased Ephx2 
	LC MS/MS Analyses of n-6 Oxylipins: Almost All n-6 Metabolites Derived from Arachidonic Acid (AA) and Linoleic Acid (LA) That Were Altered by LPS Stimulation Were Elevated 
	LC MS/MS Analyses of n-3 Oxylipins: n-3 Metabolites Derived from DHA Namely NPD1 Increased While EPA-Derived Metabolites Decreased or Increased after LPS Stimulation 

	Discussion 
	Materials and Methods 
	Animals 
	Isolation and Cultivation of OVLT, SFO, and AP Primary Cell Cultures 
	Experimental Protocol 
	Cytokine Measurements 
	Eicosanoid Extraction and LC-MS/MS Based Mass Spectrometric Analysis 
	Real Time RT-PCR 
	Data Analysis and Statistics 

	References

