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Highlights:

The biochemical pathways related to oxylipins were outlined

Genes encoding oxylipin related enzymes are expressed in the pain-circuit
Gene expression and oxylipin concentrations were modified by inflammation
Oxylipin injections evoked thermal nociceptive hypersensitivity in rats.

Abstract

Oxylipins are lipid peroxidation products that participate in nociceptive, inflammatory, and
vascular responses to injury. Effects of oxylipins depend on tissue-specific differences in
accumulation of precursor polyunsaturated fatty acids and the expression of specific enzymes to
transform the precursors. The study of oxylipins in nociception has presented technical
challenges leading to critical knowledge gaps in the way these molecules operate in nociception.
We applied a systems-based approach to characterize oxylipin precursor fatty acids, and
expression of genes coding for proteins involved in biosynthesis, transport, signaling and
inactivation of pro- and anti-nociceptive oxylipins in pain circuit tissues. We further linked these
pathways to nociception by demonstrating intraplantar carrageenan injection induced gene
expression changes in oxylipin biosynthetic pathways. We determined functional-biochemical
relevance of the proposed pathways in rat hind paw and dorsal spinal cord by measuring basal
and stimulated levels of oxylipins throughout the time-course of carrageenan-induced
inflammation. Finally, when oxylipins were administered by intradermal injection we observed
modulation of nociceptive thermal hypersensitivity, providing a functional-behavioral link
between oxylipins, their molecular biosynthetic pathways, and involvement in pain and
nociception. Together, these findings advance our understanding of molecular lipidomic systems
linking oxylipins and their precursors to nociceptive and inflammatory signaling pathways in

rats.
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Perspective: We applied a systems approach to characterize molecular pathways linking
precursor lipids and oxylipins to nociceptive signaling. This systematic, quantitative evaluation
of the molecular pathways linking oxylipins to nociception provides a framework for future basic

and clinical research investigating the role of oxylipins in pain.

Key Words: Oxylipin, LC-MS/MS, Lipids, Pain, RNASeq
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Introduction

The question of how pain begins must involve generation of biochemical mediators
that interface with the nerve terminals of nociceptive sensory neurons. A corollary of this
hypothesis is that the necessary molecular apparatus for generating such algogenic mediators
is present or can be induced in tissue in response to damage or pathological conditions.
Framed by the view that tissue damage involves membrane damage, the present
investigation examines these questions from the perspective of bioactive lipids.

Omega-6 (n-6) and omega-3 (n-3) polyunsaturated fatty acids (PUFAS) are
biosynthetic precursors to several families of bioactive lipids (oxylipins) with pro- and anti-
nociceptive properties, including oxidized linoleic acid metabolites (OXLAMs) *,
prostanoids *°, lipoxins®®, resolvins®, protectins *°, maresins , and n-3 monoepoxides *°.
The majority of oxylipins derived from the n-6 PUFAs linoleic acid (LA) and arachidonic
acid (AA) have pro-nociceptive properties; while oxylipins synthesized from n-3 PUFAs
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) tend to have anti-nociceptive
properties "*. Since mammals cannot synthesize n-3 or n-6 PUFAs de novo, targeted changes
in dietary n-6 and n-3 PUFAs may be able to change oxylipins in a manner that reduces
pain. We recently established proof of principle for this hypothesis in a randomized trial of
67 subjects with severe headaches .

The Chronic Daily Headache trial and gaps in the proposed pathways linking dietary fatty

acids to pain

Targeted dietary manipulation—increasing n-3 PUFAs with concurrent reduction in
n-6 LA acid (the H3-L6 intervention)—produced statistically significant, clinically relevant

reductions in headache frequency and severity among subjects with Chronic Daily Headache
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6970 These clinical improvements were accompanied by marked increases in anti-
nociceptive and pro-resolving n-3 derived oxylipins, and reductions in pro-nociceptive n-6
derived mediators, in circulation "°. Reduction in plasma n-6 LA, and increases in plasma n-
3 DHA, closely correlated with clinical pain reduction. Moreover, we recently demonstrated
in rats that increasing LA as a controlled variable increased tissue levels of pro-nociceptive
mediators and reduced n-3 derived monoepoxides®.

Despite these compelling relationships, important gaps remain in our understanding
of the molecular pathways linking precursor lipids and their autacoid derivatives to
nociceptive signaling pathways. For example, the tissue distributions of PUFAs
(biosynthetic precursors to oxylipins), and the expression of genes coding for proteins
mediating oxylipin biosynthesis, signaling and inactivation, have not yet been reported in
depth and quantitatively. Nociceptive peripheral nerve endings, axons, neurons in the dorsal
root ganglia (DRG), and second order spinal circuits can all be influenced by oxylipins in
the event of tissue trauma or damage.

In this report, we take key first steps toward characterizing molecular pathways
linking lipids to nociceptive signaling and examine their potential modulation by an
inflammatory stimulus in rats. The specific objectives of the present paper are: (1) To
determine the oxylipin precursor fatty acid concentrations in pain circuit tissues; (2) To
characterize basal and carrageenan (CG)-stimulated expression levels of genes coding for
proteins involved in biosynthesis, signaling and inactivation of pro- and anti-nociceptive
oxylipins; (3) To confirm that the proposed molecular pathways (i.e. the precursor PUFA
and related enzymes) are active in rat hind paw and dorsal spinal cord, by measuring basal

and stimulated concentrations of pro- and anti-nociceptive oxylipins; and (4) To demonstrate
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the ability of oxylipins to modulate nociception in rodent behavior models. In aggregate,
these findings provide an integrated and comprehensive investigation of known molecular
pathways linking pro- and anti-nociceptive oxylipins and their precursor PUFA to pain
signaling pathways.
Results
Characterizing and organizing molecular pathways related to oxylipins

The following sections provide quantitative data, some of which is expanded for this
report based on previously published results 8, on oxylipin precursor fatty acids (i.e.
PUFAs). The data are expressed as median % of total fatty acids (FA) * interquartile range
(Quartile 3-Quartile 1). Expression levels of genes involved in biosynthesis, signaling
pathways and inactivation of oxylipins in nociceptive (pain) circuit tissues—including skin,
peripheral nerves, sensory ganglia and dorsal spinal cord are also presented (reported as
mean sFPKM). The precursor levels and transcriptomic data are accompanied by Liquid
Chromatography Tandem-Mass Spectrometry (LC-MS/MS) measured concentrations of
oxylipins in hind paw and spinal cord dorsal horn collected from rats in the basal state as
well as in an experimental inflammation state (intraplantar CG injection; a widely used
inflammatory chronic pain model) . Lipids exist, broadly, in both unesterified (free acid)
forms, as well as esterified forms, as a component of multiple complex lipid species. We
measured oxylipin concentrations in both the unesterified and esterified pools. Classically,
unesterified lipids are considered to be the biologically active forms °’, although bioactivity
of esterified lipids has recently been reported .

The results for nociception-related oxylipins are organized into four numbered sections

of nociceptive oxylipins families—1. OXLAMs, 2. Prostanoids, 3. Hydroxy-eicosatetraenoic
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acids (HETES), leukotrienes/lipoxins, and 4. Monohydroxy-DHA derivatives (HDHAS),
monoepoxy-DHA derivatives (EDPs), and specialized pro-resolving lipid mediators
(SPLMs). Each of these oxylipin families share a common precursor and biosynthetic
pathways. Additionally, the effects of CG on gene expression and oxylipin concentrations
are presented in section 5 and behavioral findings of intradermal injections of selected

oxylipins on nociception-related sensitivity are presented in section 6 of the results.

1. Oxidized linoleic acid metabolites (OXLAMS)
1.1. OXLAM precursor concentrations
OXLAMs are oxylipins synthesized from LA [hydroperoxy- (HpODES), mono-
(HODEsS), di-hydroxy- (DiHOMES) or epoxy (EpOMES)-LA derivatives] which have been
previously reported to be pro-nociceptive 38, LA was most abundant in hind paw (27.3 +
3.5%) and sciatic nerve (23.9 + 4.9%) and comparatively scarce in DRG and spinal cord
(<1.6% of FA) (Figure 1A). In tissues where LA was abundant (hind paw and sciatic nerve)
LA was approximately 3-fold more abundant as compared to the next most abundant PUFA
(AA). Therefore, of the four pain-circuit tissues sampled, peripheral tissues such as hind
paw and nerve trunk (which contains axons and Schwann cells, but not DRG neuronal
perikarya) " are rich sources of the precursor (LA) for conversion to OXLAMS.
1.2. Expression of genes related to OXLAMs
1.2.1. Expression of genes coding for enzymes involved in biosynthesis of OXLAMs
Each of the 4 pain circuit tissues examined here expressed a set of genes capable of
OXLAM biosynthesis (Figure 1B and C). Generally, at least 2 phospholipases were strongly

expressed (SFPKM>19) in each tissue, indicating capability to release unesterified LA (and other
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PUFASs) from membrane phospholipids (i.e. the esterified pool), although there were clear
quantitative differences in the composition of the paralogs between the tissues. OXLAMs are
generated via the action of arachidonate lipoxygenase (Alox), which generate HpODEs and
cytochrome p450 monoepoxygenases (Cyp), which generate EpOMEs (Figure 1B) 2,
Enzymes capable of lipid mediator synthesis generally exhibited tissue specific expression. For
example, Alox12b and Alox15 have been reported to catalyze the synthesis of 9- and 13-
hydroperoxyoctadecenoate from LA (9- and 13-HpODE, respectively) from which other, more
stable OXLAMs (i.e. HODES or EDOMES) are synthesized "%, Several reports have shown

roles for these more stable HODEs and EpOMEs in nociception ***°*

although the role of the
relatively unstable and more reactive HpODES in nociception is still being clarified in part due to
the difficulty in quantifying HpODE concentrations in tissue>*. We previously reported that
Alox12b was expressed selectively in hind paw (sFPKM: 86) ° and here we report that
expression of Alox15 was very low in all 4 pain circuit tissues (highest expression in DRG with
sFPKM=2). Low expression of Alox15 is consistent with body-wide transcriptomic datasets
showing a high degree of specificity for expression of this gene in visceral adipose tissue *°
(Supplementary Figure 1). Moreover, CYP enzymes, glutathione peroxidases (Gpxs), which
code for enzymes that catalyze the conversion of LA (for Cyps) or HpODEs into hydroxy- and
epoxy-derivatives were expressed in most tissues (Figure 1B) **°®72, Cyp isoforms exhibited
tissue specific expression and at least one Cyp isoform was expressed, at SFPKM>10, in each
pain circuit tissue (Figure 1C).

Gpx enzymes, which catalyze the reduction of lipid peroxides to more stable hydroxy-

derivatives (Figures 1B and 2), exhibit abundant expression broadly in pain circuit tissues as well

as more focused tissue-specific isoform expression (Figures 1C and 2). Transcripts of Gpx1 and
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Gpx4 were high in all tissues examined (sSFPKM > 90 in all tissues, Figure 1C and 2). In
particular, Gpx4, which has been demonstrated to specifically reduce esterified lipid-peroxides
%105 oxhibited greatest expression in DRG (sFPKM=406), although it was ubiquitously
expressed at high levels in all tissues examined indicating very high capacity for the reduction of
esterified lipid peroxides to more stable, esterified hydroxy-lipids in the pain circuit. In contrast,
Gpx3 was expressed at 300-400 sFPKM in the two peripheral tissues (hind paw and sciatic
nerve) vs. 10-20 sFPKM in DRG and dorsal horn (Figure 1C). This indicates that Gpx3 has more
variation in expression by tissue, perhaps pointing to a unique function of this enzyme,
protecting against oxidative stress by generating hydroxy-lipids from less stable lipid peroxides.
Together, these data demonstrate that genes coding for enzymes that catalyze the synthesis of
OXLAMs are expressed in pain circuit tissues suggesting a capacity for OXLAM synthesis in
each of these tissues contingent on precursor availability. Because GPX enzymes are non-
specific, this also suggests peripheral neuronal cell bodies and Schwann cells ” have a high
capacity to synthesize hydroxy-PUFA derivatives, which have been implicated in nociception

98,101

and inflammation , possibly to protect against oxidative damage, and potentially cell death,

induced by lipid peroxidation %%,
1.2.2. Expression of genes encoding enzymes involved in delivery of preformed
oxylipins to pain-circuit tissues
Here we propose that circulating OXLAMSs (consumed in the diet or formed and/or
esterified in remote tissues such as liver) can be a source of OXLAMSs in pain circuit tissue.
We focus specifically on OXLAMSs because LA and OXLAMs are the most abundant PUFA

and oxylipins, respectively, in circulation "%, however, the concept described below is

likely applicable to all oxylipins.
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Rat pain-circuit tissues expressed genes encoding enzymes required for local
delivery of preformed OXLAMs from circulation in both their unesterified and esterified
forms (Figure. 2). Circulating OXLAMs, which are primarily esterified in lipoproteins [e.g.
very low density lipoprotein (VLDL) and low-density lipoprotein (LDL)] as triacylglycerols,
cholesteryl-esters and phospholipids ®, could potentially be delivered to pain-circuit tissues
via the actions of lipoprotein lipase (Lpl), or other enzymes that mediate hydrolysis of
esterified lipid species from circulating lipoproteins (i.e. Pla2g7 or Lipg) ®. We observed
Lpl expression in all pain circuit tissues with greatest expression in sciatic nerve and hind
paw (sFPKM=209 and 83, respectively) (Figure 2). Platelet-activating factor acetylhydrolase
(Pla2g7), hydrolyzes phospholipids and has been implicated in several inflammatory disease
processes in humans °*. This phospholipase, which traveis with lipoproteins %, also is
expressed tissue-specifically in rat, with high expression levels in DRG and dorsal horn
(sFPKM = 80), and at least 76-fold less expression in hind paw and sciatic nerve (SFPKM=1
in both tissues). However, while Pla2g7 is moderately conserved at the protein level
between rat and human, our observed expression pattern is divergent from what has been
reported for Human PLA2G7 expression (Supplementary Figure 2).

Figure 2 also illustrates an alternate mechanism where OXLAMs (or other oxylipins)
in circulating lipoproteins could be delivered to pain-circuit tissues via receptor-mediated
endocytosis **. Consistent with this hypothesis, we observed abundant expression of genes
coding for traditional LDL receptors and scavenger receptors (VIdlr, Ldlr, Scarb2) in all
pain circuit tissues. Interestingly, the scavenger receptor Cd36 was expressed in a tissue
specific manner with strong expression in hind paw and sciatic nerve, and low expression in

DRG and dorsal horn (Figure 2). Additionally, the gene encoding the scavenging receptor
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class B, member 2 (Scarb2), which has been reported to be fairly ubiquitous, was found at
high levels throughout the pain circuit, especially the dorsal horn (sSFPKM =160). We also
examined the multifunctional endocytic LDLR-like protein, LDL receptor-related protein 2
(Lrp2, also known as Megalin). Megalin was expressed in dorsal horn and sciatic nerve
(sFPKM=4-12), consistent with its role in CNS development and expression in myelin-
producing cells %.

Additionally, genes coding for lysosomal acid lipase (Lipa) and neutral cholesterol
ester hydrolase 1 (Ncehl/Aadacll), enzymes involved in lysosomal and endoplasmic

reticulum cholesteryl ester hydrolysis ****

, were ubiquitously expressed, providing a
mechanism for intracellular release of unesterified oxylipins, initially delivered as
cholesteryl esters via lipoprotein or scavenger receptors (Figure 2). Taken together, our
findings indicate that all pain circuit tissues contain the enzymatic machinery requisite for
the delivery of preformed OXLAMs from the circulation, but with tissue-specific profiles.
Delivery of preformed OXLAMs (or other oxylipins) bypasses the need for local
biosynthesis. This pathway could potentially help explain the link between systemic
oxidative and inflammatory conditions and hyperalgesia .

1.2.3. Expression of genes encoding receptors involved in OXLAM signaling

Hydroxy-linoleic acid derivatives such as 9-hydroxy-octadecenoate (9-HODE) and
other OXLAMs are reported to enhance nociception and immune activation via activation of
Trpvl %, Trpal % and Gpr132 (G2A) receptors **°*°%, The genes encoding transient
receptor potential cation channels V1 (Trpvl) and Al (Trpal) were expressed in sensory

ganglia in rats (SFPKM=51 and 23, respectively), and much lower (SFPKM=1.0-0.03) in

other tissues in the circuit, which is consistent with previous observations that they are
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relatively specific for sensory ganglia *°.

1.2.4. Expression of genes encoding enzymes that inactivate oxylipins

Oxylipins are hypothesized to be biologically active in their unesterified (free) forms
and thus can be inactivated by esterification into complex lipids, including triglycerides,
cholesteryl esters, and phospholipid species that form the lipid bilayers of cellular and
subcellular membranes. Enzymes that potentially inactivate oxylipins by mediating
esterification of OXLAMSs and other oxylipins into cholesteryl esters as part of lipoprotein
synthesis [i.e. Lecithin-cholesterol acyltransferase (Lcat), sterol o-acyltransferase 1 (Soatl)]
were broadly expressed throughout the pain circuit (Figure 1C). This also implies lipid
turnover in the pain circuit is potentially rapid as lipids sequestered by esterification the
lipids can be reutilized by cleavage from lipases (section 1.2.1).

1.3. Concentrations of OXLAMs
The tissue distribution of LA combined with tissue specific gene expression patterns of

enzymes involved in OXLAM biosynthesis and metabolism suggested that OXLAMSs would
be relatively abundant in hind paw and released from esterified lipids in response to
inflammatory stimuli. We performed LC-MS/MS analysis on hind paw and dorsal horn in
rats to measure the concentrations of oxylipins in these two pain circuit tissues. Several
OXLAM species including HODES, oxo-octadecanoates (oxo-ODES), epoxy-octadecenoates
(EpOMESs), and dihydroxy-octadecenoates (DIHOMES) were present at relatively high
concentrations (1-30 and 18-780 ng/g, free and total pool, respectively) in hind paw (Figure
3A-D). Notably, of the unesterified oxylipins measured in the present study, 9-oxoODE and
13-HODE were the 1% and 3" most concentrated in hind paw, respectively (Supplementary

Table 1), while 12,13-EpOME and 9-0xoODE were the two most concentrated oxylipins in
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the total lipid pool of hind paw (Supplementary Table 2). Unesterified OXLAM
concentrations tended to be less than 15% of total OXLAM pool (unesterified + esterified
lipids) indicating that OXLAMSs were mostly present as a population of esterified lipids
(Supplementary Table 3). As predicted based on the relatively low concentration of LA and
expression of biosynthetic enzymes in CNS tissue, fewer OXLAMSs were detected in dorsal
horn of spinal cord in both unesterified and total lipid pools. In fact, no OXLAMSs were
detected in the unesterified pool of the dorsal horn (Figure 3-A-D and Supplementary Tables
4-6).
2. Arachidonic acid derived prostanoids

2.1. Prostanoid precursor fatty acid concentrations

Prostanoids are derived by the action of cyclooxygenase enzymes such as
cyclooxygenase 1 and 2 (Prostaglandin-endoperoxide synthase 1 and 2, Ptgsl and Ptgs2,
respectively) on arachidonic acid (AA). Prostanoids have a prominent role in mediating
inflammatory, vasoconstrictive, and anaphylactic reactions, as well as other functions

©53 and are induced in many inflammation models >3, |n the pain

throughout the body
circuit tissues examined, AA was most abundant in DRG (5.4 + 0.3% of FA) and
lumbosacral spinal cord (5.1 £ 0.1% of FA). AA accounted for 4.4 £ 3.1 and 1.9 + 0.6% of
FA in hind paw and sciatic nerve (Figure 1A).
2.2. Expression of genes related to prostanoids
2.2.1. Expression of genes encoding enzymes that synthesize prostanoids
Many of the biosynthetic enzymes required for prostanoid synthesis act on AA in the

unesterified lipid pool *”. As mentioned above (section 1.2.1) phospholipases were well

expressed in each tissue indicating capability to release AA from membrane phospholipids
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(Figure 1C). As illustrated in Figure 4, the first step in prostanoid biosynthesis is conversion
of unesterified AA to prostaglandin H2 by enzymes encoded by Ptgsl and, under
inflammatory conditions, Ptgs2 (Cox2)®. Expression of the Ptgs2 gene was low in the basal
state across all pain circuit tissues examined (Figure 5), consistent with the view that Ptgs2
is inducible in response to inflammation *°. On the contrary Ptgs1 exhibited a tissue-specific
expression pattern with generally low levels of expression in CNS and peripheral ganglia
and 3 and10-fold greater expression in sciatic nerve and hind paw, respectively (Figure 4).
The second enzymatic step(s) in prostanoid synthesis is conversion of PGH2 to specific
prostaglandins or thromboxanes *° (Figure 4). PGH2 is a precursor to several downstream
mediators depending on enzymatic conversion. Three genes code for prostaglandin E
synthetases, which catalyze conversion of PGH2 to PGE2 (Ptges, Ptges2, Ptges3). Of these,
Ptges3 was highly expressed and ubiquitous in the pain circuit (SFPKM < 92). Prostaglandin
| synthetase (Ptgis), which catalyzes the conversion of PGH2 to PGI2, was mostly restricted
to peripheral pain circuit tissue (especially skin, sSFPKM=34). Prostaglandin D2 synthase
(Ptgds), which converts PGH2 to PGD2, was >100-fold more highly expressed in rat
sensory ganglia and dorsal horn (SFPKM > 100), compared to hind paw (SFPKM < 1)
suggesting these tissues are uniquely situated to synthesize PGD2. In addition to conversion
to other prostaglandins, PGH2 can also be converted into thromboxanes via an initial
enzymatic conversion by thromboxane A synthase (Tbxasl), which converts PGH2 to
thromboxane A2 (TXA2). TXAZ2 is a short-lived unstable intermediate which is non-
enzymatically converted to thromboxane B2 (TXB2) *. Thxasl is expressed relatively less

than prostaglandin synthetases (1-3 sSFPKM) in pain-circuit tissues.
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2.2.2. Expression of genes that code for prostanoid receptors

Genes coding for E-prostanoid receptors (Ptgerl, 3 and 4) were expressed in all pain
circuit tissues, with Ptger2 expression almost exclusively in the DRG. While AA
concentration and gene expression data (Section 2.2.1) suggest a high capacity to for PGD2
synthesis in DRG and dorsal horn, expression of genes coding for receptors for PGD2
(Ptgdr) were low in all pain circuit tissue (SFPKM<0.3) although this gene has been detected
in human DRG % and in human tibial nerve ?°. Similarly, the receptor for TXA2 (Tbxa2r)
was highest in the sciatic nerve and dorsal root ganglion (1-2 sFPKM). Notably, genes
encoding the receptors for PGF2 (Ptgfr) and PGI2 (Ptgir) exhibited a tissue-specific
expression pattern with relatively greater expression in skin and DRG as compared to other
pain circuit tissues. Notably, Ptgfr has been reported in tibial nerve in humans °, and in
endometrium * while Ptgir has been observed mainly in blood vessels **?°,

2.2.3. Expression of genes coding for enzymes that deactivate prostanoids

One of the major pathways by which PGE2 is degraded is via the oxidation of the
15(S)-hydroxyl group of prostaglandin E2 by 15-hydroxyprostaglandin dehydrogenase,
reducing this mediator to less reactive metabolites *'. This enzyme has been reported in
human skin 2° and we found here that this transcript was enriched in rat hind paw
(sFPKM=19) relative to other pain circuit tissues (SFPKM<1.3), pointing towards a basal
reservoir of enzyme capable of degrading prostanoids, which are generally produced on-
demand.

2.3. Concentrations of prostanoids and thromboxanes
PGE2 and TXB2 were present in hind paw and spinal cord (Figure 5). Despite an 8-fold

lower concentration in hind paw of AA compared to LA, PGE2 was the 2" most abundant
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unesterified oxylipin in this tissue (Supplementary Table 1). In hind paw and dorsal horn,
PGE2 was, 50- and 5-fold more abundant than TXB2, respectively. Higher concentration of
PGE2 compared to TXB2 is consistent with the observed 40- and 90-fold higher expression
(hind paw and dorsal horn, respectively) of Ptges3 as compared to the TXA2 synthase
transcript Thxasl. While PGE2 was concentrated at similar levels in hind paw and spinal
cord, TXB2 was approximately 6-fold more concentrated in the spinal cord. Despite large
differences in AA concentrations in dorsal horn compared to hind paw, TXB2 was the only
prostanoid concentrated more in dorsal horn versus hind paw.
3. Arachidonic acid derived HETEs, leukotrienes and lipoxins

3.1. HETEs, leukotrienes and lipoxin precursor concentrations

HETEs comprise a group of monohydroxy-AA derivatives that are thought to play a role in
inflammation *°. Similarly, leukotrienes are a group of oxylipins derived from AA via the action
of Alox5 and also play a role in inflammation *°. AA derived lipoxins, a class of oxylipins
containing 3 hydroxyl moieties and are considered specialized pro-resolving lipid mediators
(SPMs) which are involved in the resolution of inflammation *°. Tissue distribution of AA is
described above in results 2.1 and Figure 1A.

3.3. Expression of genes related to HETES, leukotrienes and lipoxins

3.2.1. Expression of genes encoding enzymes involved in biosynthesis of HETEs,
leukotrienes and lipoxins
The aforementioned tissue-specific expression of genes coding for phospholipases

(Results 1.2.1) indicate the capability to generate unesterified AA from esterified lipids in
each tissue (Figure 1C). Arachidonate lipoxygenase enzymes (Aloxs) catalyze the

peroxidation of AA at the carbon number corresponding to the enzyme name (i.e. Alox5
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adds a hydroperoxide moiety to carbon 5 of AA while Alox12 adds a hydroperoxide moiety
to carbon 12 of AA) ®. These hydroperoxy-AA can then be rapidly reduced enzymatically
® by Glutathione Peroxidases or non-enzymatically, % to form HETEs (Figure 5).
Leukotrienes and lipoxins are formed from hydroperoxy-AA derivatives (HpETES) via
specific enzymatic reactions (Figure 5) " . Specifically, 5-HpETE (which is formed by
activity of Alox5 on AA) can be converted to both 5-HETE and leukotriene A4 (LTA4)
(Figure 5A) %°. Subsequently, Leukotriene A4 hydrolase (Lta4h) converts LTA4 into LTBA4.
Alternatively, leukotriene C4 synthetase can convert LTA4 to cysteinyl leukotrienes, which
are important because of their involvement in various physiciogic functions such as
asthmatic inflammation and itch ®*. For simplicity, only some of the processing pathways are
displayed in Figure 5A, although we note that alternatively, activity of Cyp-monooxygenase
enzymes on AA directly catalyzes the conversion of AA to a series of HETES or epoxy-
arachidonic acid mediators (EETs) ***.

Genes coding for enzymes capable of biosynthesizing HETES, leukotrienes and
lipoxins (i.e. Alox5 and 12, Ltc4s and Ltadh) tended to exhibit tissue specific gene
expression patterns (Figure 5B). For example, Alox5 and Alox5-activating protein (Alox5ap)
were expressed at a higher level in hind paw, compared to sciatic nerve and minimally
expressed or absent in sensory ganglia and dorsal horn (Figure 5B), and both have some
degree of enrichment in immune cells (Supplementary Figure 4). Additionally, Alox12 and
Alox12b®® were almost exclusively expressed in rat hind paw while Alox15 was expressed
only in DRG, albeit at low levels (Figure 1C and 5B, note the expression of Alox15 in
adipose, Supplementary Figure 1). Notably leukotriene synthase (Ltc4s) was detectable in

the pain circuit, where it was expressed at low levels in hind paw and sciatic nerve
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(SFPKM<5) and even lower expression levels were found in DRG and CNS (sFPKM<1). By
comparison, leukotriene A4 hydrolase (Lta4h), which converts LTA4 into LTB4 (Figure 5B)
expression was >27 sSFPKM in all rat pain circuit tissues.
3.2.2. Expression of genes encoding receptors for HETEs, leukotrienes and lipoxins
Cysteinyl leukotrienes, particularly LTC4 have two known receptors (Cysltrl and

Cysltr2). These two receptors were expressed in a tissue-specific pattern with Cysltrl being
most highly expressed in hind paw and sciatic nerve (Figure 5B). Notably, Cysltr2 was
almost exclusively expressed in DRG (Figure 5B) which is consistent with previous reports
of Cysltr2 expression in a specific subpopulation of itch-responsive rodent DRG neurons ¥’.
Interestingly, both Cysltr isoforms were expressed at low levels in dorsal horn. There are
also two known LTB4 receptors (Ltb4r and Ltb4r2), remarkably expression of these genes,
in pain circuit tissue, was exclusively observed in hind paw (sFPKM =13 and 11,
respectively vs. SFPKM<L1 in all other pain circuit tissues). While oxoeicosanoid receptor 1
(Oxerl) is also a receptor of 5-ox0ETE in humans, there is no clear rodent ortholog, and
hence it could not be included in our analysis *.

3.3. Concentrations of HETEs, leukotrienes and lipoxins

The products of 5-, 12- and 15-arachidonate lipoxygenases, 5-HETE and 5-0xoETE, 12-
HETE and 15-HETE respectively, were present in rat hind paw and spinal cord (Figure 5A
and C). LTB4 and lipoxin A4 and B4 (LXA4 and LXB4, respectively) concentrations in
both tissues were below the limit of quantitation in our assay (<0.06 and 0.12 ng/sample,
respectively). However, except for 12-HETE, all HETEs, EETSs, leukotrienes and lipoxins

were only above our limit of detection in the total pool in dorsal horn.
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4. n-3 mono-hydroxides, mono-epoxides and specialized pro-resolving mediators
4.1. Precursor concentrations
DHA was most abundant in lumbosacral spinal cord (4.7 + 0.3% of FA), less abundant in
sensory ganglia (1.9 = 0.1% of FA), and comparatively scarce in sciatic nerve (0.6 = 0.2% of
FA) and hind paw (0.8 £ 0.3 % of FA)(Figure 1A). Using the same enzymes described above in
Section 3.2.1 DHA can be converted to hydroperoxy-DHA (HpDHA) derivatives (Figure 5D).
As summarized in Figure 5D, HpDHA can subsequently be reduced to hydroxy-DHA
derivatives, isomerized to form epoxy-DHA derivatives (EDPSs) or subsequently oxidized to form
resolvins. Additionally, EDPs can undergo epoxide hydrolysis to form maresins and protectins
which, along with resolvins are SPMs (see 3.1). Oxylipins derived from DHA are generally
described as anti-inflammatory and pro-resolving ’.
4.2. Expression of genes related to n-3 mono-hydroxides, mono-epoxides and specialized
pro-resolving lipid mediators
4.2.1. Genes involved in n-3 mono-hydroxides, mono-epoxides and specialized pro-
resolving lipid mediators biosynthesis
Figure 5D depicts synthesis of oxylipins from DHA. Synthesis of oxylipins derived from
DHA is catalyzed by the same enzymes that synthesize HETEs, EETSs, lipoxins and leukotrienes
and were, therefore, described above (Section 3.2.1). As described above, rat pain-circuit tissues
exhibit tissue-specific expression patterns of genes coding for the cellular machinery required for
n-3 monoepoxide and SPM biosynthesis (Figure 5B) such as Alox and Cyp enzymes. As
mentioned above (Section 1.2.1 and Figure 1C), there was strong tissue-specific expression of
Cyp genes, which convert DHA to different regio- and stereoisomers of monoepoxides and

SPMs. Each pain circuit tissue had at least one Cyp isoform that was expressed at SFPKM>15
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(Figurel C), and these expression patterns have important implications for defining the specific
biosynthetic capacity for each tissue.
4.2.2. Expression of genes encoding receptors for n-3 mono-hydroxides, mono-
epoxides and specialized pro-resolving lipid mediators
To our knowledge, specific receptor targets for n-3 monoepoxides have not yet been

identified. The gene coding for the Resolvin D1 (RvD1) receptor (Gpr32) in humans has
been reported to be a pseudogene in rodents >3, Additionally, the gene coding for the
Resolvin D2 (RvD2) receptor (Gprl8) had very low (sFPKM<0.2 iri all tissue) expression in
rat. However, SPMs have been reported to inhibit capsaicin and mustard oil induced TRPV1
and TRPAL currents in mouse DRG neurons in vitro ® and genes coding for these channels
were most expressed in sensory ganglia (Section 1.2.3 and Figure 1C).

4.3. Concentrations of n-3 monohydroxides, monoepoxides and specialized pro-

resolving lipid mediators

Several HDHA and EDPs were present in rat hind paw and spinal cord, indicating Cyp- and
Alox-mediated metabolism of DHA in these tissues (Figure 5C). In both tissues, SPMs were
below the limit of quantitation for our assay (~0.012-0.2ng/sample). However, the SPM
precursors in the biosynithetic pathway for maresins (i.e. 14-hydroxy-DHA) and D-series
resolvins/protectins (i.e. 16,17-EDP and 17-HDHA), were present in substantial quantities (>20
ng/g) in the total pool of both hind paw and cord. DHA derived oxylipins were 2-10-fold more
concentrated in dorsal horn of the spinal cord compared to hind paw (Figure 5C), which is
consistent with our finding of DHA being relatively abundant in dorsal horn (Figure 1A).

Notably, DHA derived oxylipins in the free pool were only observed in hind paw (Figure 5C).
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5. Effects of intraplantar carrageenan on oxylipin-related molecular pathways

Since it is possible that inflammation may alter the complement of lipid-related enzymes we
assessed the potential role of oxylipins in inflammatory pain. The following sections describe
results of RNA sequencing and multiplex in situ hybridization analyses in rat hind paw as well as
LC-MS/MS oxylipin analyses in rat hind paw and dorsal horn of spinal cord after intraplantar
injection of 100 pL of 1% CG (a commonly used, rodent inflammatory pain model, Figure 6A)
2237 As previously reported, CG injection evoked pronounced edema (Supplementary Figure
3A) and nociceptive hypersensitivity in the hind paw persisting for up to 24 hours
(Supplementary Figure 3 B-D) "2,

5.1. Effect of intraplantar carrageenan on oxylipin-related gene expression

Expression of all the oxylipin related genes in hind paw that were significantly
modified by CG injection are presented in Figure 6B-F. CG injection significantly increased
the expression, in hind paw, of genes coding for several phospholipases (Pla2g15, Pla2g2d,
Pla2g2a) that can release PUFA and possibly oxylipins from membrane phospholipids
(Figure 6B). Notably, expression of Pla2g5 was decreased 24 hours post-CG injection
reaching a minimum at 48 hours post-CG injection (SFPKM=5 and 3 at baseline and 48
hours post-injection, respectively).
Expression of genes that encode enzymes involved in synthesis of several oxylipins

were altered by CG (Figure 6C). Expression of Cytochrome P450 4B1 and 1Al (Cyp4bl
and Cyplal, respectively), which encode enzymes that catalyze the conversion of PUFAS to
hydroxy- and epoxy- oxylipins were increased and decreased by CG (respectively)
indicating that expression of cytochrome p450 enzymes were not modified uniformly by CG

injection. Additionally, Alox15, which encodes an enzyme that catalyzes the peroxidation



Journal Pre-proof

LA, to synthesize 13-HODE (Figure 1), AA, to produce 15-HETE, LXA4 and EETs or
DHA to produce 17-HDHA and several SPMs (Figure 5), was expressed at very low levels
at baseline but increased to ~1 sFPKM at 1hr post-CG injection and subsequently returned
to baseline expression (Figure 6C, Supplementary Figure 1). Conversely, Alox5 and Alox5ap
(which encodes FLAP, required for Alox5 activation), which are involved in biosynthesis of
5-HETE, LTB4, LXA4, and DHA-derived resolvins were initially decreased but
subsequently exhibited an increase above baseline at 24-48 hours post CG injection.

The above described CG-evoked changes in expression of genes that form lipid
peroxides (Aloxs and Cyps) were accompanied by marked increases in expression of genes
coding for enzymes that counter free-radical mediated lipid peroxidation (e.g. Gpx1 and 2)
(Figure 6C) suggesting an increased capacity for lipid peroxide reduction to hydroxy-
oxylipins. Additionally, prostaglandin endoperoxidases and synthases, which catalyze
synthesis of PGE2, PGI2 and TXA2 were elevated by CG injection (Figure 6C).
Remarkably, Ptgs2 expression increased approximately 10-fold within the first hour post
injection.

Intraplantar CG injection also increased local expression of genes coding for
enzymes involved in the delivery and local release of preformed OXLAMSs including
Pla2g7, lipoprotein lipase (Lpl), and lysosomal acid lipase (Lipa) (Figure 3D). Upregulation
of these genes suggests an increased capacity for circulating oxylipins transport to tissue
during inflammation.

The transcript encoding the G-protein coupled receptor (GPR) 132, Gpr132, which
was originally identified as a proton sensing receptor ***"°31%2 byt has more recently been

reported to respond to oxylipins (particularly OXLAMS) *3, had relatively low expression in
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pain circuit tissues in the baseline (SFPKM<L1 in all tissue) (Figure. 1E), consistent with its
predominant expression in visceral adipose and granulocytes (Supplementary Figure 1).
During CG inflammation, Gpr132 expression was increased to 0.98 sFPKM (Figure 3E)
which may reflect its broad expression in several classes of immune cells such as
granulocytes, monocytes, and especially macrophages (Supplementary Figure 1) . These
infiltrating cell populations enter the hind paw after inflammation but remain a small
percentage of the overall hind paw transcriptome, which may explain the low expression of
this transcript. Intraplantar CG injection reduced expression of cysteinyl leukotriene receptor
1 (Cysltrl) between 1- and 8-hours post CG injection (Figure 6E). Moreover, CG evoked
increased expression of genes coding for prostanoid receptors for PGE2 and PGI2 (Figure
6E), some of which were sustained, suggesting an overall increase in prostanoid signaling
following CG injection that coincides with the onset of behavioral hypersensitivity. The
combination of increased expression of genes encoding enzymes that biosynthesize
prostanoids, and prostanoid receptors is consistent with increased prostanoid signaling
during inflammation.

Additionally, one gene coding for an enzyme involved in esterification of
unesterified lipids into esterified lipid pools (Soatl) and two others involved in efflux,
transport and clearance of esterified lipids (Abcal, Scarbl), were increased by CG (Figure
6F). These results combined with the above described increased expression of Pla2g7, Lpl
and Lipa, indicate that the cellular machinery involved in the release, delivery and
esterification of unesterified PUFA and preformed oxylipins (Figure 2) is enhanced with
inflammation.

It should be noted that a brief review of human tissue expression of proteins encoded
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by genes in Figure 6B-F demonstrated that a substantial portion of these induced lipid
pathway genes were identified in human immune cells and human tissues containing
immune cells, although aside from Alox15, most were not strongly enriched for immune cell
populations (Supplementary Figure 4). This is consistent with immune cell infiltration being
a strong contributor to the CG induced lipid pathway gene expression changes "2,

5.2. Multiplex in situ hybridization

Several lipid biosynthetic enzymes were selected for further analysis. Multiplex in situ
hybridization allowed us to examine the tissue localization patterns of Ptgs2, Ptges, Pla2g2a,
and Alox5ap in the hind paw throughout the time course of CG induced inflammation. These
genes were selected based on their expression levels (determined by RNASeq, above), as well as
the magnitude and temporal patterns of their CG induced changes in expression, and relevance to
lipid biosynthesis. Hence, Ptgs2 and Ptges were selected because both are rapidly induced, and
strongly detected in the hind paw, each being a critical step in prostanoid biosynthesis as
described in section 2.2.1. As hydrolysis of unesterified fatty acids and oxylipins is crucial for
biosynthesis and activities of numerous oxylipins, we further investigated Pla2g2a since this
phospholipase highly expressed and markedly altered by CG injection. The Alox5ap transcript
encodes the activating protein (Five-lox activating protein, FLAP) of 5-lox (Alox5). The role of
these enzymes is described in section 3.2.1, and they were selected due to their induction in the
hind paw dataset between 24-72 hrs.

In the basal condition, all four of these genes are expressed to some extent and showed at
least some level of fluorescence signal. After staining, relatively large blocks of hind paw tissues
were scanned for visualization. To facilitate orientation within these sections, two dashed lines

are drawn, with the area between them indicating the epidermis. The most highly expressed
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baseline gene, Pla2g2a was primarily expressed in dermis (Figure 7 control and A), with dense
expression in sparse cells throughout this area of the section. By contrast, Alox5ap, sparsely
labeled cells throughout dermis and epidermis, although this pattern of staining was more
sporadic, with the positive cells showing fewer granules of reactivity (seen in Panel B). This is
consistent with a low expression level in one or more cell-types, and consistent with the
proposed expression of this enzyme in adipocytes and immune cells, which would be minor cell
populations in basal state hind paw. The expression of genes encoding prostanoid synthetic
enzymes (Ptgs2 and Ptges) were difficult to detect at baseline, and were more readily detected
after CG inflammation, as described below. At 1 hour after CG inflammation, Ptgs2 was
approximately 7.2-fold induced over baseline, and showed prominent induction in the stratum
basale of epidermis (Figure 7, yellow). This induction was confined to epidermis, and no Ptgs2
reactivity was detected in dermis (Figure7D), although sporadic Alox5ap reactivity was noted
(Figure 7C, orange). At 4 hours post CG injection, Ptges appeared to increase expression in
epidermis (Figure 7E), whereas other markers remained unaltered (Figure7F). By 8 hours, Ptges
reactivity was prominent in epidermis, showing broad swaths of punctate reactivity, presumably
corresponding to expression in a major cell type in this area, as the staining was diffuse
throughout this region. Note that all transcripts except Alox5ap were upregulated
transcriptionally at this time point, and the signal for Pla2g2a appeared to increase
correspondingly in dermis, showing brightly filled cells in approximately the same pattern as in
control (Figure 7H). By the 72-hour time point, induction of prostanoid synthetic and Pla2g2a
enzymatic transcripts had largely resolved, but induction of Alox5ap was at its maximum

transcriptionally. Staining of Alox5ap was faint, as in previous time points, and was inconclusive
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(Figure 71, J). Note that the RNA-Seq analysis included more tissue than what was stained for,
and Alox5ap induction may have occurred in another part of the tissue.

5.3. Effects of CG on oxylipin concentrations

The pronounced hind paw edema after intraplantar CG injection (Supplementary Figure 3)
increased the volume and weight of the paw samples collected, therefore, impacting
interpretation of oxylipin concentrations per gram of tissue. To control for edema we corrected
oxylipin concentrations for total oxylipin content in hind paw (i.e. [oxylipin]/sum of all
[oxylipins] x 100%). Without this correction for edema, almost all oxylipins we measured were
decreased after injection of CG, on a ng/g tissue basis, indicating that the increase in amount of
tissue caused by CG injection was not attributable to lipids. The following section reports on the
CG evoked changes in oxylipin concentrations as a percent of total oxylipins.

We observed that intraplantar CG injection increased percent of unesterified 9-HODE, 9,10-
DIHOME and 12, 13-DIHOMEs 2, 4 and 6-fold, respectively in hind paw (Supplementary Table
1). Additionally, in the total poo! (unesterified + esterified), percent of 12,13-DiHOME increased
almost 2-fold in hind paw, while percent of 9-oxoODE decreased in this tissue, after CG
injection (Supplementary Table 2). In contrast, oxylipin concentrations were unchanged by CG
injection in spinal cord.

Since it has been reported that the oxylipins are bioactive in their unesterified form and
deactivated by esterification, we also measured, for each oxylipin, the percentage contribution of
the unesterified pool to the total concentration of that oxylipin. In general, we found CG
injection increased the proportion of almost all OXLAMSs measured in the unesterified fatty acid
pool of hind paw (Supplementary Table 3). The finding of increased proportion of unesterified

OXLAMs is consistent with gene expression data showing enhanced expression of enzymes
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responsible for the hydrolysis of esterified oxylipins, such as Pla2g2a which increased 3-fold
after CG injection (Figure 3B).

As predicted based on the gene expression changes outlined in section 5.2, intraplantar CG
injection increased concentrations of TXB2 approximately 3-fold (Supplementary Table 1) in
hind paw while changes in PGE2 concentrations were not significantly altered (Supplementary
Table 1). Intraplantar CG decreased the concentration of TXB2 and had no effect on PGE2 in
spinal cord (Supplementary Tables 1 and 4).

The only oxylipin to be increased in hind paw by CG injection, when expressed as ng/g
tissue (i.e. without correcting for edema), was 5-HETE. Additionally, 5-HETE was the only non-
LA derived lipoxygenase product to increase in the unesterified lipid pool after CG injection
(Supplementary Table 1). Intraplantar CG injection also increased the adjusted concentrations of
5-0x0ETE, and 15-HETE in the total lipid pool in hind paw but did not affect concentrations in
dorsal horn. Contrary to what we observed with lipoxygenase derived AA products, several Cyp
products (EETSs) were increased in the dorsal horn by hind paw injection of CG (Figure 6C).
Intraplantar CG injection broadly increased adjusted concentrations of EDPs and HDHAS in the
total lipid pool of both hind paw and dorsal horn (Supplementary Tables 1-6).

6. In vivo effects of oxylipins on thermal nociceptive sensitivity

Based on the findings summarized above we investigated potential roles that
oxylipins play, with respect to nociception, in vivo. Our gene expression data showed
pronounced increases in the expression of phospholipase as well as several Alox and Cyp
genes in hind paw in response to inflammatory stimulus. As LA was the most abundant
precursor PUFA in hind paw and we observed increases in adjusted concentrations of

several OXLAMs (which were among the most abundant class of oxylipins in this tissue),
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we decided to examine the effect of a mixture of HpODEs (the precursor to several
OXLAMS). A 40 pg mixture of 9- and 13-HpODE, injected intradermally into the hind paw,
evoked significantly lower relative withdrawal hind paw latencies (injected paw vs. non-
injected paw) in response to a laser delivered heat stimulus that preferentially activated C-
Fiber sensory neurons (Figure 8A). Injecting 40 ug of 9- or 13-HpODE or 200 pg of the 9-
HpODE mixture did not significantly modify the relative thermal withdrawal latency (Figure
8A and B). Additionally, we examined the effects of injecting the HpODE mixture in
combination with other classes of oxylipins and observed that the combination of the
HpODE mixture and several monohydroxy DHA derivatives did not lead to significant
changes in relative hind paw withdrawal latency (Figure 8C).

To assess if oxylipins play a role in pain modalities other than thermal hyperalgesia,
we quantified the total amount of nocifensive behaviors (i.e. guarding, licking, shaking) for
at least 5 minutes after injection of several different oxylipins/mixtures described above.
Overall, rats exhibited very little nociceptive behavior in response to vehicle, or oxylipin
injection. The majority of responses were sporadic and short-lived, and occurred only after
9-HpODE injection (Figure 8E). Note that of 21 animals tested, 14 in the 9-HpODE group
showed no nocifensive behaviors over the 5 minutes of observation. None of these changes

were significant compared to vehicle injection (P=0.25).

Discussion

Here we systematically investigate potential links between lipids and nociception and
inflammation using quantitative transcriptomic and lipidomic measurements. We measured the
concentrations of PUFA precursors and the expression of genes encoding enzymes implicated in

oxylipin synthesis, delivery, release, signaling and inactivation throughout the pain circuit. We
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then examined the impact of intraplantar CG inflammation on transcriptional regulation, both
temporally and spatially, in hind paw. Furthermore, we utilized LC-MS/MS to measure the
concentrations of oxylipins before and after CG injection. Together this work provides an
empirical and conceptual framework linking oxylipins and their precursor PUFAs to local
biosynthetic potential, extrapolated from gene expression. This framework is a critical step
towards explaining the role of lipid autacoid signaling in nociception and provides an in-depth
reference for investigating the role of lipids in nociceptive circuits, and the contributions of these
lipid mediators to peripheral pain pathways.

Skin is the largest sensory organ in the body and LA and OXLAMs are the most
abundant oxylipins in this tissue. The most highly concentrated oxylipin in skin was 9-oxoODE
which is synthesized from 9-HODE supporting our previous finding of high Alox12b expression
in skin®. We and others have reported on the role of OXLAMs in nociception in skin?” 26168,
Unexpectedly, PGE2 was among the most abundant oxylipins in skin, despite relatively low
levels of its precursor (AA) in that tissue. The disproportionately high concentration of PGE2 in
skin can be explained by our finding of relatively high expression of Ptgsl and Ptges3 (which
encode for enzymes that synthesize PGE2 from AA), compared to Alox enzymes in skin. While
concentrations of LA as well as expression levels of Alox12b are high in basal state skin, their
levels are unaffected by CG inflammation, consistent with the proposed structural barrier role of
LA and OXLAMs in skin®. Similarly, Ptgs1 was well expressed in skin and Ptgs2 expression
increased acutely in epidermis after CG injection and is not highly enriched in human immune
cells suggesting it is not derived from these infiltrating cells. The rapid induction of Ptgs2 (a
sharp peak at 1 hour after inflammation) is also inconsistent with the arrival of neutrophils and

macrophages’*®, partially supporting the role of a local tissue source such as the skin. These
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considerations support our finding of Ptgs2 induction in the keratinocyte layer of the epidermis,
which is also consistent with previous reports examining spatial-temporal distribution of Ptgs2
transcripts and COX2 protein in inflammatory models®**°%*. An overall perspective of the
inflammatory process incorporates a dual response, whereby genes are either induced locally (as
appears to be the case for Ptgs2) or imported from infiltrating immune cells, which generally
comprise a subpopulation of the total cellular complement in inflamed tissue and occur in
distinct temporal sequence. These incoming cells import and release potent mediators that
support inflammation and nociceptive processes’*. In general, the findings of the present report
indicate that immune cell infiltration is not the primary mode of synthesis for the most highly
concentrated oxylipins, such as PGE2 and OXLAMs in skin. This hypothesis does not exclude a
role of immune cells in the synthesis of other oxylipins, as has previously been reported”®?.
Nonetheless, many lipid biosynthetic enzymes are enriched in immune cells, and as such we do
not rule out the involvement of these cells in contributing to either the inflammatory process, or
the hyperalgesia driven by the peripheral inflammatory state.

As oxylipins such as PGE2 are known to be sharply induced by inflammation, and are

indeed mediators of many inflammatory processes’+10:18:28.6068.75.86

, We investigated the response
of oxylipins to CG-induced intraplantar inflammation. It should be stressed that the presence of
inflammatory edema causes tissue distortion and hypertrophy which complicated the
interpretation of oxylipin concentration measurements. We observed that concentrations of all
oxylipins, except 5-HETE, decreased after CG injection, likely as a result of edema, affecting
normalization by gross weight of tissue. This is consistent with the idea that the source of

oxylipins is local, as opposed to being delivered via circulation or infiltrating cells, and hence is

diluted by the increase in tissue mass after inflammation. Our finding of increased hind paw
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concentration of 5-HETE after CG injection warrants further investigation as 5-HETE has been
demonstrated to activate the capsaicin receptor (Trpvl) in cultured rat DRG neurons® suggesting
a substantial role of 5-HETE in CG-induced pain. An explanation for the large increase in 5-
HETE concentration is that it is imported from infiltrating immune cells, and thus goes up
sharply from a very low baseline. This observation is in line with previous reports demonstrating
5-lipoxygenase (Alox5) activity in infiltrating immune cells'®® and human ALOXS5 and
ALOXS5AP expression in macrophages and granulocytes. Furthermore, our in situ hybridization
results showing Alox5ap expression primarily in deep dermal layers, potentially consistent with
expression in a cellular constituent of dermal tissue such as adipocytes or a resident immune
cells®*®8,

Our transcriptomic and lipidomic results in skin indicate that OXLAMSs are uniquely
positioned to modulate pain and nociception because they are made in high quantities in skin.
We found that intradermal injection of HpODEs evoked thermal nociceptive hypersensitivity
which was in agreement with previous reports of OXLAMs and prostaglandins inducing

nociceptive hypersensitivity when injected into hind paw?’##°1.68

, although the receptors
mediating the OXLAM effects are unknown. Oxylipin hydrolysis from esterified precursors
generates local signaling molecules produced on demand, although the precise processing steps
involved in making the wide variety of lipid mediators is still being delineated®®. To investigate
the oxylipin signaling circuit, we examined the expression of receptors for oxylipins in skin and
sciatic nerve trunk, as well as in DRG cell bodies, and in the dorsal spinal cord. We detected
tissue specific expression patterns for oxylipins receptors. For example, several leukotriene and

prostanoid receptors were expressed in skin, while receptors through which OXLAMs are

believed to signal such as Trpvl, Trpal and Gprl32 were expressed at very low levels in skin
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but rather were expressed in DRG, though it has been reported that gene expression in skin may
not be reflective of actual receptor protein levels’”.

The roles of oxylipins in nociceptive processes are still being elucidated®®. One
mechanism by which oxylipins may modulate nociceptive responses is by potentiating the
release of pro-nociceptive neuropeptides such as calcitonin gene related peptide by PGE2 and
OXLAMs®1% as observed in primary DRG cultures. Oxylipin signaling has been shown to
evoke or modulate nociceptive sensitivity, in vivo, in rodent models of burn or
inflammation®®*'°. We observed that oxylipins were mostly concentrated in the esterified lipid
pool (~90%) rather than the unesterified “free” lipid pool that is generally considered the active
pool. After CG injection the proportion of oxylipins in the free lipid pool increased, consistent
with reported roles of unesterified oxylipins in painand inflammation®®. Besides 5-HETE, this
relative increase was specifically observed for OXLAMSs. Notably, unesterified concentrations of
AA- and DHA- derived oxylipins were less concentrated, and relatively unchanging in dorsal
horn as compared to hind paw, despite relatively high concentrations of their precursors. Taken
together, this indicates unesterified oxylipin concentrations are tightly regulated in the dorsal
horn implying oxylipin signaling in spinal cord, in response to a peripheral inflammatory
stimulus, may be limited.

This work has several limitations, some of which are discussed. Firstly, our LC-MS/MS
analysis was targeted and analysis of oxylipins was limited to those for which we were able to
procure or synthesize authentic standards and resolve them with our LC-MS/MS analytical

methods*®’

. Therefore, the oxylipin concentrations reported here represent a fraction of all
known oxylipins in these tissues. However, the PUFA concentrations in pain circuit tissues

reported here do provide quantitative insight into the presence of oxylipin precursors and inform
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further studies investigating these lipids. Two unique fragment ions and HPLC were used to
identify and resolve target analytes in our LC-MS/MS assay'®’. Nevertheless, the potential for
matrix interference and failure to resolve closely related, unanticipated isomers cannot be ruled
out. Additionally, not all components of the lipid synthesis and signaling pathways are conserved
between rodents and humans which can impact the interpretation of the RNA-Seq measurements
in several ways>**3. Even more fundamentally, not all oxylipin-related gene products examined
in this study in rat have a clear human ortholog, or vice versa. Beyond this, estimation errors
from various sources makes RNA-Seq only semi-quantitative in determining basal amounts, and
technical considerations may lead to substantial differences in quantification. Another limitation
affecting the comprehensiveness of this report is the absence of precise quantitative protein
analyses, as well as precise subcellular expression. The L.C-MS/MS oxylipin measurements,
however, are the main focus of the paper, allowing for precise quantitative measurements of
these mediators. Further, the identification of such mediators and oxylipin synthetic genes at the
whole-tissue level is useful to guide future pharmacological and physiological studies where
these body compartments are the likely locus of oxylipin action.

This report provides, to our knowledge, the most comprehensive analysis of
oxylipins in pain circuit tissues to date. We provide a data-driven framework linking
precursor PUFAS, oxylipins and genes coding for enzymes catalyzing the release, synthesis,

delivery and signaling of oxylipins to pain.
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Materials and Methods
Animals

The protocol was approved by the Animal Care and Use Committees of the National
Institute of Dental and Craniofacial Research and National Institutes of Health (N1H)
Clinical Center. Procedures followed the NIH Guide for the Care and Use of Laboratory
Animals (NIH Publication No. 80-23). Male Sprague-Dawley rats (Harlan, MD) were
housed in an animal facility having regulated temperature, humidity, and a 12 h light/12 h
dark cycle. The rats had ad libitum access to water and Rodent NIH-31M modified formula
chow (Zeigler). Food was replaced every 2 or 3 days. Three cohorts of rats were used for
this report. One cohort of rats was euthanized and hind paw, sciatic nerve, dorsal root
ganglia and dorsal horn of spinal cord were collected for baseline fatty acid analysis and
RNASeq. The euthanization and tissue collection procedures that were performed on this
cohort has been described previously ®. The remaining 2 cohorts of rats were either killed
by isoflurane anesthesia followed by decapitation or injected with 100ul of 1% Carrageenan
(CG) and euthanized, using the above described procedure, at set time intervals post-
injection. For 1 of these rat cohorts, rats were euthanized at 0, 1, 4, 8, 24, 48 and 72 hours
post injection and hind paw was collected for RNA-Seq analysis (n=3 per time point). For
the other cohort rats were euthanized at 0, 1, 4, and 24 hours (n=4, 4, 4, and 6, respectively)
and hind paw and dorsal horn were collected following previously published procedures
for oxylipin analysis. Rat DRG and sciatic nerve RNA-seq data are available under project
PRINA313202 in the Sequence Read Archive (SRA) database ’. All tissues were

immediately collected, frozen and stored at -80°C.
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Fatty Acid Analysis

Tissue samples were thawed, weighed, and homogenized in butylated
hydroxytoluene (BHT)/methanol according to the method of Folch et al ** and
transmethylated as described by our group previously ®. Fatty acid methyl esters were
analyzed with an HP-5890B gas chromatograph equipped with a flame ionization detector
(Hewlett-Packard, Palo Alto, CA) and a fused silica capillary column (DB-FFAP, 30 m x
0.25 mm i.d. x 0.25 um film thickness, J & W Scientific, Folsom, CA). The detector and
injector temperatures were set to 250°C. The oven temperature program began at 130°C and
increased to 175°C at the rate of 4°C/min, then at the rate of 1°C/min to 210°C, and finally
increased at the rate of 30°C/min to 245°C, with a final hold for 15 min. Hydrogen was used
as carrier gas at a linear velocity of 50 cm/s. A custom mixed, 30-component, quantitative
methy! ester standard containing 10-24 carbons and 0-6 double bonds was used for
assignment of retention times and to ensure accurate quantification (Nu Chek Prep 462,
Elysian, MN). Fatty acid data were expressed as % of total peak area, which corresponded to
weight% to within 5%, as demonstrated by quantitative standard mixtures. Internal standards
were used to calculate tissue fatty acid concentrations.
Oxylipin extraction

Oxylipin extraction methods have been previously published . Briefly, hind paw
and dorsal horn were transferred into FastPrep Lysing Matrix tubes on ice (MP Biomedicals,
USA,; Lysing Matrix A for hind paw, Lysing Matrix D for dorsal horn) and ice-cold
methanol containing an antioxidant mixture were immediately added to each sample.
Internal standards were added and samples were homogenized by shaking with a FastPrep-

24 homogenizer (MP Bio). Proteins were precipitated by storing samples at -80°C for 1 hour
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followed by centrifugation at 17000g in 4°C for 10 min. Half the supernatant was transferred
to a new microfuge tube. and stored in -80 °C until solid phase extraction (SPE) purification
and liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis of unesterified
oxylipins. To analyze the total oxylipin pool, the remaining half of the supernatant was
saponified with methanolic sodium carbonate at 60°C for 30 min under gentle shaking. The
solution was then neutralized (to pH 7) using acetic acid and stored in -80°C overnight until
SPE and LC-MS/MS analysis. SPE and LC-MS/MS procedures have been described
previously 8197
RNA purification for RNA-Seq analyses

For RNA-Seq analysis, rats were deeply anesthetized with 4-5% isoflurane,
decapitated and rapidly dissected. In these experiments, all animals were adult male
Sprague-Dawley rats (Harlan). Spinal cords were isolated by hydraulic ejection using ice
cold saline, cooled, and dissected to separate the dorsal quadrant of the spinal cord. Hind
paws were dissected by cutting a square of tissue from the hind paw similarly to the
dissection described above for lipid analyses. As described previously, DRGs and sciatic
nerves were removed after laminectomy, and were collected as part of a previous study .
The sciatic nerve was traced to identify L4, L5 and L6 DRGs, and L4 and L6 DRGs were
collected and sequenced. Briefly, sciatic nerves were dissected by transecting the nerve to
remove a section from just distal to the sciatic notch and extending to just above the sciatic
trifurcation. All tissues were collected and immediately transferred to chilled tubes on dry
ice containing FastPrep™ Lysing Matrix D grinding matrix (MP Biomedicals) and stored at
-80°C until processed. Rat tissue samples were homogenized in Qiazol reagent (Qiagen Inc,

Valencia CA) using a Fastprep 24 homogenizer (MP Biomedicals, Santa Ana, CA) followed



Journal Pre-proof

by purification using the RNeasy Mini kit (Qiagen Inc., Valencia CA) with added DNAse
digestion, according to manufacturer’s instructions. RNA integrity was assessed after gel
electrophoresis using an Agilent Bioanalyzer (Agilent Technologies, Santa Clara, CA).

For rat hind paw and dorsal horn samples, mRNA libraries were constructed from 0.5-1
g mMRNA using the Hlumina TruSeq RNA Sample Prep Kits, version 2. Samples selected for
sequencing generally had RNA Integrity Numbers above 9. The resulting cDNA was fragmented
using a Covaris E210. Library amplification was performed using 8-12 cycles to minimize the
risk of over-amplification (8 cycles for hind paw samples, 10-12 cycles for dorsal horn samples).
Unique barcode adapters were applied to each library. Libraries were pooled in equimolar ratio
and sequenced together on a HiSeq 2000 with ver 3 flow cells and sequencing reagents. At least
34 million 100-base read pairs were generated for each individual library. Data was processed
using RTA (version 1.12.4.2, hind paw; version 1.13.48 dorsal horn) and CASAVA 1.8.2. For rat
dorsal root ganglion and sciatic nerve samples, sequencing was performed as described in the
original publication in which these datasets were published .
Alignment, quantification, analysis and visualizations of RNA-Seq count data

Samples were aligned using the MAGIC pipeline °° and a rat target genome built based
on the Rn6 genorme huild as described previously *. Quantification and normalization of gene
counts was performed to produce expression estimates reported as significant fragments per
kilobase per million aligned reads (sSFPKM) as described previously '°. Briefly, this
normalization method considers library size, gene length, insert size of the library, level of
genomic contamination, and the total number of reads mapping uniquely to protein coding genes.
Subsequently, several quality control metrics were examined using outputs from MAGIC with

samples showing uniformity within groups. For the hind paw time course experiment
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significance of gene changes over time was determined by the differential expression analysis
within MAGIC, which is described in greater detail in **%°%°_ For this report, we only examined
a gene panel related to lipid signaling based on literature reviews. Briefly, this is a method of
determining differentially expressed genes that does not assume a monomodal distribution, and
determines significance based on separation of variance after noise subtraction. Significance was
not tested across tissues in these analyses. Gene expression data is represented in heatmaps
showing the average basal level of expression (SFPKM) according to tissue. For genes that were
significant in the rat hind paw after inflammation with carrageenan, expression analysis was
examined in a large dataset of tissues from the Human Protein Atlas %. For this analysis, data
were mined from the overall consensus dataset with supplementary information taken from the
blood dataset to examine specific subclasses of immune cells. These expression values were
taken directly from the Human Protein Atlas and clustered in R using the ward. D2 method and
the hclust and heatmap.2 functions. Values are normalized such that the maximum value in each
row is plotted as 1.0 and all other values are plotted as the ratio relative to that. In order to
normalize for outlier expression values, 0.2 was considered a midpoint (yellow color) to more
easily display a larger range of expression values without the use of a log scale. Although values
were clustered in both dimensions, clusters were rearranged manually to a minor degree to keep

similar tissues (by biological function) together.
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Multiplex fluorescent in situ hybridization

We further interrogated CG induced RNA expression changes by utilizing multiplex
fluorescent in situ hybridization to understand the localization of gene expression changes.
In situ hybridization was performed on 6 um thick sections (n=2 per time point) of paraffin
blocks that contained paraformaldehyde fixed hind paw samples collected at 0, 1, 4, 8, and
72 hours post CG-injection (described above). In situ hybridization was performed using the
RNAscope® Multiplex Fluorescent assays v2 (Advanced Cell Diagnostics, Newark, CA)
with Tyramide Signal Amplification (Opal™ Reagent Systems; Perkin Elmer, Waltham
MA) using probes for Ptgs2 (Cat#526151), Ptges (#827831), Pla2g2a (#827821), and
Alox5ap (827811). Imaging of whole sections was performed using an Axio Imager.Z2 slide
scanning fluorescence microscope (Zeiss, Oberkochen, Germany) equipped with a 20X/0.8
Plan-Apochromat (Phase-2) non-immersion objective (Zeiss), a high-resolution ORCA-
Flash4.0 sCMOS digital camera (Hamamatsu), a 200W X-Cite 200DC broad band lamp
source (Excelitas Technologies, Waltham MA) and 5 customized filter sets (Semrock,
Rochester NY) optimized to detect the following fluorophores: DAPI, Opal520, Opal570,
Opal620, Opal690. Image tiles (600 x 600 pum viewing area) were individually captured at
0.322 micron/pixel spatial resolution and seamlessly stitched using ZEN2 image acquisition
software (Zeiss). Appropriate color tables were applied to each image channel and
pseudocolored, stitched images were overlaid to create a single merged composite image.
These images were analyzed and described qualitatively. To create representative images in
Figure 7, the images were processed using FIJI (NIH, USA), Affinity Designer (Serif,
Europe) and Adobe Photoshop (Adobe, USA First, all fluorescence channels in all the

images were corrected for inter-channel bleed through. Bleeding of the yellow channel



Journal Pre-proof

(Ptgs2) into the orange channel (Alox5ap) was observed for all scans and corrected for by
converting the images of both these channels to 8-bit color format and subtracting the
yellow channel image from the orange channel image in image J. Additionally, for the 1
hour image bleeding of the blue channel DAPI into the yellow channel was observed and
corrected for using the process described above. In order to create large panoramic images
seen in Figure 7 we had to increase the brightness of several of the channels. When the
brightness was increased, we observed non- specific, blurry signal (particularly in the
stratum corneum) in the yellow and magenta channels. This type of signal is not consistent
with RNAScope technology. This background signal was removed from the yellow channel
images in Image J by applying a Gaussian Blur (radius =10) followed by a minimum and
maximum filter (radius = 10 for both) to isolate the non-specific blur. This blur was then
subtracted from the original yellow channe!l image. The same process was performed for the
magenta channel images (using radius of 5 for each step), however, magenta channel images
were brightened by setting the white point of each image to 50 before performing the above
described transformation. For the final figure, all color channels were brightened by setting
the white point to 90 (Ptgs2), 50 (magenta), 100 (Pla2g2a), 50 (Alox5ap), 140 (DAPI) and
the bright field channel was enhanced by setting the white point to 170 (figure zoom-ins do
not use the enhanced bright field). Finally, after visual inspection of the panoramic figures
we determined the contrast of the yellow channel was lost by the zoom out and this was

corrected for by overlaying a copy of this layer.
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Oxylipin injections

To assess the potential in vivo nociceptive properties of oxylipins we injected either
vehicle (N-Methyl-2-pyrrolidone, ethanol, Cremophor EL, tween 20, ascorbate,
200:100:100:2:1 respectively, dissolved with 5 volumes of sterile saline), 40 pg of 9-
HpODE, 40 ug of 13-HpODE, a mixture of 18 ug of 9- and 22 ug of 13-HpODE or 40 pg of
9-HODE intradermally into the plantar surface of the hind paw. Subsequent to injection
animals were placed on a platform with a transparent glass floor. Animals were habituated
for 10 minutes after injection, during which time behavior was monitored using a video
camera for at least 5 minutes from underneath platform. Nocifensive behaviors were
quantified from video playback by an observer blinded to the experimental conditions.
Nocifensive behaviors were defined as guarding and/or licking of the injected foot as
described previously ®'. Timing was recorded manually with a stopwatch, and/or from video
time stamps. Nociceptive behavior was guantified as the total time the animal spent
exhibiting all nociceptive behaviors. Within 30 min of each injection C-Fiber mediated
hyperalgesia was assessed (described below). Similarly, intradermal injection of a 200 ug
dose of 9-HpODE as well as a combination of the HDODE mixture (described above) plus
26 pg 16,17-EDP and 13 pg 4-HDHA was performed to assess these compounds potential to
impact C-Fiber mediated nociception.
Assessments of Hyperalgesia.

Baseline measurements were taken for all tests prior to injection with CG, as well as
at 1, 4 and 24 hours post CG injection or after oxylipin injection. Additionally, each test was
performed on both hind paws. Hind paw measurements were taken by measuring the

diameter (dorsal-ventral) of the hind paw at the thickest cross-section. A-delta mediated paw
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withdrawal responses were measured by stimulation of the plantar surface of the hind paw
with a 100ms laser pulse, producing a rapid withdrawal response. Laser pulses were
delivered by an infrared diode laser *® (LASS-10 M; Lasmed, Mountain View, CA, USA)
and calibrated to 3500 mA at 0.5 mm diameter, and delivered from 1cm distance.
Nociceptive sensitivity was assessed by scoring the response to the stimulus on a previously
validated scale *’. C-fiber mediated responses were measured by delivery of a slow
temperature ramp to the plantar surface of the hind paw (1000 mA, 13cm distance).
Voluntary paw withdrawal latency was recorded. Pinprick withdrawal was delivered by a
pin stimulus at the plantar surface of the hind paw, resulting i a withdrawal. Inflamed
animals subsequently exhibit guarding behavior by lifting the paw. The duration of this
behavior was timed using a stopwatch.
Statistics

Fatty acid concentrations were presented as percent of total fatty acids [median +
interquartile range (IQR)]. Baseline oxylipin concentrations were presented as ng/g tissue
(median £ IQR). Oxylipin conecentrations were also expressed as percent of total oxylipins when
assessing the impact of CG oxylipin concentrations. Kruskal-Wallis test was used to assess the
statistical significance of CG evoked changes in adjusted oxylipin concentrations. A main effect
of effect of CG with p<0.05 was considered statistically significant. RNASeq data are presented
as mean sFPKM and changes in gene expression evoked by CG were assessed by Differential
gene expression was analyzed using the raw counts generated by MAGIC, and statistical analysis
was performed using limma voom in R with a p<0.01 considered to be significant “*. Thermal
withdrawal latency of injected paws were compared to non-injected paws and statistical

significance was assessed by two-tailed, paired t-test (p<0.05). Nociceptive behavior was
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assessed by Kruskal-Wallis test followed by Dunn’s multiple comparison test, comparing vehicle

to each oxylipin group.
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Figure 1: Linoleic acid (LA) and genes involved in oxidized linoleic acid metabolite
(OXLAM) biosynthesis and inactivation are abundant in hind paw. (A) Polyunsaturated
fatty acid (PUFA) concentrations in pain circuit tissues (% of total fatty acids, n=3) (B)
OXLAMs are synthesized by a multi-step process involving the release of LA from lipid
membranes by phospholipases followed by peroxidation (by Arachidonate lipoxygenase
enzymes or cytochrome p450 monooxygenases) or epoxidation (via the action of cytochrome
p450 enzyme). The product of LA peroxidation is 9- or 13-hydroperoxy-octadecenoate (9- or 13-
HpODE) while LA epoxidation results in 9,10- or 12,13-epoxy-octadecenoate (9,10- or 12,13-
EpOME). HpODEs are reduced either non-enzymatically or enzymatically (by Glutathione
peroxidase enzymes) to 9- or 13-hydroxy-octadecenoate (9- or 13-HODE) while EpOMESs can be
hydrolyzed to 9,10- or 12,13-dihydroxy-oxtadecenoate (9,10 or 12,13-DiHOME). HODES can be
oxidized to 9- or 13-keto-octadecenoate (9-or 13-0x0ODE). Unesterified OXLAMs have been
reported to impact nociception via Transient Receptor Potential receptors (TRPV1 or TRPA1) as
well as through G-Protein Coupled Receptors (GPR132). Lipids (including OXLAMS) are
hypothesized to be inactivated by esterification into complex lipid species such as phospholipids
or cholesteryl esters. (C) Expression of genes involved in OXLAM biosynthesis, signaling and
deactivation were measured in pain circuit tissue using whole genome RNA Sequencing. Fatty
acid compositions (A) are presented as percent of total fatty acids (median and interquartile
range) n=4 per tissue. Gene expression (C) is presented as SFPKM (mean, n=3). * refers to data
previously published by our group ®®. DLA, Dihomo-gamma-linolenic acid; AA, Arachidonic
acid; DTA, docosatetraenoic acid; DPA, docosapentaenoic acid n-6; ALA, alpha-linolenic acid;
EPA, eicosapentaenoic acid; DPA n-3, docosapentaenoic acid n-3; DHA, docosahexaenoic acid;

Pla2g, Phospholipase A2 Group; Cyp, Cytochrome P450; Alox, Arachidonate Lipoxygenase;
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Gpx, Glutathione Peroxidase; Scarbl, Scavenger Receptor Class B1; Soat1, Sterol O-
Acyltransferase 1; Abcal, ATP Binding Cassette Subfamily A Member 1; Lcat, Lecithin-

Cholesterol Acyltransferase.
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Figure 2: Oxylipins can be delivered to pain circuit tissue via circulation. (Left) Oxylipins in
circulating lipoproteins can reach tissue capillary beds and be released as unesterified oxylipins
by lipoprotein hydrolysis. Unesterified oxylipins can then enter cells via passive diffusion.
Additionally, lipoprotein receptors on cell membranes can mediate the uptake of lipoproteins
(and oxylipins carried in them) into cells. Within cells oxylipins can be released from complex
lipid species via phospholipase or cholesteryl ester lipases. Additionally, esterified hydroperoxy
lipids such as HpODE can be reduced to esterified HODE by the action of Glutathione
Peroxidase 4 (Gpx4). (Right) Expression of genes involved in the delivery of preformed
oxylipins from circulation were measured in pain circuit tissues by whole genome RNASeq
(sFPKM n=3). * refers to data previously published by our group ®. Lpl, Lipoprotein Lipase;
Pla2g7, Phospholipase A2 Group VII; Lipg, Endothelial Cell-Derived Lipase; Cd36, Scavenger
Receptor Class B Member 3; Lrp2, Low Density Lipoprotein Receptor Related Protein 2; VIdIr,
Very Low Density Lipoprotein Receptor; Ldlr, Low Density Lipoprotein Receptor; Scarb2,
Scavenger Receptor Class B Member 2; Lipa, Lipase A Lysosomal Acid Type; Nceh, Neutral

Cholesterol Ester Hydrolase.
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Figure 3: Oxidized Linoleic Acid metabolites (OXLAMS) were measured in hind paw and
dorsal horn of the spinal cord (DSC). (A) Schematic of OXLAM synthesis pathway. Liquid
chromatography-tandem mass spectrometry was utilized to measure (B) Epoxy-LA derivatives
(EpOMEsS) (C) di-hydroxy-LA metabolites (DIHOMES) (D) hydroxy-LA metabolites (HODES)
(E) LA-ketone derivatives (0xoODES) in the unesterified (filled bars and symbols) and total lipid
pools (open bars and symbols) of the hind paw and DSC. Oxylipin concentrations are presented

as ng/g tissues (median * interquartile range) (n=4). BQ = Below the limit of quantitation.
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Figure 4: Concentrations of specific prostanoids and expression of genes involved in their
synthesis and signaling. (Left Side) Prostanoids are synthesized by a series of steps starting
with the action of Prostaglandin-endoperoxide synthases (Ptgsl and 2) on unesterified
arachidonic acid (AA). The product of this reaction is Prostaglandin H2 (PGH2) which is
subsequently converted, by specific enzymes to prostanoids such as Prostaglandin E2 (PGE2),
Prostaglandin F2 (PGF2) and Thromboxane A2 (TXA2). TXAZ2 is rapidly converted to
Thromboxane B2 (TXB2). (Right Side) Expression of genes coding for enzymes involved in
prostanoid synthesis as well as for prostanoid receptors, in pain circuit tissue, are presented as
SFPKM (mean, n=3). (Left Side Graphs) Concentrations of prostanoid that were detected using
liquid chromatography-tandem mass spectrometry are presented as median  interquartile range

(ng/g tissue, n=4). Prostanoids were only measured in the unesterified pool.
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Figure 5: Synthesis pathways and concentrations of Arachidonic acid (AA) and
Docosahexaenoic acid (DHA) derived oxylipins. (A) Arachidonate lipoxygenase (Alox)
enzymes act on AA to generate hydroperoxy-AA derivatives (HpETES) which can be rapidly
reduced to monohydroxy-AA derivatives (HETES). Subsequent action of Alox enzymes on
HpETEs leads to the generation of leukotrienes (i.e. Leukotriene B4, LTB4) and lipoxins (not
shown). Additionally, HETEs can be oxidized to form keto-AA derivatives such as 5-oxo-
eicosatetraenoic acid (5-0xoETE). (B) Genes coding for Alox enzymes as well as other enzymes
involved in specific mediator synthesis (i.e. Leukotriene A 4 hydrolase, Ltadh) were expressed in
tissue specific profiles in pain circuit tissue (mean sFPKM). (C) Several unesterified HETEs and
HDHAs were detected in rat hind paw, but not rat dorsal horn. (D) The same enzymes that
synthesize AA derived oxylipins can act on DHA to form hydroxy- and epoxy-DHA derivatives
(HDHAs and EDPs, respectively) as well as specialized pro-resolving lipid mediators
(Resolvins, Maresins and Protectins). (C) Almost all AA and DHA derived oxylipins measured,
including epoxy-AA derivatives (EETS) that are generated by the action of cytochrome p450
enzymes on AA (pathway not shown) were present in the total lipid pool of hind paw and dorsal
horn. Baseline oxylipins concentrations are expressed as median with quartile 1 (Q1) and quartile
3 (Q73) in ng/g tissue (n=4). BLQ indicates the concentration of that oxylipin was below the limit

of detection.
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v Xylipin:
4-HDHA BLQ 65 57 15 BLQ 47.8 425 538
7-HDHA BLQ 1.7 1128 BLQ 43 3764
14-HDHA 27 2251 87 6.7 143 BLQ 209 1756 23.7
17-HDHA 42 35899 148 11.6 241 BLQ 379 203499
16(17)-EDP BLQ 91 7.2 105 BLQ 48.2 457 56,7
19(20)-EDP BLQ 10.1 79 1.7 BLQ 59.8 59.0 67.3




Journal Pre-proof

Figure 6: Intraplantar injection of carrageenan (CG) induced expression changes of genes
encoding for proteins involved in oxylipin release, synthesis, delivery signaling and
inactivation. (A) CG was injected into the plantar surface of rat hind paw and tissue was
collected at 0, 1 4, 8, 24, 48, 27 hours post injection for whole genome RNA sequencing. All
genes that were statistically significantly impacted by CG injection are presented and grouped
based on their function. (B) Phospholipases, (C) genes involved in oxylipin biosynthesis, (D)
genes involved in delivery of preformed oxylipins to pain circuit tissues, (E) genes involved in
oxylipin signaling and (F) genes involved in oxylipin esterification were all modified by CG.

Gene expression is presented as mean sSFPKM (n=3)
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Figure 7: Spatial and temporal changes in expression of lipid related genes induced by
carrageenan injection. Multi-plex in situ hybridization revealed the spatial representation of CG
induced gene expression changes. A large representative section of hind paw, at low
magnification, is presented for one rat at 0, 1, 4, 8 and 72 hours post-CG injection along with two
high magnification inserts. The heat map for each time point displays expression fold change vs.
control (determined from RNASeq experiment, Figure 4). Notably, the in situ hybridization
experiments clearly illustrate the spatial expression pattern of each gene at its highest expression
time point. Cell nuclei (blue) were counterstained using a DNA-binding dye 4’,6-diamidino-2-
phenylindole (DAPI). Scale bars in inserts are 10 um. Dashed lines in panorama images outline

the epidermis.
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Figure 8: Intradermal injection of oxylipins impacts nociception in vivo. (A) Schematic
detailing oxylipin injection experiments. Rats were observed for nocifensive behaviors (i.e.
guarding, licking, shaking) for at least 5 minutes following oxylipin injection and thermal
hyperalgesia was assessed by withdrawal from laser evoked heat stimulus. (B) Intradermal
injection, into the hind paw, of a mixture of 18 ug 9- and 22 ug 13-Hydroperoxy-octadecenoate
(9- and 13-HpODE, respectively) evoked statistically significant decreased withdrawal latency

from a laser delivered temperature ramp in the injected paw compared to the contralateral paw
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(p<0.05). This effect was not observed when only 1 HpODE was injected, 40 ug of 9-hydroxy-
octadecenoate (9-HODE) was injected or when vehicle was injected. (C) An increased dose of 9-
HpODE (200 pg) also did not evoke changes in withdraw latency in the injected paw compared
to the contralateral paw. (D) No differences in withdrawal latency between injected and
contralateral paws were observed upon intradermal injection of the above described HpODE
mixture in combination with 26 pg 16,17-EDP and 13 pg 4-HDHA. (E) Oxylipin injection did
not evoke strong nociceptive behavioral responses and total time that animals displayed
nociceptive responses was not statistically different between vehicle or any oxylipin group.
Statistical significance for thermal hyperalgesia was assessed by two-tailed, paired t-test. *
signifies that means were significantly different (p<0.05). Statistical significance for nociceptive
behavior observations was assessed by a Kruskal-Wallis test followed by Dunn’s multiple

comparison test (comparing each oxylipin group to vehicle).
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