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Endogenous Derivatives of Linoleic Acid and
their Stable Analogs Are Potential Pain
Mediators

Joshua J. Wheeler'-?, Anthony F. Domenichiello®”, Jennifer R. Jensen®*”, Gregory S. Keyes’*,
Kristen M. Maiden®*°, John M. Davis’, Christopher E. Ramsden®” and Santosh K. Mishra'"”

Psoriasis is characterized by intense pruritus, with a subset of individuals with psoriasis experiencing thermal
hypersensitivity. However, the pathophysiology of thermal hypersensitivity in psoriasis and other skin condi-
tions remains enigmatic. Linoleic acid is an omega-6 fatty acid that is concentrated in the skin, and oxidation of
linoleic acid into metabolites with multiple hydroxyl and epoxide functional groups has been shown to play a
role in skin barrier function. Previously, we identified several linoleic acid-derived mediators that were more
concentrated in psoriatic lesions, but the role of these lipids in psoriasis remains unknown. In this study, we
report that two such compounds—9,10-epoxy-13-hydroxy-octadecenoate and 9,10,13-trihydroxy-octadece-
noate—are present as free fatty acids and induce nociceptive behavior in mice but not in rats. By chemically
stabilizing 9,10-epoxy-13-hydroxy-octadecenoate and 9,10,13-trihydroxy-octadecenoate through the addition of
methyl groups, we observed pain and hypersensitization in mice. The nociceptive responses suggest an
involvement of the TRPA1 channel, whereas hypersensitive responses induced by these mediators may require
both TRPA1 and TRPV1 channels. Furthermore, we showed that 9,10,13-trihydroxy-octadecenoate-induced
calcium transients in sensory neurons are mediated through the GBy subunit of an unidentified G-protein
coupled receptor (GPCR). Overall, mechanistic insights from this study will guide the development of potential

therapeutic targets for the treatment of pain and hypersensitivity.

JID Innovations (2023);3:100177 doi:10.1016/j.xjidi.2022.100177

INTRODUCTION

Oxidized lipids (oxylipins) play important physiological roles
as esterified structural components of tissues, including the
skin (Chiba et al., 2016; Mufioz-Garcia et al., 2014; Zheng
et al., 2011). Free (unesterified) oxylipins, which tend to be
more labile and bioactive than their esterified (structural)
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counterparts, play key roles as signaling molecules that
mediate immune activation after injury (Osthues and
Sisignano, 2019; Serhan, 2007; Serhan et al., 2015; Shapiro
et al., 2016). Classically, oxylipins derived from omega-6
(n-6) arachidonic acid (e.g., prostaglandins, leukotrienes)
have been well-established for their involvement in medi-
ating inflammation and pain (Osthues et al., 2020; Shapiro
et al.,, 2016). Most recently, another class of oxylipins
derived from n-6 linoleic acid (LA) has been shown to play a
role in nociception in preclinical models (Alsalem et al.,
2013; Patwardhan et al., 2010, 2009; Ramsden et al., 2017).

Two oxidized LA metabolites, 9-hydroxyoctadecenoate
(HODE) and 13-HODE, have been shown to contribute to
nociceptive responses in preclinical models (Alsalem et al.,
2013; Osthues et al., 2020; Patwardhan et al., 2010, 2009)
and are found in significantly higher abundance in psoriatic
lesions than in healthy skin (Sorokin et al., 2018; Tyrrell et al.,
2021). Mufnoz-Garcia et al. (2014) and Takeichi et al. (2020)
identified hydroxy-epoxide and keto-epoxide derivatives of
LA as esterified lipids in the skin and proposed a structural
role for these oxylipins to maintain the integrity of the skin
water barrier. Loss-of-function sequence variants to the en-
zymes that synthesize hydroxy-epoxide and keto-epoxide
derivatives of LA, arachidonate lipoxygenases (ALOX12B
and ALOXE3) and dehydrogenases such as SDR9C7, have
been shown to cause severe impairments to skin barrier for-
mation (Takeichi et al., 2020). Tyrrell et al. also recently
showed that several LA-derived oxylipins were present,
esterified to ceramides, in the epidermis and more abundant
in the skin of patients with psoriasis than in healthy controls
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(Tyrrell et al., 2021). We observed that hydroxy-epoxide and
keto-epoxide derivatives of LA were elevated in psoriatic le-
sions and suggested that the free acid forms of these oxylipins
could potentially contribute to pain or itch (Ramsden et al.,
2017). However, the mechanisms and pathways linking
these LA derivatives to pain through cutaneous-nerve axis
remain unknown.

To address these gaps, we first quantified the amount of 13-
hydroxy-9,10-epoxy octadecenoate (9,13-EHL) and the
trihydroxy-linoleate derivative, 9,10,13-trihydroxy-octadece-
noate (9,10,13-THL), in free and total pools of skin from
humans and rats using liquid chromatography-tandem mass
spectrometry (LC-MS/MS). We further modified these
endogenous compounds through the addition of a methyl
group to specific carbons to prevent degradation. Using
multiple approaches, such as calcium imaging, mouse ge-
netics, behavior, and pharmacology, we investigated the
nociceptive response of these derivatives and the receptors
that transduce pain response. In summary, our study suggests
that free 9,10,13-THL and their analogs are potential pain
mediators in mice, which advances our understanding of
pain and hypersensitivity that could be associated with in-
flammatory skin diseases.

RESULTS

LA-derived oxylipins are present in human skin

Oxylipins are a family of oxygenated derivatives that are
formed from polyunsaturated fatty acids. LA-derived oxy-
lipins have been reported to be esterified into complex lipid
species in the skin as part of formation of the water barrier
(Figure 1a) and released by hydrolysis (Figure 1b) where they
may act as signaling molecules (Zheng et al., 2011). Using
LC-MS/MS, we identified several oxylipins as free acids in the
skin. In addition, we used alkaline hydrolysis to liberate
oxylipins esterified into complex lipids, and then using LC-
MS/MS, we estimated the total (free plus esterified) pool
concentrations for each oxylipin (Figure Th-k); 9,13-EHL
(Figure 1d) was approximately 20-40-fold (Figure Th and i)
more abundant than 9,10,13-THL (Figure Te), suggesting that
9,13-EHL could serve as a substrate for 9,10,13-THL syn-
thesis (Figure 1c). Oxylipins were up to 10-fold more abun-
dant in the total pool than in the free pool, indicating that
skin has the potential to store and release large amounts of
oxylipins as free acids for signaling (Figure Th—j). Notably, in
the free fatty acid pool, oxylipins derived from LA were at
least two-fold more abundant than the classic pain mediator,
prostaglandin E; (PGEy) (Figure Tk). These LC-MS/MS mea-
surements in human skin suggest that LA-derived oxylipins
are well-situated to play a role in signaling in the skin.

Concentrations of 9,13-EHL and 9,10,13-THL are modified

by inflammation

To assess the impact of inflammatory insult on oxylipin
concentrations in the skin, rats were injected intradermally
with complete Freund’s adjuvant (CFA). Consistent with
previous reports, pronounced swelling was observed
(Fehrenbacher et al., 2012); however, we did not observe
changes in nociceptive behavior that were statistically sig-
nificant from that of the control (Figure 2a—-c). CFA injection
evoked decreases in concentrations of LA-derived oxylipins
and increases in PGE, concentration (Figure 2d-g),
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consistent with gene expression studies that showed that
genes encoding enzymes capable of PGE, synthesis were
induced by inflammation, whereas Alox72b and Aloxe3 were
not (Domenichiello et al., 2021). Previously, it was reported
that the requisite enzymes for synthesizing LA-derived oxy-
lipins were unaffected by inflammation; however, the
expression of several phospholipases increased in response to
inflammation (Nevalainen et al., 2000). Because inflamma-
tion evoked significant edema in tissues and because
inflammation has been shown to induce the expression of
phospholipases, which release esterified oxylipins into the
free fatty acid pool, we calculated the proportion of each LA-
derived oxylipin in the free fatty acid pool, thus correcting for
increased tissue volume of edema. With this correction, we
found that the proportions of 9,10,13-THL and 9-HODE in
the free lipid pool were increased by CFA injection
(Figure 2h). These results are consistent with previous reports
in rats where inflammation evoked increased gene expression
of phospholipase- and prostaglandin synthase—encoding
transcripts (Domenichiello et al., 2021).

In vitro activation of sensory neurons by 9,13-EHL, 9,10,13-
THL, and their stable analogs

To investigate whether 9,13-EHL, 9,10,13-THL (natural
compounds), their stable analogs, and putative pharmaco-
phores evoke calcium influx in sensory neurons, we used
Fura-2AM-based calcium imaging to primary cultured dorsal
root ganglia (DRG) neurons. The quantification of neurons
responding to oxylipins is shown in Figure 3a. We used 1 uM
of both natural and stable analogs on the basis of 9,10,13
THL's dose-response curve (Figure 3b). We found that
approximately 7.0 £+ 3.1% of neurons were activated in
response to 9,13-EHL and that around 8.0 £ 6.2% of neurons
responded to 9,10,13-THL. In addition, we tested the meth-
ylated analogs (Table 1 for specific modifications and prep-
arations) of these natural compounds on DRG sensory
neurons (Keyes et al., 2021). These analogs were developed
to provide stability by preventing oxylipins from further
esterification and dehydrogenation, which in turn induce
signal efficiently and effectively. As predicted, we found that
8.0 £+ 6.2% of neurons responded to methylated stable ana-
logs of 9,13-EHL (2,2, methyl-9,13-EHL), 13 £ 3.8% of
neurons responded to 13-methyl, 9,10-epoxy octadecenoate,
23.8 + 6.8% of neurons activated to 2,2,13-methyl-9,10-
epoxy octadecenoate. In addition, 8.5 + 6.3% of neurons
reacted to 2-hydroxy-5,6-epoxy-hept-3(E)-ene, the proposed
active pharmacophore of 9,13-EHL. Similarly, we found that
neurons responded to methylated stable analogs of 9,10,13-
THL: 5.4 £ 5.6% of neurons responded to 2,2-methyl-
9,10,13-hydroxy octadecenoate, and 6.6 &+ 4.5% of neurons
exposed to 2,2,13-methyl-9,10,13-hydroxy octadecenoate.
Finally, 7.7 + 0.7% of neurons were exposed to
2,5,6-trihdroxy-hept-3(E)-ene, the proposed active pharma-
cophore of 9,10,13-THL. The percentages of neurons
responding to these oxylipins and oxylipin analogs are in line
with known inflammatory mediators, such as 9-HODE (12.7
+ 4.2% of DRG neurons) and PGE, (13.1 4 3.8% of neurons)
as shown (Figure 3a). Collectively, these data indicate that
both natural compounds and their stable analogs activate
sensory neurons.
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Figure 1. LA metabolites are found in both the free and total pools of fatty acids in human skin. A box represents the schematic depiction of (a) LA or oxylipins
(i.e., 9,13-EHL and 9,10,13-THL) derived from LA, which are esterified into lipid membranes. (b) Hydrolysis by enzymes such as phospholipases can release
esterified oxylipins as free acids from the membrane where they can bind to receptors or participate in molecular processes. (c) Epoxide hydrolysis in a low pH
environment or by epoxide hydrolases can convert 9,13-EHL to 9,10,13-THL. (d, e) Free acid oxylipins can be esterified into the phospholipid bilayer.

(f) Proposed active sites (i.e., pharmacophores) of oxylipins are highlighted. (g) Stable analogs of 9,13-EHL and 9,10,13-THL can be synthesized to prevent
esterification and/or prevent degradation of the pharmacophore. Concentrations of oxylipins measured (h) 9,13-EHL, (i) 9,10,13-THL, (j) 9-HODE, and (k) PGE,
in human skin. Data in panels h—k are presented as mean + SD; no statistical tests were run on these data. Each data point corresponds to one biological
replicate. n = 3. 9,10,13-THL, 9,10,13-trihydroxy-octadecenoate; 9,13-EHL, 13-hydroxy-9,10-epoxy octadecenoate; HODE, hydroxyoctadecenoate; LA,
linoleic acid; PGE,, prostaglandin E;.
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Figure 2. Effect of inflammation on oxylipin concentrations in skin. Rats were injected (n = 24 per group) with CFA, a common, experimental inflammatory
stimulus or PBS, intradermally. Behavioral responses as indicated were measured: (a) ipsilateral wiping, (b) bilateral wiping, and (c) scratching of the injection
site (n = 24, 18, 10 per group 4 hours, 1 day, and 4 days after injection, respectively). The abundance of mediators as indicated in CFA-induced inflammation
was compared with PBS injection, (d) 9-HODE (**P < 0.0001 for 4 hours after CFA and 1 day after CFA), (e) PGE, (**P = 0.0006 for 1 day after CFA and **P <
0.0001 for 4 days after CFA), (f) 9,13-EHL (***P < 0.0001 for 4 hours after CFA and 1 day after CFA), and (g) 9,10,13-THL (*P = 0.048 for 4 hours after CFA).
(h) The proportion of 9-HODE (*P = 0.0220 for 1 day after CFA), 9,13-EHL, and 9,10,13-THL (*P = 0.0184 for 4 days after CFA) present in the skin as free acid
was measured 4 days and 1 day after CFA injection compared with that after PBS. Data are presented as mean =+ SD. In panels a—c, no significant differences
were found as determined by one-way ANOVA with a Holm-Sid&k correction for multiple comparisons. Significance in panels d—h was determined using a two-
way ANOVA with a Holm-Sidék correction for multiple comparisons. Each data point refers to one biological replicate; n > 6. 9,10,13-THL, 9,10,13-trihydroxy-
octadecenoate; 9,13-EHL, 13-hydroxy-9,10-epoxy octadecenoate; CFA, complete Freund’s adjuvant; HODE, hydroxyoctadecenoate; PGE,, prostaglandin E;.
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Figure 3. Sensory neuron activation/inhibition using calcium imaging. (a) Quantification of calcium imaging responses in primary culture DRG sensory neurons
to the vehicle (1% ethanol in 1X PBS [v/v]); 9-HODE; PGE,; 9,13EHL; 9,10,13THL; stable analogs of 9,13EHL and 9,10,13THL and their small molecule
pharmacophores. All compounds were tested at a concentration of 1 pM and normalized to 100 mM KCI responses unless noted. (b) Dose-response curve of
the endogenous mediator 9,10,13-THL; each dot represents a single coverslip. n = 2. (c) DRG neurons preincubated with vehicle or gallein (100 pM) exposed to
9,10,13-THL and capsaicin (*P = 0.0339) as determined by a two-tailed paired Student’s t-test. (d) DRG neurons preincubated with vehicle or PTX (1 ng/ml) and
exposed to 9,10,13-THL and capsaicin; ns based on a two-tailed paired Student’s t-test. (e) Neurons responding to 9,10,13-THL, AITC (100 pM), and capsaicin
in WT, Trpa1-KO, and Trpv1-KO mice by measuring calcium transients. Significance was determined using two-way ANOVA with a Holm-Sidak correction for
multiple comparisons. For 9,10,13-THL, **P = 0.0311 (WT vs. Trpal KO) and **P = 0.002 (WT vs. Trpv1 KO). For AITC, ***P = 0.001 (WT vs. TRPA1 KO). For
capsaicin, ****P < 0.0001 (WT vs. Trpv1 KO). All data are presented as mean + SD. Each data point represents an average of coverslips/mouse; n > 3.9,10,13-
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Table 1. Structure, Names, and In-Text Abbreviations for the Compounds Used in this Work

Abbreviated Name Seen in Text

Structure Chemical Name and Figures Preparation
o) 9,10-trans-epoxy-13-hydroxy-ocatdecenoic 9,13-EHL Cayman Chemical
acid
OH
(6}
OH
o) 2,2-dimethyl-9,10-trans-epoxy-13-hydroxy- 2,2M-9,13-EHL In house
ocatdecenoic acid
OH
O
OH
o) 9,10-trans-epoxy-13-hydroxy-13-methyl- 13M-9,13-EHL In house
octadecenoic acid
OH
(6}
OH
o) 2,2,13-trimethyl-9,10-trans-epoxy-13- 2,2,13M-9,13-EHL In house
hydroxy-octadecenoic acid
OH
(6}
OH
o 9,10,13-trihydroxy-octadecenoic acid 9,10,13-THL Cayman Chemical
HO OH
OH OH
fo) 2,2-dimethyl-9,10,13-trihydroxy- 2,2M-9,10,13-THL In house
octadeceonic acid
HO OH
OH OH
(continued)
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Abbreviated Name Seen in Text

Structure Chemical Name and Figures Preparation
o 9,10,13-trihydroxy-13-methyl-octadecenoic 13M-9,10,13-THL In house
acid
HO, OH
OH OH
o) 2,2,13-trimethyl-9,10,13-trihydroxy- 2,2,13M-9,10,13-THL In house
octadeceonic acid
HO, OH
OH OH
2-hydroxy-5,6-epoxy-hept-3(E)-ene 2-hydroxy-5,6-epoxy-hept-3(E)-ene In house
2,5,6-trihydroxy-hept-3(E)-ene 2,5,6-trihydroxy-hept-3(E)-ene In house

Z
\<l\/\(
OH
OH
\H\/\(
OH OH

Abbreviations: 13M-9,13-EHL, 13-methyl, 9,10-epoxy octadecenoate; 2,2,13M-9,10,13-THL, 2,2,13-methyl-9,10,13-hydroxy octadecenoate; 2,2M-
9,10,13-THL, 2,2-methyl-9,10,13-hydroxy octadecenoate; 2,2M-9,13-EHL, 2,2, methyl-13-hydroxy-9,10-epoxy octadecenoate; 2,2,13M-9,13-EHL, 2,2,13-
methyl-9,10-epoxy octadecenoate; 9,10,13-THL, 9,10,13-trihydroxy-octadecenoate; 9,13-EHL, 13-hydroxy-9,10-epoxy octadecenoate.

In an effort to understand which type of receptor—either
ion channels or GPCRs—to which 9,10,13-THL binds, we
used gallein, which inhibits the dissociation of the Ggy sub-
units of GPCRs, and pertussis toxin, which inhibits the
functions of the G, subunits of GPCRs, to determine which
pathway 9,10,13-THL uses to evoke calcium transients. We
used GPCR subunit inhibitors because other nociceptive fatty
acid metabolites have been reported to work through GPCRs
(Batshake et al., 1995; Foord et al., 1996; Healy et al., 2018;
Lin et al., 2006; Meyer et al., 1997; Minami et al., 2001;
Nagahisa and Okumura, 2017; Nemoto et al., 1997). Our
results indicate that 9,10,13-THL binds to a yet unknown
GPCR that causes nociceptive responses through intracellular
Ggy pathways but not through pertussis toxin—mediated G,
pathways (Figure 3c and d, P = 0.0339 determined by a two-
tailed paired Student’s t-test). Next, we examined whether
these lipid mediators activate transient receptor potential
(TRP) channels acting downstream of these GPCR as reported
earlier for other lipid mediators. Similar to other lipid medi-
ators, we found a significant decrease in the percentage of
neurons responding to 9,10,13-THL in TRPAT (P = 0.0009)
and Trpvi-knockout (KO) mice (P = 0.0026). We found the

expected decreases in the percentage of neurons responding
to allyl isothiocyanate in Trpal-KO mice and capsaicin in
Trpv1-KO mice (Figure 3e); a two-way ANOVA was used to
determine the significant difference. Overall, our result sug-
gests that 9,10,13-THL mediates its effects by first binding to
a GPCR, leading to activation of its Gg, subunit, which then
leads to subsequent activation of TRPAT and/or TRPV1.

Bioactive lipids and their analogs induced acute nociceptive
responses in mice

Because these compounds are found in higher abundance in
patients with psoriasis and can induce calcium influx into
DRG sensory neurons (Ramsden et al., 2017), we next
examined whether injecting these compounds in mice
(intradermally) could induce pain or itch behavior. In this
study, we used the cheek model that could differentiate be-
tween pain and itch behavior (Shimada and LaMotte, 2008).
We quantified the wipe response to PGE,, 9-HODE, 9,13-
EHL, or 9,10,13-THL or their stable analogs (100 pg/20 pl
intradermally for all) (Ramsden et al., 2017) for an initial
5 minutes and over a total of 30 minutes. During the first
5 minutes, we found a significant increase in the number of
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wiping bouts for 9,10,13-THL (P = 0.0008), 2,2, methyl-
9,13-EHL (P = 0.0155), 13-methyl, 9,10-epoxy octadece-
noate (P = 0.0007), 2.2,13M-9,13-EHL (P < 0.0001), and
2,5,6-trihydroxy-hept-3(E)-ene (P = 0.0037) compared with
those of the vehicle injection (Figure 4a); the Kruskal-Wallis
test with Dunn’s test for multiple comparisons was used to
determine significance. The remaining compounds did not
induce significantly different numbers of wiping bouts
compared with the vehicles. In contrast, we observed a sig-
nificant increase in the number of wiping bouts, compared
with that of the control, for all compounds except for 9,13-
EHL (Figure 4b) for a 30-minute duration. There was no sig-
nificant difference seen when comparing the wiping bouts
between 9,10,13-THL and PGE,, 9-HODE, and the stabilized
analogs of 9,13-EHL and 9,10,13-THL. We further compared
9,13-EHL and 9,10,13-THL with 9HODE, PGE2, and their
respective stable analogs to see whether there are significant
differences (Table 2). Interestingly, we found that most of the
13-EHL synthetic analogs are still causing pain in mice.
Scratching bouts of ipsilaterally directed cheek behavior were
not significantly different from those of vehicle injection
(Figure 4c); the Kruskal-Wallis test with Dunn’s test for
multiple comparisons was used to determine significance.

We next performed intraplantar injections of vehicle,
PGE,, 9-HODE, and 9,10,13-THL to examine whether these
compounds evoke pain responses mediated through the
DRG. From this point on, we chose to focus on 9,10,13-THL
because of the two natural ligands (the other being 9,13-
EHL); 9,10,13-THL produced significantly more wiping re-
sponses in the cheek assay. We found that all the three
oxylipins induced significantly higher nociceptive (biting/
licking, flinching, guarding, and lifting) responses than the
vehicle (Figure 4d): PGE, (P = 0.0011), 9-HODE (P =
0.0006), and 9,10,13-THL (P = 0.0002). Surprisingly, in rats,
none of the oxylipins evoked a nociceptive response
(Figure 5a-d). To identify the TRP channels by which
9,10,13-THL causes pain, we performed the cheek assay in
Trpvl and Trpal-KO mice and scored their behavior over
30 minutes (Figure 4e). We found a significant decrease in
the number of ipsilateral cheek wipes in Trpal-KO (P <
0.0001) and Trpvi-KO (P = 0.0015) mice compared with
those in the controls. The number of ipsilaterally directed
cheek wipes in the Trpal-KO mice was not significantly
different from that of vehicle-injected mice. There was also a
significant increase in the number of ipsilateral cheek wipes
in the Trpv1-KO mice compared with that in the Trpal-KO
mice (P = 0.0005); the Kruskal-Wallis test with Dunn’s test
for multiple comparisons was used to determine significance
(Figure 4d-f). We found that a majority of the cheek wipes
occurred during the first 5 minutes after injection (Figure 4f,
time kinetics) and that loss of TRPA1 and TRPV1 resulted in a
significant decrease in the number of cheek wipes during this
first 5-minute period.

TRPA1 and TRPV1 are required for 9,10,13-THL-induced
thermal sensitization

Because 9,10,13-THL is capable of inducing acute nocicep-
tive behaviors, we further examined whether 9,10,13-THL
can induce thermal (hot and cold) or mechanical hypersen-
sitivity. For heat hypersensitivity, we found that after
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intraplantar injection of 9,10,13-THL, wild-type mice
showed significantly faster withdrawal times (P = 0.0007)
when placed on a +50 °C hot plate than vehicle-injected
mice (Figure 6a). This response was lost when comparing
vehicle- and 9,10,13-THL-injected Trpa1-KO mice, further
validating our acute behavior in which wiping responses are
diminished in Trpal-KO mice. As expected, we found no
difference in behavior response between vehicle- and
9,10,13-THL-injected Trpv1-KO mice. Furthermore, we did
not find any significant differences in withdrawal latency in
Trpal/V1 double-KO mice.

To test cold hypersensitivity, we used a 5 °C cold plate
(Figure 6b) and the dry ice test (Brenner et al., 2012)
(Figure 6¢). For the dry ice test, we did not find a significant
difference between vehicle-injected and 9,10,13-THL-
injected wild-type littermates and their KO littermates (Trpal-
KO, Trpvi-KO or Trpal/V1 double-KO mice). However, we
did see a significant difference in withdrawal latency be-
tween the wild-type mice injected with 9,10,13-THL and
vehicle on the 5 °C cold plate (P = 0.0357). This difference in
withdrawal latency was not seen when comparing the
vehicle- with 9,10,13-THL-injected Trpa1-KO, Trpvi-KO, or
Trpa1/V1 double-KO mice (Figure 6b). We found no signifi-
cant differences in any groups either injected with vehicle or
with 9,10,13-THL (Figure 6d) for mechanical sensitivity. A
Mann-Whitney U test was used when comparing within
strains. A two-way ANOVA with the Holm-Sidak correction
for multiple comparisons was used when testing for signifi-
cance between strains and treatments.

DISCUSSION

Thermal and mechanical sensitivity have been reported in
psoriatic skin lesions of individuals to which specific
endogenous mediators and mechanisms are unknown. In this
study, we (i) characterized the abundance and regional lo-
calizations of 9,13-EHL and 9,10,13-THL in human and rat
skin, (ii) investigated the activities of these endogenous lipids
as well as methylated stable analogs and their putative
pharmacophores in sensitizing DRG neurons and eliciting
pain-related behaviors, and (iii) found that the 9,10,13-THL-
mediated effect is GPCRpy dependent. The reduction in
thermal sensitivity using Trpal/Trpv1-KO mice suggests that
these channels are acting downstream of this GPCR. Col-
lective findings confirm that 9,13-EHL and 9,10,13-THL are
present as free and esterified skin lipids and introduce free
9,10,13-THL as an endogenous lipid autacoid that could play
a role in mediating acute pain responses in mice.

Structure—function relationships and metabolism of 9,13-

EHL and 9,10,13-THL

The effects of 9,10,13-THL and related compounds in mice
had a rapid onset and short duration, with >80% effects
observed in the first 5 minutes. These acute/hyperacute pain-
related responses observed in mice suggest that free acid
oxylipins are labile and are rapidly inactivated in in vivo
conditions. Two possible mechanisms for rapid inactivation
include acylation and esterification back into lipid mem-
branes and dehydrogenase-induced conversion of the hy-
droxyl to ketone moieties. These hypothetical mechanisms
could also explain why 9,13-EHL produces little-to-no
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Figure 4. Nociceptive responses to oxylipins in control and KO mice. The cheek wipes were measured in the first (a) 5 minutes and (b) 30 minutes. Significance
was determined using the Kruskal-Wallis test with Dunn’s test for multiple comparisons: 9,13-EHL versus vehicle, 9-HODE, and 2-hydroxy-5,6-epoxy-hept-3-
(E)-ene is not significant; other P-values when compared with 9,13-EHL are as follows: versus PGE, **P = 0.059, versus 2,2M-9,13-EHL *P = 0.0230, versus
13M-9,13-EHL **P = 0.0023, versus 2,2,13M-9,13-EHL *P = 0.023, and versus 9,10,13-THL *P = 0.0282. The same statistical tests were used to compare
9,10,13-THL with vehicle **P = 0.0033, with 9-HODE (not significant), versus PGE, (not significant), versus 2,2M-9,10,13-THL *P = 0.0282, versus 2,2,13M-
9,10,13-THL (not significant), and versus 2,5,6-trihydroxy-hept-3-(E)-ene (not significant). (c) quantification of ipsilaterally directed cheek scratching bouts after
injection of vehicle (1% ethanol in 1X PBS [v/v]) and various mediators (100 pg/20 ul i.d.). No significant differences were found in the number of ipsilaterally
cheek-directed scratching bouts using the same Kruskal-Wallis test with Dunn’s correction for multiple comparisons. (d) Total time spent on paw-directed
nociceptive behavior response after intraplantar injection of over 5 minutes. The significance was determined using a Kruskal-Wallis test with a Dunn’s test for
multiple comparisons: vehicle versus 9-HODE **P = 0.0090, vehicle versus PGE, **P = 0.0013, and vehicle versus 9,10,13-THL **P = 0.0029. e) The total
number of wipes quantified after vehicle or 100 pg/20 pl 9,10,13-THL (i.d.) in WT, Trpa1-KO, and Trpv1-KO mice. Significance was determined using a one-way
ANOVA with the Holm-Sidék correction for multiple comparisons: vehicle versus Trpa1-KO (not significant), vehicle versus Trpv1 KO ***P = 0.0004, vehicle
versus WT ***¥P < 0.0001, Trpal KO versus Trpv1 KO ****P < 0.0001, Trpal KO versus WT ***P = 0.0007, and Trpv1 KO versus WT ***P = 0.0007. (f) Time
kinetics of behavior of 9,10,13-THL after injection in 5-minute intervals. Significance was determined using the same parameters as panel e: for the 5-minute
bin, no significant differences were found between the number of ipsilaterally cheek-directed wipes in the vehicle-treated mice and the Trpa1-KO mice treated
with 9,10,13-THL. Similarly, no significant differences were found between the 9,10,13-THL-treated Trpa1-KO and 9,10,13-THL—-treated Trpv1-KO mice. The
other significance values are as follows: vehicle versus WT **P = 0.0040, vehicle versus Trpv1 KO *P = 0.0104, WT versus Trpal KO **P = 0.0035, and WT
versus Trpvl KO *P = 0.0104. Data are presented as mean =+ SD, and each data point in panels a—e corresponds to one biological replicate. n > 5. 13M-9,13-
EHL, 13-methyl, 9,10-epoxy octadecenoate; 2,2,13M-9,10,13-THL, 2,2,13-methyl-9,10,13-hydroxy octadecenoate; 2,2M-9,10,13-THL, 2,2-methyl-9,10,13-
hydroxy octadecenoate; 2,2M-9,13-EHL, 2,2, methyl-13-hydroxy-9,10-epoxy octadecenoate; 2,2,13M-9,13-EHL, 2,2,13-methyl-9,10-epoxy octadecenoate;
9,10,13-THL, 9,10,13-trihydroxy-octadecenoate; 9,13-EHL, 13-hydroxy-9,10-epoxy octadecenoate; HODE, hydroxyoctadecenoate; i.d., intradermally; KO,
knockout; min, minute; ns, not significant; PGE,, prostaglandin Ey; WT, wild type.
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Table 2. Calculated P-Values for Specific
Comparisons Related to Figure 4b

Compound Compared Against P-Value
9,13-EHL Vehicle Not significant
9-HODE Not significant
PGE, 0.0059
2,2M-9,13-EHL 0.0230
13M-9,13-EHL 0.0023
2,2,13M-9,13-EHL 0.0230
9,10,13-THL 0.282
2-hydroxy-5,6-epoxy-hept-3(E)-ene Not significant
9,10,13-THL Vehicle 0.0033
9-HODE Not significant
PGE, Not Significant

2,2M-9,10,13-THL
2,2,13M-9,10,13-THL
2,5,6-trihydroxy-hept-3(E)-ene

0.0282
Not Significant
Not Significant

Abbreviations: 13M-9,13-EHL, 13-methyl, 9,10-epoxy octadecenoate;
2,2,13M-9,10,13-THL, 2,2,13-methyl-9,10,13-hydroxy octadecenoate;
2,2M-9,10,13-THL, 2,2-methyl-9,10,13-hydroxy octadecenoate; 2,2M-
9,13-EHL, 2,2, methyl-13-hydroxy-9,10-epoxy octadecenoate; 2,2,13M-
9,13-EHL, 2,2,13-methyl-9,10-epoxy octadecenoate; 9,10,13-THL,
9,10,13-trihydroxy-octadecenoate; 9,13-EHL, 13-hydroxy-9,10-epoxy
octadecenoate; HODE, hydroxyoctadecenoate; PGE,, prostaglandin E,.

Significance was determined using the Kruskal-Wallis test with an
uncorrected Dunn’s test for multiple comparisons. The Kruskal-Wallis
test was selected because of the nonparametric nature of the behavioral
results.

behavior response despite activating a similar number of
neurons as 9,10,13-THL in the calcium imaging assay. These
inactivation pathways are not present ex vivo in the calcium
imaging setup but are present in vivo in the cheek assay.

To determine why 9,10,13-THL induced significantly more
cheek wipes than 9,13-EHL, we used a targeted synthetic
chemistry approach using free 9,13-EHL and 9,10,13-THL as
bio templates for designing three classes of stable analogs:
(i) addition of 2,2-dimethyl moiety to prevent reacylation/
esterification, effectively trapping lipids in the free acid pool;
(i) methyl addition to block dehydrogenation of the hydroxyl
moiety, or (iii) both (Keyes et al., 2021). Our in vitro calcium
imaging and behavior assay results show that analogs
generally maintained activities of free acids and that several
of the stable analogs induced more robust behavior responses
than the unmodified free acid counterpart. There were no
observed differences in bioactivity between 9,10,13-THL and
its stable analogs. We proposed two different possibilities to
account for these findings. First, free 9,13-EHL is rapidly
inactivated through either dehydrogenation and/or re-
esterification into a lipid membrane. This hypothesis is sup-
ported by the significant increase in behavior response of the
methylated derivates. A second possibility is that 9,13-EHL
may be converted into 9,10,13-THL, which then mediates a
nociceptive response.

These LA derivates have similar functional group place-
ments as two arachidonic acid derivates: hepoxilin B3, which
also contains an epoxy and hydroxy moiety (Pace-Asciak and
Martin, 1984), and its trihydroxy derivative, referred to as
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trioxilin B. Similar to LA derivatives in this study, these
compounds are produced in the epidermis (Anton and Vila,
2000) and are found in psoriatic lesions (Anton et al.,
2002, 1998). Furthermore, these compounds are also incor-
porated into the phospholipid membrane in cells within
psoriatic lesions. Unlike these LA derivatives, hepoxilin B3
has only been shown to potentiate algesic responses when
produced in the spinal cord (Gregus et al., 2012; Tardif et al.,
2011). Because hepoxilin B3 is unstable and is quickly
transformed into its trihydroxy derivative, it seems likely that
9,13-EHL is hydrolyzed into 9,10,13-THL, its trihydroxy de-
rivative through a similar pathway. More research is needed
to determine whether 9,10,13-THL is produced through the
same pathway as trioxilin B3 owing to their similarity in
functional groups.

Our in vitro calcium imaging and behavioral findings
indicate that 9,10,13-THL is the more active metabolite in
this family than 9,13-EHL. Mammalian epoxide hydrolase is
an enzyme in the skin that is capable of converting 9,13-EHL
into 9,10,13-THL, which may generate sufficient amounts of
9,10,13-THL to induce the biological activity in conferring
pain (O’'Neill et al., 1981). Our observations are further
supported by results from 2,2, methyl-9,13-EHL; 13-methyl,
9,10-epoxy octadecenoate; and 2,2,13-methyl-9,10-epoxy
octadecenoate, which indicate that 9,13-EHL alone is
quickly taken out of the free pool because modifying 9,13-
EHL was required to induce behavioral responses similar to
those of 9,10,13-THL after injection. Future experiments are
needed to identify the expression and functional activities of
epoxide hydrolase in normal and psoriatic skin.

Free 9,10,13-THL as an autacoid mediator of pain and
hypersensitivity responses

We observed that LA-derived oxylipins were most concen-
trated as esterified lipids, consistent with their proposed
structural role in the skin (Chiba et al., 2016; Tyrrell et al.,
2021). However, bioactive oxylipins are classically ascribed
to free acids, and we observed an increased proportion of
9,10,13-THL as free acid in the skin after CFA injection.
Previously, we observed that 9,13-EHL is elevated in the free
pool of human psoriatic skin lesions and that free 9,13-EHL
evokes calcitonin gene-related peptide release only in a
low pH environment (Ramsden et al., 2017). Therefore, we
reasoned that an acid-derived trihydroxy derivative of LA
rather than 9,13-EHL itself may be responsible for the
observed sensitization to calcitonin gene-related peptide
release. Consistent with this hypothesis, cheek injection of
free 9,10,13-THL but not of 9,13-EHL in mice evoked acute
nociceptive but not pruritic behaviors. Interestingly, the effect
of 9,10,13-THL on spontaneous nociceptive behavior was
not significantly different from that of PGE,, a classic
oxidized lipid mediator of pain (Kawabata, 2011; Yaksh et al.,
1999) and 9-HODE, a known LA-derived pain mediator
(Alsalem et al., 2013; Patwardhan et al., 2010, 2009).
Furthermore, injection of 9,10,13-THL into the mouse hind
paw evoked a similar number of spontaneous nociceptive
behaviors as for PGE, and 9-HODE. Together, these findings
suggest that preformed 9,13-EHL and 9,10,13-THL act
as structural lipids in membranes but may be released by
lipases, forming free acids that contribute to acute pain
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responses by activating sensory neurons after injury or
inflammation. However, caution should be taken in inter-
preting these cheek assay results because we were unable to
find the nociceptive behavioral effects in rats compared with
our mice data, even using concentrations of PGE, roughly
three times the concentration that has been reported to show
a change in behavior sensitization (Domenichiello et al.,
2017). In addition, we found that injection of CFA did not
induce a significant number of ipsilateral cheek-directed
wipes in rats compared with that of the vehicle. The report
from Klein et al. (2011) showed that the number of capsaicin-
induced cheek wipes is fewer than seen in mice (Shimada
and LaMotte, 2008). All these results suggest that there is a
species-specific  difference for oxylipin-induced facial
nociception.

Identifying 9,10,13-THL ex vivo as a potential oxylipin
involved in pain allowed us to focus on in vivo efforts to
interrogate the molecular mechanisms through which oxy-
lipins impact nociceptive responses. We showed that
9,10,13-THL induced spontaneous nociceptive behavior
through the activation of the TRPAT channel. Interestingly,
TRPAT has been shown to mediate their responses to other
lipid autocoids, including prostaglandins and cysteine-
modifying agents (Andersson et al.,, 2008; Cruz-Orengo
et al., 2008; Gregus et al., 2012; Materazzi et al., 2008;
Motter and Ahern, 2012; Sisignano et al., 2012; Taylor-Clark

et al., 2009, 2008a, 2008b; Trevisani et al., 2007). Moreover,
9,10,13-THL appeared to evoke hypersensitivity to noxious
heat and noxious cold through a TRPA1-dependent mecha-
nism. However, it is unlikely that 9,10,13-THL signals
directly through TRPAT because its effect was blocked by the
Ggy inhibitor, gallein, making it likely that 9,10,13-THL af-
fects pain through GPCR activation, which intracellularly
activates TRPAT.

We found that 9,10,13-THL induces hypersensitive re-
sponses to noxious heat and cold temperatures. TRPAT me-
diates noxious cold (del Camino et al., 2010; Domenichiello
et al.,, 2017; Karashima et al., 2009; Kwan et al., 2006;
Obata et al., 2005), and TRPV1 mediates noxious heat
(Caterina et al., 1997). Interestingly, our results indicate that
9,10,13-THL requires both TRPA1 and TRPV1 for sensitiza-
tion possibly through the formation of heteromeric com-
plexes that have been shown previously to play a role in pain
hypersensitivity (Caterina et al., 1997; Fischer et al., 2014;
Patil et al., 2020; Salas et al., 2009; Staruschenko et al., 2010;
Weng et al., 2015). This hypothesis is supported by the
following evidence: (i) 9,10,13-THL behavior and calcium
imaging responses are lost in Trpal- but not in Trpv1-KO
mice and (ii) 9,10,13-THL hypersensitivity to noxious heat is
lost in Trpa7-KO mice, even though these mice have intact
TRPV1. Furthermore, we found sensitivity to noxious cold
temperatures that was lost in both Trpal- and Trpvi-KO
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Figure 6. Peripheral sensitization induced by 9,10,13-THL in normal and knockout mice. (a) Changes in withdrawal latency on hot plate after 5-minute
incubation of intraplantar injection of 9,10,13-THL (327 puM in 10 pl). For WT vehicle versus WT 9,10,13-THL, **P = 0.0047; for WT 9,10,13-THL versus
everything else, ****P < 0.0001. (b) Changes in withdrawal latency on cold plate after 5-minute incubation of intraplantar injection of 9,10,13-THL (327 pM in
10 pl). For WT vehicle versus WT 9,10,13-THL, *P = 0.0498; for WT 9,10,13-THL versus everything else, ****P < 0.0001. (c) Changes in withdrawal force in
the mechanical assay after 5-minute incubation of intraplantar injection of 9,10,13-THL (327 uM in 10 pl). No significant differences were found within groups
when comparing treatment (vehicle vs. 9,10,13-THL) or between strains. (d) Changes in withdrawal latency in the dry ice assay after 5 minutes of incubation of
intraplantar injection of 9,10,13-THL (327 pM in 10 pl). No significant differences were found within groups when comparing treatment (vehicle vs. 9,10,13-
THL) or between strains. Data are presented as mean £ SD, and each data point corresponds with a single biological replicate; n > 6. Significance was
determined by comparing vehicle-injected with 9,10,13-THL~-injected behavior responses within each genotype. Significance was determined using a Mann-
Whitney U test when comparing within strains. A two-way ANOVA with the Holm-Sidak correction for multiple comparisons was used when testing for
significance between strains and treatments. 9,10,13-THL, 9,10,13-trihydroxy-octadecenoate; ns, not significant; WT, wild type.
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mice, despite Trpv1-KO mice having functional TRPAT. This
result was unexpected and adds to our hypothesis that
9,10,13-THL sensitizes noxious thermal responses using both
TRPAT and TRPV1 acting downstream of GPCR activation.
The overall pattern seen in our results is similar to what has
been shown as the mechanism behind bradykinin and PGE,’s
ability to cause hypersensitivity to noxious heat (Patil et al.,
2020), even though these compounds require TRPAT for
acute nociceptive behavior (Kwan et al., 2006; Materazzi
et al., 2008) and calcium influx (Bandell et al., 2004;
Taylor-Clark et al., 2008b). Several questions arise from our
study that need to be determined in the future: (i) identifi-
cation of GPCR acting upstream of TRP channels and (ii)
intracellular mechanism that regulates the TRP channels ac-
tivity that helps to facilitate these acute pain behavior and
hypersensitization.

Approximately 73% of patients with psoriasis experience
burning/heat discomfort in their psoriasis plaques (Patruno
et al., 2015), and approximately 15% of patients with psori-
asis have uncomfortable cold sensation in their plaques
(Patruno et al., 2015). In both instances, these sensations are
reported to be independent of an external stimulus. On the
basis of our results in this study, we hypothesize that these hot
and cold sensations could potentially be due to the release of
9,10,13-THL from lipid membranes. These hot/burning/cold
sensations were not rated highly using the pain qualities
assessment scale (Patruno et al., 2015). Although these sen-
sations might not be noxiously painful, they are known to
contribute to significant changes in sleep, mood, work ability,
and interpersonal relationships experienced by patients with
psoriasis (Ljosaa et al., 2010). Therefore, understanding the
underlying mechanisms leading to these sensations is
worthwhile for improving the QOL in people with psoriasis
and should be addressed in future work.

Our results with gallein and pertussis toxin indicate that
9,10,13-THL activates TRPAT intracellularly through a
GPCR’s Ggy subunits but not through the G, subunit. Biased
activation of downstream effects from GPCR-ligand in-
teractions has been reported (Bologna et al., 2017; Ljosaa
et al., 2010; Onfroy et al., 2017; Rankovic et al., 2016);
therefore, 9,10,13-THL preferentially activating sensory
neurons through Ggy_mediated processes is not improbable.
DRG neurons do express relatively high levels of the G,
GPCR subunit (Kelleher et al., 1998), which is pertussis toxin
insensitive (Ho and Wong, 2001, 1998) and has higher
mRNA expression in TRPVI-lineage neurons (Goswami
et al., 2014) and in several nociceptive DRG neuron sub-
populations (Usoskin et al., 2015), including DRG sensory
neurons expressing TRPAT. Overall, our results indicate that
9,10,13-THL requires dissociation of the Gg, subunits and
does not use pertussis toxin-sensitive G, subunits. Future
work is needed to identify the GPCR to which 9,10,13-THL
binds causing neuronal activation and the specific stereo-
isomers of 9,10,13-THL that are involved.

Overall, our results show an attenuation of calcium influx
and acute pain behavior in mice lacking TRPA1 channels in
response to 9,10,13 THL. Furthermore, 9,10,13-THL sensi-
tizes responses to noxious heat and cold using both TRPAT
and TRPV1 channels. Finally, we identified an active region
of these compounds, which could be used to generate new
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antagonists for the receptor of these endogenous oxylipins.
Future work should be aimed at identifying the receptor
acting upstream of TRP channels, providing novel therapeutic
leads for treating pain.

MATERIALS AND METHODS

Oxylipin measurements in human skin

Full-thickness skin was collected from the axilla, plantar aspect of
the foot, and lumbar aspect of the dorsum of human tissue donors
acutely after death and immediately frozen at =80 °C until pro-
cessing using the methods described earlier by Ramsden et al.
(2017). Aliquots were then purified using solid-phase extraction,
and free and total (esterified + free) oxylipins were measured using
LC-MS/MS as reported (Ramsden et al., 2017).

Animals

We obtained approval from the National Institutes of Health Office
of Human Subjects Research and Protection to obtain and analyze
fully deidentified postmortem donor skin specimens provided by the
Washington Regional Transplant Community (Falls Church, VA). All
animal experiments were approved by the Institutional Animal Care
and Use Committee at NC State University (Raleigh, NC) (Institu-
tional Animal Care and Use Committee number 19-167-B) and the
National Institutes of Health (Institutional Animal Care and Use
Committee number 1402-17). Mice and rats were housed in stan-
dard conditions with a 12/12-hour light-dark cycle with ad libitum
access to food and water. Trpv1-KO (stock number 003770), Trpal-
KO (stock number 006401), and C57Bl6/] (stock number 000664)
mice were ordered from the Jackson Laboratory (Bar Habor, ME).
Trpvi- and Trpal-KO mice were maintained on the C57Bl6/)
background.

Chemicals

All compounds were stored in ethanol at -80 °C. Ethanol was
evaporated under a steady stream of nitrogen, and the compounds
were redissolved into 1X PBS containing 1% ethanol (v/v) immedi-
ately before injection. PGE, (catalog number 14010), 9-HODE
(catalog number 34800), and 9,13-EHL and 9,10,13-THL were
purchased from Cayman Chemical (Ann Arbor, Ml). Stable analogs
of racemic 9,13-EHL and 9,10,13-THL were synthesized as reported
(Keyes et al., 2021).

Mouse cheek behavior

All experimenters were blind to the structure of the compounds
when performing behavior assays. Each compound was injected into
the right cheek (100 pg in 20 pl) using sterile insulin needles.
Nociceptive behavior responses in mice were assessed using the
cheek model after being recorded for 30 minutes (Shimada and
LaMotte, 2008). In this model, painful nociceptive inputs elicit a
wiping response with the forepaw(s) directed at the ipsilateral cheek,
whereas nocifensive scratching inputs elicit a scratching behavior
performed by the hindpaw directed at the ipsilateral cheek.

Mouse hindpaw behavior

Mice were placed in a 4 in x 4 in Plexiglas chamber on a clear
Plexiglas pane above a camera. Mice were recorded for 5 minutes.
After recording, mice were used for one of the following behavior
tests: +50 °C hot plate, crushed dry ice (Brenner et al., 2012),
electronic von Frey, or +5 °C cold plate (Mishra et al., 2011).

Rat CFA injections
Sprague Dawley rats (Charles River Laboratories, Wilmington, MA)
weighing 250-300 g were placed in a 30 x 30 cm plastic testing
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box (with a camera mounted above) for 1 hour per day for 3 days for
habituation to testing conditions (n = 24). Rats were then anes-
thetized using sevoflurane and injected with 50 pl of CFA or PBS
intradermally into the cheeks. Rats were returned to their home cage
and observed for up to 4 days after injection. At 4 hours, 1 day, and
4 days after injection, rats were placed in the testing box and
recorded for 30 minutes. Wiping and scratching were quantified as
reported (Shimada and LaMotte, 2008). A total of 6, 8, and 10 rats
from each group were killed at 4 hours, 1 day, and 4 days, respec-
tively. Cheek skin from the injection site was weighed and stored at
-80 °C. Free and total pool oxylipins concentrations in the skin were
measured as described earlier for human skin.

Rat fatty acid metabolite mediator injections

To broaden our understanding of the nociceptive behavior evoked
by oxylipins, we repeated cheek injection experiments in male
Sprague Dawley rats (Charles River Laboratories, Wilmington, MA).
Rats were habituated to testing boxes as described earlier. Rats were
restrained by swaddling with a towel and were injected intrader-
mally with 20 pl of either 9,10,13-THL (100 pg, n = 8), PGE, (100
pg, n = 8), or vehicle (1% ethanol in saline v/, n = 8). After in-
jection, rats were placed in testing boxes and recorded for 30 mi-
nutes. Wiping and scratching were quantified as reported (Shimada
and LaMotte, 2008).

DRG preparation and calcium imaging

DRG isolation, culturing, calcium imaging, and analysis were per-
formed as described earlier by Wheeler et al. (2022). All experi-
menters were blind to the structure of the compounds when
performing calcium imaging. In the figures, each data point corre-
sponds to a single biological replicate.

Statistical analysis

Statistical analysis was performed using GraphPad Prism (version 9.0
and higher, GraphPad Software, San Diego, CA). Data were tested
for normality using the Shapiro—-Wilk test. Any dataset that fell on a
normal distribution was tested for significance using Student’s t-tests
or a one-way ANOVA with a Holm-Sidak correction for multiple
comparisons. Datasets falling on a non-normal distribution were
tested for significance using the Mann-Whitney U test or the
Kruskal-Wallis test with a Dunn’s test for multiple comparisons.
Two-way ANOVA with a Holm-Sidak correction for multiple com-
parisons was used for the rat time course studies found in Figure 2.
Samples were assumed to have similar SDs.
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