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ABSTRACT

The function of § opioid receptors (DOR) expressed by peripheral pain-
sensing neurons (nociceptors) is regulated by both cyclooxygenase-
and lipoxygenase (LOX)-dependent arachidonic acid (AA)
metabolites. Whereas cyclooxygenase metabolites enhance re-
sponsiveness, LOX metabolites elicit a refractory, nonsignaling state
of the DOR receptor system for antinociceptive signaling. In this
study, using high-performance liquid chromatography-tandem mass
spectrometry analyses, we have found that the 12-/15-LOX metab-
olites, 12-hydroxyeicosatetraenoic acid (HETE) and 15-HETE, were
elevated after treatment of adult rat primary sensory neuron cultures
with AA. Exogenously applied 12-HETE and 15-HETE, but not
5-HETE, completely prevented DOR and « opioid receptor (KOR)
agonist—-mediated inhibition of prostaglandin E2 (PGE,)-stimulated
cAMP accumulation, but not inhibition, by the 5-HT, receptor

agonist 5-carboxamidotryptamine in cultured peripheral sensory
neurons and in Chinese hamster ovary (CHO) cells heterologously
expressing DOR or KOR. Similarly, intraplantar injection of 12- or
15-HETE, either alone or in combination, prevented DOR agonist-
mediated inhibition of PGE,-evoked thermal allodynia. Further, both
AA- and carrageenan-mediated induction of the nonresponsive state
of the DOR system was blocked by an intraplantar coinjection of the
12-/15-LOX inhibitors baicalein and luteolin. In contrast to the
regulation of cAMP signaling, pretreatment with 12- and 15-HETE
had no effect on either DOR or KOR agonist- mediated activation of
extracellular signal-regulated kinase in peripheral sensory neurons
or CHO cells. These results suggest that the analgesic efficacy of
peripherally restricted opioids for treatment of inflammatory pain
may be enhanced by adjunct inhibition of LOX activity.

Introduction

Treatment of pain disorders continues to be a major clinical
challenge. Although drugs that target the u opioid receptor
(MOR,; e.g., morphine and its analogs) are used most often for
the treatment of moderate to severe pain, significant central
nervous system (CNS)-mediated adverse effects limit their
use. As an alternative to MOR, the 6 opioid receptor (DOR) has
attracted interest as a possible target for analgesic drug
development (for review, see Gendron et al., 2015).

In addition to neurons in the CNS, opioid receptors [MOR,
DOR, and « opioid receptors (KOR)] are expressed on periph-
eral afferent pain-sensing neurons (nociceptors). Although
peripheral MOR, DOR, and KOR are functionally inactive for
analgesia under most basal conditions, they can produce
profound analgesia when tissue is damaged or inflammation
is present in the peripheral tissue (Stein and Lang, 2009;
Stein, 2016). Similarly, in a rat behavioral model of nocicep-
tion, peripheral opioid receptors are nonresponsive to agonist
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for antinociception, but after a brief pretreatment with an
inflammatory mediator, such as bradykinin (BK) or arachi-
donic acid (AA), they become functionally competent to reduce
thermal allodynia (Rowan et al., 2009; Berg et al., 2011;
Sullivan et al., 2015). Moreover, in an ex vivo model system
(i.e., primary cultures of peripheral sensory neurons), opioid
receptor agonists do not inhibit adenylyl cyclase activity or
neuropeptide release; however, brief pretreatment (“priming”)
with BK or AA induces opioid receptor system functional
competence for antinociceptive signaling (Patwardhan et al.,
2005; Patwardhan et al., 2006; Berg et al., 2007a,b; Sullivan
et al., 2015). This induction of responsiveness of peripheral
opioid receptor antinociceptive systems is mediated by a
cyclooxygenase-dependent metabolite of AA and is transient,
returning to a nonresponsive state within 30-60 minutes
(Berg et al., 2007a, 2011; Sullivan et al., 2015).

Recently, we discovered that DOR responsiveness is also
regulated by a lipoxygenase (LOX)-sensitive metabolite of AA
in peripheral sensory neurons (Sullivan et al., 2015). After
induction of functional competence by administration of exog-
enous AA or carrageenan to the hind paw, the DOR system
subsequently becomes unresponsive to agonist-stimulated

ABBREVIATIONS: AA, arachidonic acid; ALA, «-linolenic acid; BAIC, baicalein; BK, bradykinin; CHO, Chinese hamster ovary; CNS, central
nervous system; DOR, & opioid receptor; DPDPE, [D-Pen?®]-enkephalin; ERK, extracellular signal-regulated kinase; 5-HETE, 5-
hydroxyeicosatetraenoic; 12-HETE, 12- hydroxyeicosatetraenoic; 15-HETE, 15- hydroxyeicosatetraenoic; HBSS, Hanks’ balanced salt solution;
HPLC, high-performance liquid chromatography; LA, linolenic acid; LC-MS/MS, liquid chromatography-tandem mass spectrometry; LOX,
lipoxygensase; LTA4, leukotriene A4; LUT, luteolin; pERK, phosphorylated ERK; PGE2, prostaglandin E,; PWL, paw withdrawal latency.

200


https://doi.org/10.1124/jpet.117.241604
https://doi.org/10.1124/jpet.117.241604
http://jpet.aspetjournals.org

Regulation of DOR Functional Competence by 12- and 15-HETE

antinociceptive signaling. This unresponsive state differs from
that of the basal condition in that it is refractory to reinduction
of functional competence by BK; however, treatment with
LOX inhibitors permits reinduction of DOR functional com-
petence by BK, indicating that the unresponsive state of the
DOR system that follows AA or carrageenan is produced by
LOX-dependent AA metabolites.

In this study, using high-performance liquid chromatography
(HPLC) tandem mass spectrometry analyses (LC/MS/MS), we
have identified LOX-dependent AA metabolites that are in-
volved in producing the refractory, nonresponsive state of the
DOR system for antinociceptive signaling in adult rat ex vivo
and in vivo model systems. Results of this study suggest
that the duration of peripheral opioid receptor responsiveness
under inflammatory conditions may be increased by inhibition
of 12-/15-L.OX and further underscore the unique regulation of
the function of opioid receptors expressed by peripheral sensory
neurons.

Materials and Methods

Materials. Bradykinin (BK), [D-Pen?®]-enkephalin (DPDPE),
U50488, 5-carboxamidotryptamine (5-CT), rolipram, and A-carrageenan
were purchased from Sigma-Aldrich (St Louis, MO); prostaglandin E,
(PGEy), 5-hydroxyeicosatetraenoic (HETE), 12-HETE, 15-HETE,
luteolin (LUT), baicalein (BAIC), AA, and the LC-MS lipid standards
(12-HETE, 15-HETE, and 5-HETE) were purchased from Cayman
Chemicals (Ann Arbor, MI); The LC-MS lipid standards, eicosapentaenoic
acid (EPA), leukotriene A4 (LLTA4), linolenic acid (LA), and a-linolenic
acid (ALA) were purchased from Avanti Polar Lipids (Alabaster, AL);
[12°T]-cAMP was purchased from PerkinElmer Life and Analytical
Sciences (Boston, MA). For tissue cultures, collagenase was pur-
chased from Worthington (Lakewood, NJ), and all other culture
reagents were purchased from Invitrogen Corp (Carlsbad, CA). HPLC-
grade acetonitrile and isopropanol were purchased from Fisher
Scientific (Pittsburg, PA); MS-grade ammonium acetate was pur-
chased from Fluka (St. Louis, MO).

Animals. Adult male Sprague-Dawley rats (Charles River, Wilmington,
MA) weighing 250-300 g were used for all behavioral and cell culture
studies. Animals were housed for at least 1 week, with food and water
available ad libitum before behavioral testing or harvesting of trigeminal
ganglion cells. Animal protocols were approved by the Institutional
Animal Care and Use Committee of the University of Texas Health
Science Center at San Antonio and conformed to the International
Association for the Study of Pain and federal guidelines.

Primary Culture of Rat Peripheral Sensory Neurons. Primary
cultures of adult male rat trigeminal ganglion cells were prepared as
previously described (Berg et al., 2007a, 2011, 2012). Briefly, fresh
trigeminal ganglia were washed with Hanks’ balanced salt solution
(HBSS; Ca®™*-, Mg" "-free), digested with 3 mg/ml collagenase
(30 minutes at 37°C), and centrifuged (1000 rpm, 1 minute). In the
same solution, pellets were further digested with 0.1% trypsin
(15 minutes) and 167 ug/ml DNase (10 minutes at 37°C). Next, cells
were again centrifuged (2000 rpm, 2 minutes) and resuspended in
high-glucose Dulbecco’s modified Eagle’s medium (DMEM) containing
100 ng/ml nerve growth factor, 10% fetal bovine serum, 1 x Pen/Strep;
1 x L-glutamine and mitotic inhibitors (7.5 ug/ml uridine and
17.5 mg/ml 5-fluoro-2’-deoxyuridine). After trituration to disrupt
tissue, cells were seeded on polylysine-coated 48-well (for signaling
experiments) or 10-cm plates (for LC-MS/MS experiments). Media was
changed 24 hours and 48 hours after plating. On the 5th day of culture,
cells were refed with serum-free DMEM without nerve growth factor.
The cell-signaling assays and preparations of samples for mass
spectrometry were performed on the 6th day of culture.

Chinese Hamster Ovary-K1 Cell Culture and Nucleofection.
Chinese hamster ovary (CHO-K1 cells were maintained in minimal
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essential medium « formulation (e-MEM) supplemented with 5%
FBS; 24 hours before nucleofection, cells were seeded into T175 flasks
(to provide ~80% confluency). CHO cells were nucleofected with either
mouse DOR or rat KOR cDNA cloned into pcDNA3 (2 x 10° cells, 100-ul
volume, 2 ug of plasmid) using cell line kit T and nucleofector 11
according to the manufacturer’s directions (Lonza AG, Basel, Switzer-
land). Nuclefected cells were seeded into 48-well plates at a density of
10° cells per well in « MEM containing 10% FBS. Following a 24 hour
plating period, cells were washed with HBSS) and placed into
DMEM/F-12 [1:1] and cultured for an additional 24 hours before
experiments.

Lipid Extraction. Lipids were extracted from samples prepared
from primary cultures using cold (—20°C) chloroform/methanol (2:1,
v/v) in a 5:1 ratio over the sample volume (Gao et al., 2012). The
mixtures were vortexed for 10 seconds and allowed to stand on ice for
30 minutes, followed by vortexing for an additional 10 seconds. After
centrifugation at 13,800g for 10 minutes, 200 ul of the chloroform layer
was removed and vacuum dried. Before LC-MS analysis, the lipid
extracts were reconstituted in 200 ul of isopropanol containing 10 mM
ammonium acetate.

LC-MS/MS. Analysis of eicosanoids produced by treatment of
primary cultures of peripheral sensory neurons was done as pre-
viously described (Gao et al., 2012). HPLC-ESI-MS/MS analyses were
conducted on a Thermo Fisher Q Exactive fitted with a PicoChip
nanospray source (New Objective, Woburn, MA) and a PicoChip
column (Waters Atlantis dC18 column; 150 um x 105 mm; 3-um
particles; Waters Corporation, Milford, MA). A 55-minute water-
acetonitrile-isopropanol-ammonium acetate gradient was run at the
flow rate of 1 ul/min. Mobile phase A was acetonitrile/water (40:60)
containing 10 mM ammonium acetate, and mobile phase B was
acetonitrile/isopropanol (10:90) containing 10 mM ammonium ace-
tate. LC gradient was from 10% B to 99% B over 33 minutes and held
at 99% B for 15 minutes. Data-dependent analyses were conducted
using one full MS scan [m/z 200-2000; 70,000 resolution (m/z 300)]
followed by six tandem MS scans with electrospray negative ion
detection using normalized collision energy of 35 arbitrary units.
Progenesis CoMet (Nonlinear Dynamics Limited, Durham, NC) was
used to process the raw data files. Peak alignment and integration
were performed, and the relative abundance was generated for each
lipid among the different experimental groups. Fatty acids were
identified by searching the following databases: METLIN (http:/
metlin.scripps.edu/index.php); lipid maps (http://www.lipidmaps.org/
data/structure/); and HMDB (Human Metabolome Database; http:/
www.hmdb.ca/) using a 5-ppm mass tolerance. The putative lipid
identifications were manually verified through examination of the
MS/MS and in comparison with the retention times from commercially
available standards (Cayman Chemicals and Avanti Polar Lipids).

Measurement of Cellular cAMP Levels. Receptor-mediated
inhibition of PGEs-stimulated adenylyl cyclase activity in cultured
peripheral sensory neurons or CHO cells was measured as previously
described (Sullivan et al., 2015). Briefly, cAMP accumulation was
determined after a 15-minute incubation with the phosphodiesterase
inhibitor rolipram (0.1 mM), with or without the adenylyl cyclase
activator, PGE, (1 uM), alone or in combination with the DOR agonist
(DPDPE, 100 nM), KOR agonist (U50488, 100 nM), or the 5-HT,
receptor agonist (5-carboxamidotryptamine, 5-CT, 100 nM). Cells
were washed twice with HBSS containing 20 mM HEPES, pH 7.4
(buffer) followed by pretreatment with BK (10 uM) or AA (50 uM) for
15 minutes at 37°C in buffer. All reactions were terminated by
aspiration of the buffer and addition of 500 ul ice-cold absolute
ethanol. Ethanol extracts were dried and reconstituted in buffer
(100 pl 50 mM sodium acetate, pH 6.2), and the cAMP content was
determined by radioimmunoassay.

To determine the effects of LOX metabolites on cAMP levels in
primary cultures, cells were pretreated with either vehicle, 5-HETE
(100 nM), 12-HETE (100 nM), 15-HETE (100 nM), or 12-HETE and
15-HETE combined, for 15-45 minutes followed by a 15-minute
incubation with BK (10 uM) and subsequent measurement of basal
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Fig. 1. Relative abundance of fatty acid metabolites in cultures of
peripheral sensory neurons treated for 15 minutes with either vehicle
(Veh), BK (10 uM), or AA (50 uM). Eicosanoids (12-HETE, 15-HETE, and
5-HETE), EPA, LTA4, LA, and ALA were identified by comparison with
synthetic standards using LC-MS/MS, and the average accumulation of
metabolites was calculated for each treatment. Levels of 12-HETE and
15-HETE were significantly greater in cultures treated with AA com-
pared with Veh (***P < 0.001). Data represent mean = S.E.M. of five
experiments.

and PGE;-stimuated cAMP levels, with and without receptor agonists.
For experiments determining the effects of inhibition of 12- and
15-LOX for restoration of functional competence (Sullivan et al., 2015),
we used a combination of the flavinoids, BAIC, and LUT, which have
been shown to target selectively 12/15-LOX enzymes (Sadik et al.,
2003; Deschamps et al., 2006; van Leyen et al., 2006; Lee and Kim,
2010). Briefly, cultures were washed and incubated with either vehicle
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or a combination of BAIC and LUT (each at 1-uM concentration) for
30 minutes before treatment with either AA or vehicle and an
additional 15-minute incubation. Cells were washed and the re-
sponsiveness of DOR system was measured 15 minute or 60 minute
later as described already.

To determine the effects 12- and 15-HETE on cAMP levels in CHO
cells transiently expressing DOR or KOR, cells were pretreated with
vehicle, 12-HETE (100 nM), 15-HETE (100 nM), or 12-HETE and
15-HETE combined for 15 minutes, followed by measurement of basal
and PGE;-stimuated cAMP levels, with and without receptor agonists.

Measurement of Extracellular Signal-Regulated Kinase
Activity. Receptor-mediated extracellular signal-regulated kinase
(ERK) activation was determined by measuring phosphorylated
ERKlevels as described previously (Berg et al., 2011). Briefly, primary
cultures or CHO cells transiently expressing either mouse DOR or rat
KOR, washed twice with HBSS containing 20 mM HEPES, pH 7.4
(buffer), were preincubated for 15 minutes at 37°C (room air) with 12-
and 15-HETE in combination (100 nM each) or vehicle. Cells were then
further incubated with the DOR agonist DPDPE or the KOR agonist
U50488 for 0—15 minutes at 37°C. When testing responses in primary
sensory neuron cultures, BK (10 uM) was added during the 15-minute
preincubation period. Reactions were terminated by aspiration of
buffer and addition of 50 ul of lysis buffer supplied with the SureFire
phospho-ERK (pERK) assay kit (PerkinElmer, Waltham, MA). Sam-
ples were processed according to the manufacturer’s directions. The
fluorescence signal from pERK was measured in duplicate using a
Fluostar microplate reader (BMG Labtech, Offenburg, Germany) with
AlphaScreen settings.

Measurement of Thermal Allodynia in Rat Hind Paws.
Thermal allodynia was measured as previously described by observers
blinded to treatment allocations (Rowan et al., 2009; Berg et al., 2011,
2012; Sullivan et al., 2015). Briefly, paw withdrawal latency (PWL) in
response to a thermal (radiant heat) stimulus applied to the rat hind
paw was measured before and after drug treatments (Hargreaves
et al., 1988). The intensity of the radiant heat source was adjusted
such that the average latency for paw withdrawal was 10 * 2 seconds,
with a cutoff of 25 seconds to avoid tissue damage. All drugs were

Vehicle
[] DPDPE

Fig. 2. Effects of the LOX-dependent AA metabo-
lites, 12-HETE, and 15-HETE, either alone or in
combination, on DPDPE-mediated inhibition of PGE,-
stimulated cAMP accumulation. Primary cultures of
peripheral sensory neurons were pretreated with
12-HETE (100 nM), 15-HETE (100 nM), or 12-HETE
and 15-HETE combined for 45 minutes before in-
cubation with BK (10 uM) for an additional 15 minutes
to induce DOR functional competence. The amount of
cAMP accumulated (15 minutes, 37°C) in response to
PGE; (1 uM), with or without DPDPE (100 nM), was
measured as described in Materials and Methods.
Pretreatment with the HETEs had no effect on basal or
PGE, -stimulated cAMP accumulation levels, which
were 1.2 + 0.6 pmol/well and 187% + 34% above basal,
respectively. Data represent mean = S.E.M. of five
experiments. *P < 0.05 versus vehicle (no DPDPE).
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injected intraplantarly locally into the plantar surface of the hind paw
in a volume of 50 ul. Drug effects were measured as the change
(seconds) from baseline PWL over time. The PWL measurements were
taken in duplicate at least 30 seconds apart, and the average was used
for statistical analysis. In all experiments, rats received pretreat-
ments (described later) followed by an injection of DPDPE (20 ug)
alone, PGE, alone (0.3 ug), or a coinjection of PGE, (0.3 ug) and
DPDPE (20 ug). In experiments to test the effects of LOX metabolites,
rats received intraplantarly injections of either vehicle, 12-HETE (0.1 ug)
or 15-HETE (0.1 ung), alone or in combination, followed 45 minutes
later with an injection of vehicle or BK (25 ug) to produce functional
competence. After BK injection, rats received intraplantar injections
of vehicle PGE, or a coinjection of DPDPE and PGEs,. In the
experiments using carrageenan to induce inflammation, rats received
an initial injection of either vehicle or carrageen (500 ug, 50 ul,
intraplantar). Allodynia was measured at 15 minutes and 3 hours
after the carrageenan injection. To test the effect of 12/15-LOX
inhibition for restoration of DOR functional competence, rats received
carrageenan injections followed 2.5 hours later with an injection of
either vehicle or a coinjection (50 ul) of the 12/15-LOX inhibitors, BAIC
(3 ng) and LUT (3 ug) (Sadik et al., 2003; Deschamps et al., 2006),
collectively referred to as LOX inhibitor in the figure legends. DOR
functional competence was assessed 30 minutes after administration
of the LOX inhibitors by intraplantar injection of DPDPE (20 ng). In
all experiments, PWLs were measured every 5 minutes in duplicate
over a 20-minute period after the final injection.

Data Analysis. Time-course data from behavioral and cellular
experiments were analyzed with two-way analysis of variance fol-
lowed by Tukey’s post-hoc test to compare the treatment effects over
time. Area under the time course curve for behavioral experiments
was calculated for individual rats using the trapezoidal method with
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Prism software (version 6.0, GraphPad Software, Inc., San Diego, CA)
and is expressed as the mean * S.E.M. of each group. Statistical
analyses of the area under the time course curve data were done with
one-way analysis of variance followed by Dunnett’s post hoc test to
determine the significance from vehicle controls. For cellular exper-
iments, statistical significance was assessed using one-way analysis of
variance followed by Dunnett’s post hoc test to compare group means
of test agents to the corresponding vehicle pretreatment. For all
experiments, data are presented as mean = S.E.M. and were analyzed
using Prism software (version 6.0, GraphPad Software, Inc.). P < 0.05
was considered statistically significant.

Results

Identification of LOX Metabolites Produced by
Exogenous Application of AA. We have reported pre-
viously that treatment of peripheral sensory neurons in
culture with AA for 15 minutes induces transient functional
competence of the DOR system to inhibit adenylyl cyclase
activity that is followed by a nonresponsive state that is
resistant to reinduction of functional competence. This non-
responsive, refractory state does not occur after the induction
of functional competence by treatment with BK and can be
blocked by inhibitors of LOX (Sullivan et al., 2015). To identify
the LOX-dependent metabolites of AA that lead to this
refractory, nonresponsive state of the DOR system, we treated
peripheral sensory neuron cultures for 15 minutes with
vehicle, BK, or AA. As shown in Fig. 1, the eicosanoids
12-hydroxyeicosatetraenoic acid (12-HETE), 15-HETE, and

B [ veh

B 12- +15- HETE

5- HETE

100

501

cAMP Accumulation
(% control (vehicle) PGE, stimulation)

VEH DPDPE u50488

Fig. 3. Effect of LOX metabolites on DOR-, KOR-, and 5-HT;-mediated inhibition of PGEg-stimulated cAMP accumulation in primary cultures of
peripheral sensory neurons (A and B) or in CHO cells transfected with either DOR or KOR(C). (A) Pretreatment with the 12-/15-LOX-dependent AA
metabolites, 12-HETE (100 nM), and 15-HETE (100 nM), alone or in combination, for 15 minutes, prevented inhibition of cAMP accumulation by the
KOR agonist, U50488 (100 nM), but not the 5-HT; receptor agonist, 5-CT (100 nM) in BK-pretreated cells. Data represent mean + S.E.M. of five separate
experiments. *P < 0.05. (B) In contrast to the effects of 12- and 15-HETE, pretreatment for 15 minutes with the 5-LOX-dependent AA metabolite
5-HETE (100 nM) had no effect on either DPDPE (DOR) or U50488 (KOR)-mediated inhibition of cAMP accumulation. (C) Pretreatment of transfected
CHO cells for 15 minutes with 12-HETE (100 nM) or 15-HETE (100 nM) prevented inhibition of cAAMP accumulation by the DOR agonist DPDPE or the
KOR agonist U50488 (100 nM), but not the 5-HT; receptor agonist, 5-CT (100 nM). Data represent mean + S.E.M. of four separate experiments. *P <

0.05 versus vehicle pretreatment condition in the absence of opioid agonist.
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5-HETE, eicosapentaenoic acid, leukotriene A4 (LTA4), lino-
lenic acid (LA), and a-linolenic acid (ALA) were identified by
comparison with synthetic standards using LC-MS/MS. The
levels of 12-HETE and 15-HETE were significantly greater in
cultures treated with AA compared with vehicle (***P <
0.001, n = 5). By contrast, treatment with bradykinin did not
increase the levels of either 12- or 15-HETE (Fig. 1).

Effect of 12-HETE and 15-HETE on DOR Function
Ex Vivo. To determine whether 12- and 15-HETEs altered
the responsiveness of the DOR system, we added them to
cultures of peripheral sensory neurons where functional
competence of the DOR system was induced with BK, as BK
pretreatment does not increase 12- or 15-HETE levels (Fig. 1)
or produce the refractory, nonresponsive state of the DOR
system. As shown in Fig. 2, DPDPE reduced PGE.-stimulated
cAMP levels by 40% = 10%. In cells pretreated with 12-HETE
or 15-HETE alone or in combination, DPDPE did not inhibit
PGEy-stimulated cAMP accumulation (P < 0.05, n = 5 exper-
iments). Pretreatment with either 12- or 15-HETE did not
alter basal or PGE,-stimulated cAMP accumulation.

To determine whether 12- and 15-HETE reduced responsive-
ness of other receptor systems expressed by peripheral sensory
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neurons (Berg et al., 2011), we measured the inhibition of cAMP
accumulation by the KOR agonist U50488 (using BK pre-
treatment to induce functional competence) and the serotonin
(5-HT); receptor agonist 5-carboxamidotryptamine (5-CT),
which does not require pretreatment with an inflammatory
mediator to respond to agonist stimulation. As shown in Fig.
3A, treatment of cells with maximal KOR or 5-HT; agonist
concentrations inhibited PGE,-stimulated cAMP levels to a
similar degree. Similar to the effects on the response of DOR to
DPDPE, pretreatment with 12-HETE and/or 15-HETE also
abolished the response to the KOR agonist U50488. By
contrast, neither 12-HETE nor 15-HETE, either alone or in
combination, altered the response to the 5-HT; receptor
agonist, 5-CT. We also tested the effects of the 5-LOX AA
metabolite 5-HETE. As shown in Fig. 3B, exogenously applied
5-HETE did not alter the inhibition of adenylyl cyclase activity
by either DPDPE or U50488 (Fig. 3B).

In CHO cells heterologously expressing DOR or KOR and
that do not require pretreatment with inflammatory media-
tors to elicit functional competence, pretreatment with 12- and
15-HETE also prevented DPDPE- and U50488-mediated in-
hibition of PGEs-stimulated cAMP accumulation (Fig. 3C). By
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Fig. 4. Effect of the 12-/15-LOX-dependent AA metabolites, 12- and 15-HETE, on DOR- and KOR-mediated activation of ERK in primary cultures of
peripheral sensory neurons (A and B) or in CHO cells transfected with either DOR or KOR (C). Cells were pretreated for 15 minutes with 12-HETE
(1 uM) and 15-HETE (1 uM) in combination, followed by 15 minutes’ incubation with BK (10 uM). Cells were then incubated with the DOR agonist
DPDPE (100 nM) (A) or the KOR agonist U50488 (100 nM) (B) for the times indicated. (C) CHO cells transiently transfected with DOR or KOR were treated
with 12-HETE (1 uM) and 15-HETE (1 uM) in combination for 15 minutes before incubation with DPDPE (100 nM) or U50488 (100 nM) for the times
indicated. For all experiments, the levels of pERK were determined as described in Materials and Methods. Pretreatment with 12- and 15-HETE did not
alter the magnitude or the time course for increases in ERK activation in response to either DPDPE or U50488. P > 0.05, two-way analysis of variance.
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contrast, pretreatment with 12- and 15-HETE had no effect on
the ability of endogenously expressed 5-HT; g receptors to inhibit
PGEs-stimulated cAMP accumulation.

In addition to inhibition of cAMP signaling, activation of
opioid receptors in peripheral nociceptors activates MAPKinase
signaling cascades, such as ERK (Berg et al., 2011; Jamshidi
et al., 2015). As shown in Fig. 4, the levels of pERK (an index
of activation) increased in response to DPDPE (Fig. 4A) and
U50488 (Fig. 4B). Administration of a combination of 12-HETE
and 15-HETE did not alter the ability of either DPDPE or
U50488 to activate ERK in peripheral sensory neurons or in
CHO cells (Fig. 4). Taken together, these data suggest that
the inhibitory effects of 12- and 15-HETE are both receptor
system—dependent (alters opioid but not 5-HT; receptor
systems), as well as signaling pathway-selective (alters opioid
receptor-mediated inhibition of cAMP signaling but not activa-
tion of ERK).

Effect of 12-HETE and 15-HETE on DOR Function In Vivo

We next tested the effects of exogenous administration of
12- and 15-HETE on DOR responsiveness in a behavioral
model of thermal nociception, where DOR functional compe-
tence was induced by administration of BK. As shown in Fig. 5,
DPDPE reduced completely PGE,-evoked thermal allodynia
after injection of BK into the rat hind paw. Administration of
12-HETE or 15-HETE, either alone or in combination, abol-
ished DPDPE-mediated antiallodynia. Because HETEs have
been shown to activate TRPV1 channels, albeit at micromolar
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concentrations (Hwang et al., 2000), we verified that injection
of 12- and 15-HETE alone or in combination did not alter
baseline PWL (Supplemental Fig. 1). Supplemental Fig. 2
shows that injection of 12- and 15-HETE did not alter the
allodynia produced by intraplantar injection of BK.

Effect of 12/15 LOX Inhibitors on DOR Function Ex Vivo and
In Vivo

Previously, we reported that DOR system functional com-
petence induced by AA treatment is transient, with DOR
becoming nonresponsive (i.e., DPDPE becomes ineffective at
inhibiting PGEs-stimulated cAMP accumulation) within
15 minutes of washout of AA (Sullivan et al., 2015). Thus,
we next determined whether DOR responsiveness after AA
treatment would be prolonged by inhibition of LOX. As shown
in Fig. 6, pretreatment with a combination of the 12-/15-LOX
inhibitors (i.e., LUT and BAIC) (Sadik et al., 2003; Deschamps
et al., 2006) prolonged DOR functional competence induced by
AA. Consistent with our previous results, the inhibition of
cAMP accumulation in response to DPDPE was transient and
returned to baseline PGEs-stimulated levels within 15 min-
utes of washout of AA. By contrast, in cells that were
pretreated with the LOX inhibitors, DOR functional compe-
tence persisted when tested after 15 minutes of AA washout.
Treatment with the LOX inhibitors did not alter either basal
or PGE,-stimulated cAMP accumulation.

We have shown previously that after an initial induction of
functional competence, intraplantar administration of AA also
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Fig. 5. Pretreatment with the 12-/15-LOX-dependent AA metabolites 12-HETE and 15-HETE attenuates DPDPE-mediated anti-allodynia. Rats
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(baseline) and at 5-minute intervals after the PGEo/DPDPE injection for 20 minutes. Data were evaluated for statistical differences with two-way
analysis of variance (ANOVA), followed by Tukey’s post hoc analysis. (B) Area under the individual time-course curves (AUC) for each pretreatment
condition. Data were evaluated for statistical differences with one-way ANOVA, followed by Dunnett’s post hoc analysis. Data represent mean = S.E.M.
of 6 (Veh-Veh pretreatment), 9 (Veh-BK pretreatment), 12 (12-HETE/BK pretreatment), 9 (15-HETE/BK pretreatment), or 4 (12- + 15-HETE/BK
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Fig. 6. Inhibition of 12- and 15-LOX activity prolongs DOR functional
competence for the inhibition of PGE2-stimulated cAMP accumulation in
primary cultures of peripheral sensory neurons. Cells were incubated with
or without the combination of 12-/15- LOX inhibitors (LOXi) luteolin
(1 uM) and BAIC (1 uM) for 30 minutes before treatment with AA (50 uM)
for 15 minutes. DPDPE (100 nM)-mediated inhibition of PGEs-stimulated
cAMP was measured immediately, or cells were washed and DPDPE-
mediated responses were determined 15 minutes later (see time line).
LOX inhibitors did not alter basal or PGEs-stimulated cAMP accumula-
tion, which were 0.6 * 0.2 pmol/well and 205% * 42% above basal,
respectively. Data represent mean = S.E.M. of four experiments * P <
0.05; **P < 0.01 compared with PGE; in the absence of DPDPE.

induces a subsequent nonresponsive state of the DOR system
that is refractory to reinduction of functional competence by
BK, similar to effects that occur in primary cultures of
peripheral sensory neurons. Development of this refractory,
nonresponsive state is blocked by a nonselective LOX inhibitor
(Sullivan et al., 2015). Consistent with our previous data,
preinjection of the 12-/15-LOX inhibitors LUT and BAIC
restored DPDPE-mediated reduction in PGEs-evoked thermal
allodynia following administration of AA (Fig. 7). As shown in
Supplemental Fig. 2, injection of the LOX inhibitors did not
alter PGEs-evoked thermal allodynia.

DOR-Mediated Reduction of Thermal Nociception is
Regulated by 12-LOX and 15-LOX Metabolites in the
Carrageenan Model of Inflammatory Pain. Intraplantar
injection of carrageenan induces DOR functional competence
for reduction of thermal allodynia when measured 15 minutes
later, but DOR is nonresponsive when tested 3 hours after
injection, even though the allodynia is still present (Sullivan
et al., 2015) (Fig. 8, A and B); however, as shown in Fig. 8B,
after administration of LOX inhibitors LUT and BAIC, DOR
functional competence persisted through 3 hours. These data
suggest that, similar to treatment with exogenous AA,
carrageenan produces inflammatory mediators that induce
functional competence and also produce 12-/15-LOX metabo-
lites (12- and 15-HETE) that promote the nonresponsive state
of the DOR system.

Discussion

Peripheral opioid receptors expressed on pain-sensing
neurons are attractive potential targets for development of

effective analgesics that would be devoid of severe CNS-
mediated adverse effects, such as respiratory depression and
addiction. As peripherally restricted MOR agonists can pro-
duce debilitating constipation (Grunkemeier et al., 2007),
attention has shifted to peripheral DOR or KOR. If these
receptors are to be valid targets for new drug development, it
is important to understand their regulation.

Previous work has shown that peripheral opioid receptor
systems expressed by pain-sensing neurons are regulated
differently from those in the CNS or expressed heterologously.
For example, acting at peripheral opioid receptors, opioid
agonists do not promote antinociception or inhibit adenylyl
cyclase activity unless cells are first exposed to inflammatory
mediators that, acting via a COX-dependent AA metabolite,
increase opioid agonist antinociceptive efficacy (Berg et al.,
2007a,b, 2011; Sullivan et al., 2015). In addition to increasing
opioid agonist efficacy, AA metabolites can also suppress
peripheral opioid receptor antinociceptive signaling via the
activity of lipoxygenase (LOX) enzymes (Sullivan et al., 2015).
Here we identified that the 12/15-LOX-dependent AA metab-
olites, 12- and 15-HETE, are responsible for the nonrespon-
sive state of the DOR system after administration of AA or
carrageenan.

Lipoxygenases (5-, 12- and 15-LOX) are a family of enzymes
involved in the oxidative metabolism of AA, and they catalyze
the formation of corresponding hydroxyeicosatetraenoic acids
(5-, 12- and 15-HETE). Using HPLC tandem mass spectrom-
etry analyses (LC-MS/MS), we found that the 12/15-LOX-AA
metabolites, 12-HETE and 15-HETE, but not 5-HETE,
increased after treatment of primary cultures of peripheral
sensory neurons with exogenously applied AA, but not with
BK. Administration of 12-HETE and 15-HETE, either alone or
in combination, blocked completely the inhibition of PGEs-
stimulated cAMP accumulation in response to the DOR agonist
DPDPE, whereas administration of 5-HETE had no effect.
In vivo, intraplantar injection of either 12- or 15-HETE blocked
completely DOR-mediated inhibition of PGE,-evoked thermal
allodynia. Selective inhibitors of 12- and 15-LOX prevented the
reduced responsiveness of the DOR system after AA treatment
ex vivo and after AA and carrageenan treatment in vivo. These
results suggest that 12- and 15-HETEs derived from the
metabolism of AA by LOX are responsible for the refractory,
nonresponsiveness state of the DOR system in peripheral
Sensory neurons.

The observation that BK administration was not effective
at reinducing DOR responsiveness after exogenous adminis-
tration of AA or after carrageenan injection suggests that
perhaps 12- and 15-HETEs could interfere with BK signaling
systems and the induction of opioid receptor system func-
tional competence in peripheral sensory neurons; however,
the allodynia produced by intraplantar injection of BK into
the hind paw was not altered by exogenous AA (Sullivan) or
by 12-/15-HETESs. Further, both 12- and 15-HETE blocked
the inhibition of PGE,-stimulated cAMP accumulation in
CHO cells heterologously expressing DOR or KOR, which do
not require pretreatment with BK to induce responsiveness
as do peripheral sensory neurons. These data suggest that
the 12/15 LOX metabolites interfere with signaling by DOR
and KOR.

When applied at micromolar concentrations, HETEs have
been shown to activate transient receptor potential vanilloid-1
(TRPV1) channels and produce thermal hyperalgesia (Hwang
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Fig. 7. Inhibition of 12- and 15-LOX activity restores DOR system responsiveness for the reduction of PGEs-evoked thermal allodynia after AA
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intraplantarly) and PWLs were measured before (baseline) and at 5-minute intervals after injection for 20 minutes. Data represent mean = S.E.M. of the
change from baseline PWL, six animals per group. *P < 0.05; **P < 0.01; ***P < 0.001 compared Veh-Veh.

etal., 2000; Sisignano et al., 2013; Kelly et al., 2015). Thus, it is
possible that the reduced antinociceptive signaling by periph-
erally restricted DOR agonists is due to functional antagonism
produced by 12- or 15-HETEs activating TRPV1; however,
baseline PWL to thermal stimulation of the hind paw was not
altered by intraplantar injection of 12- or 15-HETE at a dose of
0.1 ug (calculated to produce a concentration of ~300 nM,
assuming a volume of distribution of 1 ml in the paw),
indicating that hyperalgesia produced by activation of TRPV1
channels by the HETEs was not responsible for the reduced

antinociceptive effect of DOR agonists in vivo after AA or
carrageenan.

Although it has been reported that 12-LOX-dependent AA
metabolites mediate presynaptic inhibition of neurotransmitter
release in neurons of the periaqueductal gray (Vaughan et al.,
1997) and nucleus raphe magnus (Zhang and Pan, 2012) in
response to opioid receptor activation, there are no reports of
regulation of opioid receptor function by LOX metabolites.
Since the 12- and 15-HETES reduced DOR and KOR receptor
signaling, but not signaling of the 5-HT; receptor, it is unlikely
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that the HETES target postreceptor mechanisms to reduce
opioid receptor function in peripheral sensory neurons.
12-HETE has been shown to interact directly with G
protein—coupled receptors, acting as an antagonist at throm-
boxane receptors (Siangjong et al., 2013) and as an agonist
at GPR31 receptors (Powell and Rokach, 2015). It is unlikely
that 12- or 15-HETE acts as an antagonist at DOR or KOR
orthosteric binding sites because ERK activation in response
to either DPDPE or U50488 was not altered in the presence of
the HETEs. Our current working hypothesis is that 12- and
15-HETE may be allosteric regulators of DOR and KOR to
reduce signaling through antinociceptive pathways (Gi), but
not ERK.

In contrast to the inhibitory effects on DOR function in
response to exogenous administration of AA and the inflam-
matory conditions induced by carrageenan, it is curious that
administration of the inflammatory mediator BK did not
promote a refractory nonresponsive state of the DOR system
(Sullivan et al., 2015). BK treatment leads to endogenous
production of AA that is metabolized by COX to induce
functional competence of opioid receptors in peripheral sen-
sory neurons (Patwardhan et al., 2005; Berg et al., 2007a). It is
possible that BK activation of bradykinin B2 receptors and
Gqg-protein-mediated phospholipid signaling elicits compart-
mentalized release of AA that is available for metabolism by
COX, but not by 12-/15-LOX enzymes in nociceptors. Prefer-
ential metabolism of AA by certain enzymes in cells has been
reported. For example, activation of cytosolic phospholipase
A, signaling by 5-HTss and 5-HTyc receptors results in
differential AA metabolism by cytochrome P450 versus COX
enzymes, respectively (Berg et al., 1998). Further, activation

of protease-activated receptors 1 and 4, which stimulate
cytosolic phospholipase A2 signaling in platelets, differen-
tially elicits AA metabolism by COX-1 versus 12-LOX, re-
spectively (Holinstat et al., 2011).

After initial induction of DOR system responsiveness by
intraplantar injection of carrageenan, the DOR system be-
came unresponsive to agonist activation when tested 3 hours
after carrageenan. Responsiveness was restored by inhibitors
of 12-/15-LOX. Carrageenan elicits an endogenous inflam-
matory response that mimics that which occurs naturally,
suggesting that the nonresponsive state of the peripheral
DOR system could also occur in inflammatory conditions
where 12-/15-LOX metabolites of AA are generated, such as
rheumatoid arthritis (Deleuran et al., 1994; Liagre et al.,
1997) and osteoarthritis (Kelly et al., 2015). It is possible that
a LOX-dependent nonresponsive state of peripheral opioid
receptor systems may underlie the cases where some clinical
studies have failed to demonstrate effectiveness of peripher-
ally restricted opioids for the treatment of pain (for reviews,
see Vadivelu et al., 2011; Nielsen et al., 2015).

In summary, we have identified 12- and 15-HETE as the
LOX-dependent AA metabolites that produce a refractory,
nonresponsiveness state of the DOR system for antinociceptive
signaling in peripheral pain-sensing neurons that occurs after
exogenous administration of AA or carrageenan. Inhibition of
12/15 LOX extended the duration of responsiveness of the DOR
system to at least 3 hours. Since 12/15 LOX metabolites are
produced in a variety of inflammatory states, inhibition of 12/15
LOX activities may be an important adjunct for sustained
peripheral opioid receptor function that will allow peripherally
restricted opioid medications to block pain neurotransmission
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to the CNS without the dose-limiting and life-threatening
CNS-mediated adverse effects.
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