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acids modulate two distinct analgesic pathways
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During inflammation, a large amount of arachidonic acid (AA) is
released into the cellular milieu and cyclooxygenase enzymes
convert this AA to prostaglandins that in turn sensitize pain
pathways. However, AA is also converted to natural epoxyeicosa-
trienoic acids (EETs) by cytochrome P450 enzymes. EET levels are
typically regulated by soluble epoxide hydrolase (sEH), the major
enzyme degrading EETs. Here we demonstrate that EETs or inhi-
bition of sEH lead to antihyperalgesia by at least 2 spinal mecha-
nisms, first by repressing the induction of the COX2 gene and
second by rapidly up-regulating an acute neurosteroid-producing
gene, StARD1, which requires the synchronized presence of ele-
vated cAMP and EET levels. The analgesic activities of neuros-
teroids are well known; however, here we describe a clear course
toward augmenting the levels of these molecules. Redirecting the
flow of pronociceptive intracellular cAMP toward up-regulation of
StARDT mRNA by concomitantly elevating EETs is a novel path to
accomplish pain relief in both inflammatory and neuropathic pain
states.
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I nflammation and pain are debilitating factors associated with
a multitude of diseases. Although many therapeutic agents for
control of pain are available, side effects and lack of wide
spectrum efficacy call for a better understanding of biological
events governing diverse classes of facilitated pain states. The
arachidonic acid (AA) cascade for example is a relatively
well-known pathway that plays a pivotal role in the initiation,
expansion, and maintenance of inflammation and pain. Being a
substrate for cyclooxygenases (cox), lipoxygenases, and cyto-
chrome P450 family enzymes released AA is converted to an
expanding number of known lipid mediators including prosta-
glandins, leukotrienes, and epoxyeicosatrienoic acids (EETs) (1,
2). While some of these mediators drive inflammation, others
limit or resolve it (3). Inflammatory pain is well correlated with
the production of prostaglandins, cox-2 metabolites of AA both
in the CNS and the periphery (4). As a result, inhibition of the
inducible cox-2 leads to relief from inflammatory pain that is
often attributed to the decreased production of prostaglandin E,
(PGE>) (5). The lesser-appreciated branch of the AA cascade is
the cytochrome P450 pathway, in which the known major
endogenous products are 20-HETE, a potent hypertensive and
proinflammatory mediator, and EETs (6-8). The EETs are
widely assumed to be a major component of the vascular
endothelium-derived hyperpolarizing factor and have further
effects including ion channel modulation and regulation of gene
expression (7, 9-11). Strong antiinflammatory activity of EETs
is indicated through their ability to inhibit nuclear translocation
of NF-«kB (11). Recently EETs have been demonstrated to be
antinociceptive when administered directly into the brain as well
(12). The predicted in vivo half-lives of EETSs are on the order
of seconds, largely because of rapid conversion to the corre-
sponding diols or DHETS (dihydroeicosatrienoic acids) by the
soluble epoxide hydrolase (sEH). However, EETs are stabilized
by using inhibitors of sEH (sEHI) that prevent the conversion of
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EETs to corresponding diols (7). The increased EETSs then lead
to a reduction in blood pressure during hypertension and to
antihyperalgesia during inflammation whereas the diols are
thought to be less active (7, 13, 14). Although many in vitro
biological activities of EETs are characterized, the ability to
inhibit sEH in vivo provides the advantage of revealing the
systemic physiological effects of these molecules. Here we
present evidence toward 2 distinct mechanisms by which EETs
modulate nociceptive pathways by altering transcriptional plas-
ticity in the spinal cord and the brain.

Results

While monitoring epoxide/diol ratios of plasma fatty acids as
markers of sEHI efficacy we surprisingly found an extensive
reduction in proinflammatory fatty acid metabolites in severely
inflamed mice treated with endotoxin (LPS) and sEHIs (15).
These remarkable decreases, particularly in PGE, levels, com-
pelled us to test whether sEHI and/or EETs could reduce
inflammatory pain. We found that sEHIs were highly potent
antihyperalgesic agents in rodents by topical (13), s.c., or intra-
thecal administration. EETs alone and in combination with
sEHI were also antihyperalgesic during inflammatory pain (12).
The effect of the topically administered SEHI AEPU was
demonstrated previously [ref. 12 and supporting information
(SI) Fig. S1A]. This inhibitor briefly increased noxious heat-
evoked paw-withdrawal latencies in rats pretreated with in-
traplantar (i.pl.) LPS. Although AEPU is metabolized rapidly,
intrathecal administration of AEPU (0.1-3 ug) to rats through
chronically implanted catheters resulted in a dose-dependent
decrease in carrageenan-induced thermal hyperalgesia and me-
chanical allodynia (Fig. 14). The metabolic lability of AEPU
prompted us to design and synthesize a series of conformation-
ally restricted sEHIs based on the acylpiperidine functionality
(16). These inhibitors are highly bioavailable, and some have
remarkably long half-lives (=1 week). One of these sEHI,
TPAU, is highly effective in reducing inflammatory pain in a
dose-dependent manner. Surprisingly, the activity of TPAU is
comparable in analgesic potency to a moderate dose of morphine
(1 mg/kg s.c.) but with significantly longer efficacy (Fig. 1B). No
loss of motor activity was observed after AEPU or TPAU
administration to rats. Consistent with earlier findings the sEHI
did not change nociceptive thresholds of rats in the absence of
inflammatory pain (Fig. S1B). The polyethylene glycol structure
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Fig. 1. Inhibition of sEH blocks inflammatory and neuropathic pain. (A) Intraspinal administration of the sEHI AEPU (n = 3-4) at low microgram amounts
reduced carrageenan-elicited peripheral thermal hyperalgesia (black bars, expressed as percentage control latency) and mechanical allodynia (gray bars,
expressed as percentage control threshold). *, P=0.012; **, P = 0.003; +, P < 0.001 (ANOVA followed by Games—-Howell post hoc). (B) The piperidine sEHI TPAU
(n = 6-10) eliminated LPS (i.pl., n = 8, 10 ug)-elicited thermal hyperalgesia (BL, baseline before LPS) in a dose-dependent manner. The metabolically stable TPAU
is equipotent to morphine (n = 6) but with significantly prolonged efficacy. None of the sEHIs have significant in vitro inhibitory activity on cox-1 or cox-2 (ICso >
100 uM, data not shown). (C) Spinal COX2 message is rapidly up-regulated after LPS but significantly suppressed by AEPU or TPAU administration (n = 6 per
group). Quantitative RT-PCR measurements reflect fold induction compared with untreated animals in which expression level is set to a value of 1. (D) Brain tissue
concentrations of AEPU (n = 4) and TPAU (n = 4) upon dermal and systemic administration, respectively. (E) TPAU and AUDA, 2 structurally different sEHIs, both
reduced mechanical allodynia elicited by streptozocin-induced diabetic neuropathy (n = 6 per group). Allodynia was measured by Von Frey's test (BL, baseline
withdrawal threshold before streptozocin). Thermal and mechanical withdrawal latencies were converted to percent baseline response and are shown on the

y axis. Data are expressed as mean = SEM for all figures.

of AEPU and the low melting point (low crystal stability) make
it ideal for dermal formulations, whereas TPAU has excellent
oral availability and pharmacokinetics (Table S1).

Inhibitors of sEH Suppress the Induction of Spinal COX2 Message. In
mice during sepsis or in rats during local inflammation, increased
plasma PGE; levels were consistently reduced after sEHI treat-
ment (13, 15). However, peripheral inflammation and noxious
stimuli are known to evoke a robust increase in the spinal cord
COX2 gene expression and prostanoid production (17-19).
Given the ability of SEHIs to reduce plasma levels of PGE, we
hypothesized that sSEHI would block spinal prostaglandin pro-
duction. Relative spinal COX2 mRNA levels after LPS-elicited
pain and sEHI treatment were monitored as a measure of spinal
prostanoid production. Similar to previous reports we observed
a highly significant increase in spinal COX2 mRNA after i.pl.
LPS administration (Fig. 1C), although this increase was differ-
ent from that produced by complete Freund’s adjuvant where the
resulting slower induction is more prolonged but less efficacious
(19). Two structurally different sEHIs, AEPU and TPAU,
administered peripherally markedly attenuated COX2 up-
regulation in the rat spinal cord (Fig. 1C). We found that both
sEHIs used efficiently penetrated into the brain, and thus these
compounds are capable of direct action in the CNS (Fig. 1D).
The suppression of spinal COX2 message is in parallel to an
earlier report using another sEHI in which we showed a reduc-
tion in cox-2 protein level in livers of inflamed mice (20). The
potent activity of intraspinal sEHI, the spinal repression of
COX2 induction by sEHIs, along with detection of both sEHIs
in the brain strongly supports a centrally mediated antihyperal-
gesic mechanism of action for sEHIs.

Inhibitors of sEH Have COX2-Independent Antihyperalgesic Effects.

Given the lack of effect of sSEHIs in the absence of facilitated
pain states and the suppression of the COX2 induction in the
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spinal cord during inflammation, the inhibitors seemed to target
transcriptional regulation of the COX2 gene. To test this hy-
pothesis we asked whether COX2 message levels correlated with
pain behavior. Neither the 2 sEH inhibitors nor LPS treatment
displayed a direct correspondence between spinal COX2 expres-
sion and antihyperalgesia (Fig. S24). It is not unusual in the case
of LPS to observe a weak linear relationship between spinal
COX2 and pain scores because inflammation evokes a cascade
of reactions including the release of numerous pronociceptive
mediators with overlapping yet distinct temporal and spatial
occurrence. However, sEHIs were antihyperalgesic while COX2
message was induced, displaying a counterintuitive correspon-
dence between increasing spinal COX2 and antihyperalgesia in
these animals. Whereas glucocorticoids are well-known repres-
sors of COX2 expression and display a linear relationship
between decreased pain-related behavior and suppressed COX2
message (21), sEHIs apparently lack this correlation (Fig. S2A4).
As a control we evaluated sEHIs using a neuropathic pain model,
streptozocin-induced diabetic neuropathy (22), that does not
involve extensive COX2 up-regulation. Surprisingly, we observed
a significant decrease in mechanical allodynia of diabetic rats
using the 2 structurally different sSEHIs (Fig. 1E).

These results led us to look for an alternative mechanism of
action. We hypothesized that EETs are the major mediators of
the antihyperalgesic activity and screened the binding of EETs
to a small set of cellular receptors. Given that EETs are highly
hydrophobic and significantly similar in structure to ubiquitous
fatty acids we did not anticipate that they would have affinity to
only 3 of 48 targets tested (14). Of these potential targets we
focused on translocator protein (TSPO), formerly known as the
peripheral benzodiazepine receptor (23). The mixture of syn-
thetic EETs or their methyl ester analogs (EET-me) displaced a
high-affinity radioligand, [*H] PK 11195, from the TSPO with an
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ICs) of 4.6 uM without affecting [*H]flunitrazepam binding (Fig.
S3). The TSPO is proposed to translocate cholesterol from the
outer to the inner mitochondrial membrane for downstream
synthesis of all steroids in the peripheral tissues, but in the CNS
the end products are primarily neurosteroids (24-26). Earlier,
TSPO ligands were shown to have antinociceptive and antiin-
flammatory effects (27, 28).

Steroid Synthesis Is Required for sEHI-Mediated Analgesia. The
dose-dependent displacement of [*H] PK 11195 from its binding
site by EETs, while demonstrating a probable interaction of
EETs and TSPO or a component of the steroidogenic machin-
ery, did not reveal whether EETs are agonistic or antagonistic in
regard to the activity of this receptor. Additionally, the observed
effective concentration values (ICsp of EETs mixture = 4.6 uM)
were far higher than what would be considered a tight receptor—
ligand interaction. However, this assay is not an EET binding
assay; rather, it measures displacement of a high-affinity ligand.
In addition, EETs were shown to stimulate cortisol production
in bovine adrenal fasciculata cells and estradiol and progester-
one production in cultures of human luteinized granulose cells
at similar concentrations (29-31). Accordingly, we surmised that
EETs activate TSPO and that the effects of synthetic sEHIs and
natural EETs were mediated partially through an increase in the
production of analgesic neurosteroids in the CNS. We postulated
that inhibition of acute steroidogenesis would partially antago-
nize sEHIs and tested this hypothesis using 2 steroid synthesis
inhibitors that penetrate into the CNS (32, 33). As predicted, the
antihyperalgesic activity of AEPU was abolished when amin-
oglutethimide (AGL, 10 mg/kg), a general steroidogenesis in-
hibitor, or finasteride (FIN, 20 mg/kg), a Se-reductase inhibitor,
were coadministered (Fig. S4 4 and B). These antagonists had
no significant effect on the development of LPS-induced thermal
hyperalgesia, nor did they change the responses of vehicle-
treated animals (Fig. S4 C and D). Aminoglutethimide, a selec-
tive inhibitor of cytochrome P450scc (side chain cleavage of
cholesterol) did not change the plasma EET/DHET ratio in LPS-
and AEPU-treated rats, indicating that antagonism by this
compound could not be attributed to reduced EET production.
This observation is in contrast to AEPU treatment, which
decreased plasma PGE, and DHET levels (Fig. S5). Further-
more, aminoglutethimide did not antagonize the ability of the
sEHI to reduce PGE,, reiterating the presence of multiple
mechanisms for the antihyperalgesic effects of inhibiting sEH
(Fig. S95).

Next, we took a 2-pronged approach to test whether sEHI
activity required the activation of nuclear steroid hormone
receptors or whether sEHIs influenced circulating steroid levels.
None of the tested steroid receptor antagonists (10 mg/kg)
significantly reversed the sEHI-mediated antihyperalgesia (Fig.
S6). Interestingly, peripheral inflammation increased circulating
progesterone levels with no change in testosterone levels among
treatments (Fig. S74). Circulating hormone levels in animals
treated with steroid synthesis inhibitors displayed the expected
changes, but the hormones were not completely depleted during
the course of the experiment (Fig. S7). Although AEPU treat-
ment did not alter the levels of testosterone with or without LPS
treatment it decreased plasma progesterone levels (Fig. S7B).
We also quantified a steroidogenesis marker gene, steroidogenic
acute regulatory protein (St4RDI), to confirm the plasma
hormone assays. The mRNA levels of StARDI in testis and
adrenals were 5,000- and 37,000-fold higher than that of spinal
cord, which was used as the calibrator. Changes in expression
level of StARDI in 2 major peripheral steroidogenic tissues, the
testis and adrenal glands, corresponded well with circulating
progesterone and testosterone levels. There was no further
enhancement of these levels by sEHI although the sEHI led to
a minor decrease in adrenal St4RD1 message level in parallel to

Inceoglu et al.

the decrease observed in plasma progesterone level (Fig. S7C).
These findings implicate a selective pattern of regulation of steroi-
dogenesis by sEH inhibitors and/or EETs in addition to supporting
the absence of an effect through classical steroid-mediated gene
expression or a general increase in steroidogenesis.

EETs and sEHIs Selectively Enhance Spinal StARD1 (Steroidogenic
Acute Regulatory Protein) Expression. In contrast to the above in
vivo findings with sEH inhibitors, the in vitro stimulating effect
of AA, its lipoxygenase, and cytochrome P450-generated me-
tabolites on steroidogenesis were recognized as early as the
1980s (34, 35). At least part of this effect was traced to EETs,
which stimulate cortisol production (30). Recently, EETs were
shown to directly increase St4RDI gene expression and thus
steroid synthesis in cell lines from reproductive tissues (36). It is
proposed that acute steroidogenesis is largely dependent on
rapid production and degradation of St4RDI message and
protein and that TSPO and de novo StARDI cooperatively
facilitate the rate-determining, finely tuned, on-demand trans-
port of cholesterol into the mitochondria (37-39). In the CNS,
however, the parallel steroid synthesis cascade produces a group
of endogenous molecules termed neurosteroids that potentiate
inhibitory GABA currents in neurons (40). We therefore asked
whether increasing the level of EETs in the CNS by inhibiting
sEH would enhance the expression of St4RDI mRNA. Inter-
estingly, spinal StARDI expression was already increased, al-
though briefly, during inflammation (Fig. 24) in parallel to the
increase in adrenal StAR message. The 2 chemically dissimilar
sEHIs greatly enhanced the increase in spinal St4ARDI message
in inflamed animals but not in noninflamed controls that
received AEPU alone. The increase in St4RDI message was
positively correlated with the temporal occurrence of antihyper-
algesia after administration of AEPU and TPAU (Fig. S2B).
Notably, TPAU, the stronger repressor of COX2 message (Fig.
1C), displayed a shallower slope, possibly because of a ceiling
effect or superior down-regulation of COX2. In brain, baseline
StARDI message levels were identical to those quantified from
the spinal cord. Neither local inflammation nor AEPU alone
elicited an increase in StARDI message in the brain, although a
2-fold increase was evident in inflamed animals treated with
AEPU (Fig. 2B). Given that the calculated half-life of StAR
protein is ~5 min and that each StAR molecule is estimated to turn
over ~400 cholesterol molecules per minute in adrenal cells, we
expect that the brief and minor expression changes mediated by
sEHISs that are detected here can significantly amplify neurosteroid
synthesis in the CNS and thus lead to antihyperalgesia (38, 41).

EETs and sEHIs Redirect Elevated cAMP to an Analgesic Pathway. An
important requirement for the interaction between EETs, TSPO
activity, and St4RD1 expression may be the presence of elevated
cAMP because expression and phosphorylation of StARDI is
greatly enhanced upon gonadotropic hormone stimulation,
which increases intracellular cAMP levels (42, 43). Separately,
the maintenance of hyperalgesia in inflammatory and neuro-
pathic pain states is known to be largely regulated by the
activation of the cAMP signaling pathway (44—46). In the brain,
intracellular cAMP level is known to rise rapidly in response to
inflammation mainly because the cox-2 product PGE, activates
E-prostanoid receptors and initiates a cascade of events begin-
ning with stimulation of adenylate cylase (47). The resulting
inflammatory pain can be blocked by an inactive cCAMP ana-
logue, which prevents PKA activation (48). Here we confirmed
that peripheral inflammation led to an increase in spinal cord
levels of intracellular cAMP by quantifying 2 cAMP-responsive
genes, both of which were significantly induced during the course
of inflammation (Fig. S8).

The prevailing outcome of elevated intracellular cAMP ap-
pears to be a sustained pain state. However, we hypothesized
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Fig. 2. sEHIs cause a rapid up-regulation of spinal StARD1 expression in the
presence of elevated intracellular cAMP. (A) In inflamed animals spinal
StARD1 mRNA expression was briefly induced in response to peripheral in-
flammation elicited by LPS (n = 4, black bars), but this induction is sustained
with AEPU (n = 4-5, gray bars) or TPAU (n = 4-6, white bars). *, P = 0.03; **,
P < 0.0001; &, P = 0.04; ¢, P =0.002; ¢ ¢, P = 0.013 (ANOVA followed by
Games-Howell post hoc). (B) In inflamed animals brain StARDT mRNA expres-
sion was induced only in response to LPS plus AEPU treatment [n = 6, in all
groups, *, P=0.018 (1-way ANOVA followed by Tukey’s HSD post hoc)] but not
by LPS or AEPU alone. (C) In noninflamed animals direct intraspinal adminis-
tration of the cell-permeable cAMP analogue 8-Br cAMP (100 wg), methyl
esters of EETs (5 ng), and AEPU (1 ng) in saline (with 1% DMSO) led to changes
in spinal StARD1 expression after 30 min. Saline, AEPU alone, or 8-Br cAMP
alone did not influence baseline StARD1T levels, but EETs alone led to a
significant decrease. However, the combination of cCAMP with either EETs of
AEPU led to significant increases in spinal StARD1 expression [n = 4 for all
groups, *, P < 0.01 (1-way ANOVA followed by Tukey’s HSD post hoc)]. (D)
Brain expression levels of StARD1 of animals shown in C were also monitored.
In brain slices, only the spinal administration of 8-Br cAMP (100 n.g) and AEPU
(1 ng) led to a significant increase in brain StARD1 expression. However, it is
plausible that intraspinal EETs did not reach the brain. Spinal cords and brain
slices from saline-treated animals were used as calibrators for C and D.

that increasing the level of endogenous EETs in the CNS in the
presence of elevated cAMP may favor neurosteroid production
by up-regulating StARDI expression. This should reduce noci-
ceptive activity. Inferring that the concurrent presence of cAMP
and EETs may be required for neurosteroid-based antihyperal-
gesia we tested whether St4ARDI expression in the brain or the
spinal cord of noninflamed animals could be increased by direct
spinal administration of 8-Br cAMP, EETs, and sEHI. Because
these animals were not inflamed and were under anesthesia, we
predicted that changes in StAR expression would stem from
injected cAMP and EETs/sEHI. Nociceptive thresholds of these
animals were not determined because this assay was done under
isoflurane anesthesia. As predicted, in noninflamed rats 30 min
after compound administration only coadministration of 8-Br
cAMP (100 pg) plus EETs (5 ug) and 8-Br cAMP plus AEPU
(1 ng) significantly increased spinal St4RD1 levels (Fig. 2C). The
EETs alone suppressed basal St4RD1 expression whereas AEPU
alone or cAMP alone were without effect. In the brain of the
same animals again only the group that received cAMP and
AEPU displayed an increase in StARDI1 expression. Because
AEPU in vivo is many-fold more stable than EETs, this sEHI
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elicited a parallel increase in brain St4RD1 whereas intraspinal
EETs alone had no affect on brain StARDI! mRNA (Fig. 2D).
Neither brain nor spinal St4RD1 expression changed in response
to saline or 8-Br cAMP administration. This observation is in
contrast to cultured adrenal or testis cells where cAMP ana-
logues are able to induce St4ARD1 expression and steroidogen-
esis. It is plausible that regulation of St4RDI in the CNS differs
from that in reproductive and endocrine tissues. Overall these
observations may explain the lack of efficacy of sEHIs in the
absence of inflammation or neuropathy when intracellular
cAMP levels are inadequate to drive neurosteroid production.
Equally, during inflammation when EETs are not elevated or
stabilized the influence of such an endogenous neurosteroid-
based antihyperalgesic mechanism may be marginal because
EET levels in this case could become rate-limiting. Interestingly,
the expression levels of sSEH message in spinal cord or brain were
identical throughout the treatments in this study (data not
shown), but inflammation caused a clear decrease in plasma
oxylipins implying that spinal EETs may also be decreased
during peripheral inflammation. As shown earlier, sEHI re-
stored the plasma EET/DHET ratio (Fig. S5) (20). The hypoth-
esis that AA release is required for sEHI-mediated antihyper-
algesia remains to be tested.

Discussion

Although our original objective was not to delineate an endog-
enous neurosteroid-based antihyperalgesic pathway, two lines of
evidence suggest that one exists and that it is modulated partly
by EETs. Peripheral inflammation in our model caused a
substantial and parallel increase in StARDI1 expression in both
the spinal cord and the adrenal gland (Fig. 24 and Fig. S7).
Given that the adrenal St4RDI increase is accompanied by a
surge in circulating progesterone levels and that St4RDI mRNA
is a reliable marker for steroid production, we propose that a
parallel increase in progesterone, an analgesic molecule and a
precursor for neurosteroid production, may occur in the spinal
cord. In fact, we propose that inhibition of sEH reveals the
activity of a physiological system that is already in place to cope
with inflammatory pain. Second, Poisbeau et al. (49) reported
that during peripheral inflammatory pain GABA, receptor-
mediated synaptic inhibition was enhanced in lamina II dorsal
horn neurons in a manner that can be reversed with finasteride,
a neurosteroid synthesis inhibitor. The inhibitory influence of
GABAergic tone on ascending pain transmission and the excit-
ability of dorsal horn neurons are well established (50). Given
that neurosteroids are GABA agonists, if levels of these mole-
cules are elevated by inhibition of SEH this may enhance spinal
GABAergic transmission in general and perhaps influence
descending inhibition as well.

The tightly regulated nature of a likely TSPO/St4ARD1-based
pathway is evident from the observations that the presence of
elevated EETs and cAMP are both required to achieve St4ARD1
up-regulation. Although the absence of linear correlation be-
tween spinal COX2 gene expression and pain scores strongly
suggests that sEHIs act through an additional mechanism, a
correlation between St4RD1 expression and pain scores does not
necessitate a causal relationship. However, the binding of EETs
to TSPO and antagonism of sEHIs by elimination of acute
steroidogenesis strongly suggest so. Taken together, the hallmark
of sEHI-mediated antihyperalgesia could be that sEHIs afford
the sustenance of a higher level of TSPO activation and/or
StARDI expression upon stabilizing natural EETs in the pres-
ence of elevated intracellular cAMP (Fig. 3) and enhance the
production of unidentified factors, presumably including pro-
gesterone and other neurosteroids in the CNS, which are potent
analgesics (40). Because an increase in intracellular cAMP levels
in both inflammatory and neuropathic pain states is correlated
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Fig. 3. EET- or sEHI-mediated antihyperalgesia occurs through 2 distinct
mechanisms. Several cytochrome P450 family enzymes naturally produce EETs
by oxidation of the unsaturated bonds of arachidonic acid to result in 4
regioisomers with pleiotropic biological activities. These are degraded by sEH,
which introduces a water molecule opening the epoxide moieties to their
corresponding diols or DHETs. The DHETSs are widely assumed to be less active.
EETs have little effect on the expression of the COX2 gene in normal animals
but down-regulate induced COX2 possibly through an NF-«B-related pathway
(11). Thus, increased EETs can mimic antiinflammatory and analgesic effects of
nonsteroidal antiinflammatory drugs but as transcriptional regulators rather
than enzyme inhibitors. EETs also up-regulate StARDT gene expression in the
presence of elevated cAMP levels. The StARD1T gene expression leads to an
acute increase in steroid/neurosteroid synthesis, which then results in anal-
gesia through an agonistic activity on GABA channels. This results in analgesia
in both inflammatory and neuropathic pain states. Paradoxically, COX2 that is
repressed by EETs is responsible for producing prostaglandins that through EP
receptor activation lead to a rapid rise in intracellular cAMP levels, which
appear important for EET-mediated analgesia. The dashed arrows indicate the
novel, hypothesized steps in this cascade.

with the occurrence of pain we predict that inhibition of sEH
may broadly result in antihyperalgesia in distinct pain models.

At least 2 endogenous mechanisms of pain control have so far
been identified. These are the opioid and the endocannabinoid
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systems, both of which are activated by stress, although they may
also be active in various disease states (51, 52). Augmented
neurosteroid production in the CNS during inflammation is
likely another endogenous analgesic mechanism that exclusively
operates during hyperalgesic states, offering unique opportuni-
ties for therapeutical control of pain.

Materials and Methods
Details. Details of the experimental protocols are given in S/ Text.

Animals, Treatments, Pain Models, and Nociceptive Testing. The study was
approved by the University of California Davis Animal Care and Use Committee.
Two models of inflammatory pain and 1 model of diabetic neuropathic pain were
used to test the effects of sEHI. The main inflammatory pain model used involved
i.pl. LPS (10 ng per animal) administration as described previously (13). Diabetic
neuropathy was induced as described by Aley and Levine (22). After baseline
thermal withdrawal latency and mechanical withdrawal threshold determina-
tion LPS or carrageenan (1% in saline, 50 uL) was administered into 1 hind paw
and nociceptive thresholds were monitored over time. Thermal withdrawal
latencies and mechanical withdrawal thresholds were corrected to baseline
responses and are reported as percentage control latency or threshold as de-
scribed previously (13). In experiments in which EETs, sEHI, and CAMP analogue
were administered intraspinally animals were maintained under deep anesthe-
sia, and therefore nociceptive thresholds were not determined.

Oxylipin Analysis. Oxylipins were analyzed as described previously (15).

Quantitative Real-Time RT-PCR. Changes in gene expression were quantified by
using the relative (Cr) method according to the manufacturer’s instructions
(Applied Biosystems).

ACKNOWLEDGMENTS. We thank Dr. A. Conley for hormone analysis and
members of the B.D.H. and S.L.J. laboratories and Dr. F. Gorin for discussions
and editing. This research was supported by National Institute on Environ-
mental Health Sciences Grant R37 ES02710, National Institute on Environmen-
tal Health Sciences Superfund Basic Research Program Grant P42 ES04699,
National Institutes of Health Grant HL 59699 (to B.D.H.), and National Insti-
tutes of Health Grant GM 78167 (to S.L.J.).

18. Malmberg AB, Yaksh TL (1992) Hyperalgesia mediated by spinal glutamate or sub-
stance P receptor blocked by spinal cyclooxygenase inhibition. Science 257:1276-1279.

19. Samad TA, et al. (2001) Interleukin-1B-mediated induction of Cox-2 in the CNS con-
tributes to inflammatory pain hypersensitivity. Nature 410:471-475.

20. Schmelzer K, et al. (2006) Enhancement of antinociception by coadministration of
nonsteroidal anti-inflammatory drugs and soluble epoxide hydrolase inhibitors. Proc
Natl Acad Sci USA 103:13646-13651.

21. Hay CH, de Belleroche JS (1998) Dexamethasone prevents the induction of COX-2
mRNA and prostaglandins in the lumbar spinal cord following i.pl. FCA in parallel with
inhibition of oedema. Neuropharmacology 37:739-744.

22. Aley KO, Levine JD (2001) Rapid onset pain induced by intravenous streptozotocin in
the rat. J Pain 2:146-150.

23. PapadopoulosV, etal. (2006) Translocator protein (18 kDa): New nomenclature for the
peripheral-type benzodiazepine receptor based on its structure and molecular func-
tion. Trends Pharmacol Sci 27:402-409.

24. Papadopoulos V, et al. (1997) Peripheral benzodiazepine receptor in cholesterol
transport and steroidogenesis. Steroids 62:21-28.

25. Papadopoulos V, Lecanu L, Brown RC, Han Z, Yao ZX (2006) Peripheral-type benzodi-
azepine receptor in neurosteroid biosynthesis, neuropathology and neurological dis-
orders. Neuroscience 138:749-756.

26. Papadopoulos V, Liu J, Culty M (2007) Is there a mitochondrial signaling complex
facilitating cholesterol import? Mol Cell Endocrinol 265- 266:59-64.

27. Bressana E, Fargesa RC, Ferrarab P, Tonussi CR (2003) Comparison of two PBR ligands
with classical antiinflammatory drugs in LPS-induced arthritis in rats. Life Sci 72:2591-
2601.

28. da Silva MB, Farges RC, Frode TS (2004) Involvement of steroids in anti-inflammatory
effects of PK11195 in a murine model of pleurisy. Mediat Inflamm 13:93-103.

29. Van Voorhis BJ, et al. (1993) Metabolism of arachidonic acid to epoxyeicosatrienoic
acids by human granulosa cells may mediate steroidogenesis. J Clin Endocrinol Metab
76:1555-1559.

30. Nishimura M, Hirai A, Omura M, Tamura Y, Yoshida S (1989) Arachidonic acid metab-
olites by cytochrome P-450 dependent monooxygenase pathway in bovine adrenal
fasciculata cells. Prostaglandins 38:413-430.

31. Zosmer A, Elder MG, Sullivan MHF (2002) The production of progesterone and 5,6-
epoxyeicosatrienoic acid by human granulosa cells. J Steroid Biochem Mol Biol 81:369—
376.

32. Finn DA, et al. (2006) A new look at the 5a-reductase inhibitor finasteride. CNS Drug
Rev 12:53-76.

PNAS | December2,2008 | vol. 105 | no.48 | 18905

MEDICAL SCIENCES


http://www.pnas.org/cgi/data/0809765105/DCSupplemental/Supplemental_PDF#nameddest=STXT

33.

34.

35.

36.

37.

38.

39.
40.

41.

18906 |

Unger C, Eibl H, von Heyden HW, Kim DJ, Nagel GA (1986) Aminoglutethimide
penetration of the blood brain barrier. Invest New Drugs 4:237-240.

Lin T (1985) Mechanism of action of gonadotropin-releasing hormone stimulated
Leydig cell steroidogenesis Ill. The role of arachidonic acid and calcium/phospholipid
dependent protein kinase. Life Sci 36:1255-1264.

Dix CJ, Habberfield AD, Sullivan MH, Cooke BA (1984) Inhibition of steroid production
in Leydig cells by non-steroidal anti-inflammatory and related compounds: Evidence
for the involvement of lipoxygenase products in steroidogenesis. Biochem J 219:529-
537.

Wang X, et al. (2006) The involvement of epoxygenase metabolites of arachidonic acid
in cAMP-stimulated steroidogenesis and steroidogenic acute regulatory protein gene
expression. J Endocrinol 190:871-878.

Clark BJ, Combs R, Hales KH, Hales DB, Stocco DM (1997) Inhibition of transcription
affects synthesis of steroidogenic acute regulatory protein and steroidogenesis in
MA-10 mouse Leydig tumor cells. Endocrinology 138:4893-4901.

Epstein LF, Orme-Johnson NR (1991) Regulation of steroid hormone biosynthesis.
Identification of precursors of a phosphoprotein targeted to the mitochondrion in
stimulated rat adrenal cortex cells. J Biol Chem 266:19739-19745.

Miller WL (2007) Steroidogenic acute regulatory protein (StAR), a novel mitochondrial
cholesterol transporter. Biochim Biophys Acta 1771:663-676.

Belelli D, Lambert JJ (2005) Neurosteroids: Endogenous regulators of the GABAA
receptor. Nat Rev Neurosci 6:565-575.

Artemenko IP, Zhao D, Hales DB, Hales KH, Jefcoate CR (2001) Mitochondrial process-
ing of newly synthesized steroidogenic acute regulatory protein (StAR), but not total
StAR, mediates cholesterol transfer to cytochrome P450 side chain cleavage enzyme in
adrenal cells. J Biol Chem 276:46583-46596.

www.pnas.org/cgi/doi/10.1073/pnas.0809765105

42.

43.

44,

45.

46.

47.

48.

49.

50.
51.

52.

Stocco DM, Wang X, Jo Y, Manna PR (2005) Multiple signaling pathways regulating
steroidogenesis and steroidogenic acute regulatory protein expression: More compli-
cated than we thought. Mol Endocrinol 19:2647-2659.

Manna PR, Chandrala SP, Jo Y, Stocco DM (2006) cAMP-independent signaling regu-
lates steroidogenesis in mouse Leydig cells in the absence of StAR phosphorylation. J
Mol Endocrinol 37:81-95.

Taiwo YO, Bjerknes LK, Goetzl EJ, Levine JD (1989) Mediation of primary afferent
peripheral hyperalgesia by the CAMP second messenger system. Neuroscience 32:577-
580.

Hucho T, Levine JD (2007) Signaling pathways in sensitization: Toward a nociceptor cell
biology. Neuron 55:365-376.

Song X-J, Wang Z-B, Gan Q, Walters ET (2006) cCAMP and cGMP contribute to sensory
neuron hyperexcitability and hyperalgesia in rats with dorsal root ganglia compres-
sion. J Neurophysiol 95:479-492.

Wellmann W, Schwabe U (1973) Effects of prostaglandins E1, E2 and F2« on cyclic AMP
levels in brain in vivo. Brain Res 59:371-378.

Taiwo YO, Levine JD (1991) Further confirmation of the role of adenyl cyclase and of
cAMP-dependent protein kinase in primary afferent hyperalgesia. Neuroscience
44:131-135.

Poisbeau P, et al. (2005) Inflammatory pain upregulates spinal inhibition via endoge-
nous neurosteroid production. J Neurosci 25:11768-11776.

Millan MJ (2002) Descending control of pain. Prog Neurobiol 66:355-474.

Hohmann AG, et al. (2005) An endocannabinoid mechanism for stress-induced anal-
gesia. Nature 435:1108-1112.

Lewis JW, Cannon JT, Liebeskind JC (1980) Opioid and nonopioid mechanisms of stress
analgesia. Science 208:623-625.

Inceoglu et al.



