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ABSTRACT

The soluble epoxide hydrolase (sEH) enzyme regulates the levels of endogenous epoxygenated fatty
acid (EFA) lipid metabolites by rapidly degrading these molecules. The EFAs have pleiotropic biological
activities including the modulation of nociceptive signaling. Recent findings indicate that the EFAs, in
particular the arachidonic acid (AA) derived epoxyeicosatrienoic acids (EETs), the docosahexaenoic acid
(DHA) derived epoxydocosapentaenoic acids (EpDPEs) and eicosapentaenoic acid (EPA) derived epoxye-
icosatetraenoic acids (EpETEs) are natural signaling molecules. The tight regulation of these metabolites
speaks to their importance in regulating biological functions. In the past several years work on EFAs in
regard to their activities in the nervous system evolved to demonstrate that these molecules are anti-
inflammatory and anti-nociceptive. Here we focus on the recent advances in understanding the effects
of sEH inhibition and increased EFAs on the nociceptive system and their ability to reduce pain. Evi-
dence of their role in modulating pain signaling is given by their direct application and by inhibiting their
degradation in various models of pain. Moreover, there is mounting evidence of EFAs role in the crosstalk
between major nociceptive and anti-nociceptive systems which is reviewed herein. Overall the funda-

Opioid o mental knowledge generated within the past decade indicates that orally bioavailable small molecule
Cannabinoid inhibitors of sEH may find a place in the treatment of a number of diverse painful conditions including
inflammatory and neuropathic pain.

© 2011 Elsevier Inc. All rights reserved.
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1. Introduction

The difficulty in working with bioactive lipids given their

hydrophobicity, structural variability, and short half-lives has been

_— o o a significant impediment to the investigation of their functional
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proteins as the machinery that ran it. Early views of lipids being
merely structural components or fuels clearly reduced enthusi-
asm towards studying their functions. However, there is a growing
body of literature that addresses the activity of the polyunsatu-
rated fatty acids (PUFAs) and the resulting oxylipins in modulating
signal transduction and neurotransmission [2-5]. This has been
a shift in understanding because bioactive lipids such as endo-
cannabinoids and epoxy fatty acids (EFAs) do not fit the classical
definition of neurotransmitters as they are not stored in vesicles or
released from them. However they can freely diffuse through cell
membranes. In contrast to neurotransmitters, bioactive metabo-
lites of fatty acids are often synthesized de novo or released from
membrane bilayers upon cell stimulation [6]. Additionally unlike
neurotransmitters there is a general lack of knowledge regarding
their fate following the activation of receptors. The importance
of several classes of bioactive lipid metabolites including those of
arachidonic acid (AA) origin are now uncontested. The metabolism
of free AA can result in several classes of lipid metabolites with
opposing bioactivities. While the algogenic and pro-inflammatory
prostanoids and leukotrienes drive and maintain inflammation the
anti-inflammatory and analgesic EFAs reduce and resolve inflam-
mation. Though the anti-inflammatory action of EFAs has been
substantially studied, a number of more recent publications now
indicate direct anti-nociceptive activity of these molecules. Thus,
bioactive lipid metabolites have roles in the transmission of sen-
sory information, specifically pain under pathological conditions.
In most cases under physiological conditions the roles of these
bioactive lipids are unclear. However upon the initiation of inflam-
mation most algogenic lipids reduce the activation thresholds of
pain specific neurons to stimuli, while others such as PGE, can
directly be painful. Although the pro-nociceptive roles of bioactive
lipids are well studied, the anti-nociceptive roles of have tradi-
tionally attracted much less attention. In the past decade however
our ability to modulate the levels of anti-nociceptive lipid metabo-
lite pathways increased significantly. Here we will discuss recent
developments in the area of bioactive EFAs and nociception which
we argue establish a solid role for natural EFAs in the mediation of
pain. We will use the knowledge of other bioactive lipid mediators
such as the endocannabinoids for a comparison where appropri-
ate, though the EFAs are unique in multiple aspects compared
to all other mediators in nociception. Overall the emerging find-
ings on the anti-nociceptive roles of EFAs indicate that targeting
these molecules could become an effective strategy to treat various
painful conditions, including neuropathic pain.

2. Tight regulation of epoxygenated fatty acids (EFAs)

Outside of adipose tissue the highest concentration of lipids are
in the brain [7] with phospholipids constituting 45% of total brain
dry weight [8]. Docosahexaenoic acid (DHA) is the predominant
PUFA in the mammalian CNS accounting for 20-50% of the fatty acid
concentration in the brain while AA is also abundant in the brain
and the most prevalent fatty acid in all cell types studied [9-11].
These lipids play a significant role in development and normal
homeostatic functioning of the CNS [10]. Cellular membranes are
possibly the largest potential substrate pools of fatty acids in bio-
logical systems. Given their ubiquitous presence in the membranes
it is not surprising that the release and subsequent metabolism of
fatty acids to many types of bioactive lipid metabolites are highly
regulated events.

2.1. EFA production

Both the parent long chain PUFAs and their EFA metabolites
are linked at the sn-2 position to membrane phosphoglyceride
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Fig. 1. The arachidonic acid cascade. A simplified depiction of the formation
of major metabolite families generated from arachidonic acid. AA is metabo-
lized by cytochrome P450 enzymes into anti-inflammatory lipid mediators while
the COX and LOX enzymes produce largely pro-inflammatory metabolites. The
epoxyeicosatrienoic acids (EETs) are rapidly metabolized by the soluble epoxide
hydrolase enzyme (sEH) to their corresponding diols the dihydroxyeicosatrienoic
acids (DHETs). Inhibitors of sEH block this degradation and stabilize EET lev-
els in vivo while reducing DHETs. The EETs suppress the transcription of the
COX-2 isozyme and thus affect the AA cascade in an unexpected manner. Key
cyclooxygenase metabolites include: (PGE, ) prostaglandin E,, (PGD, ) prostaglandin
D, (PGIy) prostaglandin I, (prostacyclin), (TXA) thromboxane. Key lipoxyge-
nase metabolites include: (5-HETE) 5-hydroxyeicosatetraenoic acid, (12-HETE)
12-hydroxyeicosatetraenoic acid, (LTB4) leukotriene B4. Other PUFAs can enter this
pathway yielding among other metabolites, a variety of EFAs.

subclasses [9,11]. Therefore they are selectively liberated from
plasma membranes by phospholipase A, activity [5,12]. Released
free fatty acids and EFAs are rapidly reincorporated into cellular
membranes contributing to their short half-life in vivo [5,11,13].
AA is quite efficiently reincorporated by up to 95% in the cell phos-
pholipids with only a small amount (<5%) left unesterfied [12]. The
minor percentage that is not incorporated is free to undergo further
metabolism by the cyclooxygenase (COX), lipoxygenase (LOX), and
cytochrome P450 enzymes [14] into highly potent bioactive lipid
mediators including prostaglandins, leukotrienes, and epoxye-
icosatrienoic acids (Fig. 1). Compared to the products of the COX
and LOX branches of the AA cascade the cytochrome P450 gener-
ated epoxyeicosatrienoic acids (EETs) were the last to be discovered
in the early 1980s. Thus less is known about these molecules.
While the cytochrome P450 family of enzymes is often associ-
ated with xenobiotic metabolism, their endogenous roles include
steroid metabolism and EETs formation. More recently, it became
clear that epoxy fatty acids from a number of PUFAs are generated
by cytochrome P450s. Epoxygenation of these endogenous PUFAs
such as linoleic, linolenic, AA, DHA and eicosapentaenoic acid (EPA)
lead to multiple regioisomers of epoxygenated metabolites of the
parent lipids [15,16]. While each PUFA can be metabolized to a
number of different monoepoxy fatty acid regioisomers, each of
the regioisomers also have two possible geometric isomers (cis or
trans) and two possible enantiomers for each geometric isomer,
thus comprising a large number of biological active lipid metabo-
lites [17,18]. Most natural PUFAs are in Z or cis isomers which yield
cis epoxides. It was not clear until recently if this molecular diversity
was paralleled in functional diversity. However the large number
of biological processes that the EFAs mediate support the idea that
different EFAs have non-overlapping functions [19-22]. With the
exception of the epoxides of LA, the plasma and cellular levels of
free EFAs are typically in the low single digit nM range suggesting
that these molecules function at exceedingly low concentrations.

2.2. EFA metabolism and elimination

Epoxygenated fatty acid metabolites are subject to several
routes of metabolism with rapid degradation by the soluble epox-
ide hydrolase enzyme predominant [18]. The soluble epoxide
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hydrolase (sEH) is an enzyme downstream of cytochrome P450
expoygenases in the AA cascade [18]. It is expressed in the brain
and CNS [23,24] although higher expression levels occurin liver and
kidneys of studied species including humans [25]. The sEH is the
principal epoxide hydrolase responsible for the enzymatic degra-
dation of EETs to corresponding diol products [26,27]. Endogenous
free EETs have a short half-life given their degradation via sEH [13].
In support of the role of sEH in the metabolism of EFAs, the genetic
knock out of the sEH expression in the mouse leads to approxi-
mately 3 times higher plasma levels of summed EETs compared
to congenic wild type animals [28]. We recently demonstrated that
epoxides of EPA and DHA are both natural substrates of the sEH and
are rapidly metabolized by this enzyme [29]. The epoxides of DHA
are arguably better substrates for sEH than the EETs since they are
turned over more efficiently [29]. Interestingly the concentration of
one regioisomer, 7,8-EpDPE that is not a preferred substrate for the
sEH is about 30 times higher in the brain and the spinal cord of rats
[29]. This suggests that the regioselectivity of both the P450s which
make the epoxides and the sEH contribute to the relative concen-
tration of the EFA isomers. Although in many cases the reported
outcomes of sEH inhibition is attributed to EETs it is highly likely
that other EFAs and their diols are involved. This aspect will be
addressed in the following sections. The dihydroxyeicosatrienoic
acids (DHETSs), diols formed by sEH action on EETs and other EFAs
are far more polar and easily conjugated. They seem to lack biolog-
ical activity in most cases or have lower or different activities from
the epoxides though it is difficult to draw a general conclusion for
example diols of linoleate epoxides are pro-inflammatory [30,31].
Besides the sEH mediated degradation the free EFAs may also
undergo spontaneous hydration, chain elongation or 3-oxidation
[9,11]. Glutathione conjugation of these relatively stable epoxides
is generally slow. The epoxy-fatty acids can also be acted on by fur-
ther P450 oxidative reactions as well as fatty acid binding protein
(FABP) uptake [18]. Lastly the EFAs are efficiently incorporated into
lipid bilayers though it is not yet fully clear if this eliminates their
biological activity because there are proposed actions of membrane
bound EETs [13]. Nevertheless, the tight regulation of EFAs reveals
their importance as essential signaling molecules.

2.3. EFA action

In the CNS, key parent PUFA substrates available at high concen-
trations, the P450s that generate EFAs, and the sEH that degrades
them are selectively expressed in the glial and neuronal cells. This
demonstrates the capacity for de novo synthesis, action on neu-
ronal cells and rapid degradation via sEH [24,25,32,33]. In parallel
to genetic knockout in mice, chemical inhibition of sEH in rodents
using potent urea inhibitors (SEHIs) stabilizes the EETs and other
EFAs in vivo leading to significant increases in their plasma and
tissue levels and often decreases the corresponding diols. Exten-
sive use of sEHIs in the past 5 years has allowed observation of
numerous biological functions of EFAs, most prominently their
anti-nociceptive effects [34]. Interestingly we recently found that
neuronal sEH expression shows a bias towards axonal regions as
opposed to dendrites [35]. If the presynaptic degradation of EFAs
is more efficient than post synaptic degradation this may indicate
a more prominent postsynaptic function.

3. EFAs modulate pain signaling

The contrasting pro-inflammatory and pro-nociceptive roles of
bioactive lipid mediators are well established [36,37]. The COX
branch of the AA cascade leads to prostanoids which generate
pain directly in addition to sensitizing nociceptors [38]. The LOX
branch leads to leukotrienes which are thought mostly to sensitize

nociceptors via transient receptor potential vanilloid type I chan-
nels (TRPV1) [39]. The anti-inflammatory and anti-nociceptive
effects of the EETs, products of the cytochrome P450, however were
unexpected because the AA cascade is overall viewed as a major
inflammatory pathway which increases nociception.

In contrast to other lipid signaling molecules such as
prostaglandins or endocannabinoids, a receptor for EETs has not
been identified [40]. Cyclooxygenase generated metabolites of AA
such as PGE, and thromboxane bind to a family of G protein
coupled receptors (GPCR) including E and D prostanoid receptors
1-4 and the thromboxane receptor [41,42]. The endocannabinoids
which have similarities with eicosanoids as lipid signal messengers
affecting nociception also act on identified GPCR receptors named
cannabinoid receptors with subtypes 1 and 2 [43]. Identification of
a specific receptor for EETs will certainly be a major step towards
understanding the biological roles of these molecules. Currently
with the use of recently synthesized EET mimetics [44,45] and
antagonists [46] the search for an epoxyeicosatrienoic acid recep-
tor is underway. However given the diversity of the effects of EETs
reported so far it is possible that a number of receptors exist.

In addition to the suspected GPCR, there are several addi-
tional proposed mechanisms for the bioactivity of EETs in the
nervous system [40]. EETs activate TRPV4 channels [47] stimu-
lating rapid calcium release events (calcium sparks) that activate
potassium channels and the hyperpolarization of cells [47-49]. In
smooth muscle cells, specific regioisomers of EETs also activate
ATP-sensitive potassium channels in both a protein kinase A (PKA)
and G protein related manner [50,51]. It should be noted that the
many studies providing this mechanistic evidence have been con-
ducted in endothelial and smooth muscle cells of vascular tissues.
Spector has made a strong argument that there likely are multi-
ple GPCRs modulated by EFAs but also other regulatory systems
including ion channels are regulated by these molecules (Personal
communication). The effect of EETs in neural tissues is compara-
tively unexplored but is expected to share these mechanisms.

3.1. Anti-inflammatory effects of inhibition of SEH in animal
models

Studies originally conducted by Nakashima et al. in the mid
1990s suggested a role for EFAs in pyresis and the regulation of
body temperature [52]. This led to further work supporting the
anti-inflammatory effect of the 11,12-EET regioisomer and demon-
stration of its ability to inhibit the activation of the NFkB pathway
[53]. Some subsequent workers have shown clear evidence of EFAs
influencing nuclear translocation NFkB [21].

With the availability of potent sEHIs the first in vivo tests of sta-
bilizing EETs proved to be strongly anti-inflammatory in a murine
model of sepsis elicited by a high dose of LPS [54]. These initial
experiments indicated a prominent mechanism of sEHI mediated
anti-inflammation was a sharp reduction of levels of prostanoids,
importantly PGE,. As a result we asked if inhibition of sEH would
decrease inflammatory pain [55]. Consistent with the LPS induced
sepsis model we used an LPS induced inflammatory pain model,
which is more reflective of an infection mediated pain. Intraplan-
tar administration of LPS to the hind paw elicits both allodynia,
sensitivity to innocuous stimulation, and hyperalgesia, enhanced
sensitivity to normally noxious stimuli [56]. These changes in
responses are thought to be mediated by sensitization of nocicep-
tive neurons to stimuli by a number of pro-inflammatory mediators
including eicosanoids. A number of structurally different sEHIs
attenuate both allodynia and thermal hyperalgesia under these
conditions and the anti-nociceptive effects are highly correlated
with increases in EFAs brought about by sEH inhibition [34]. These
effects are dose dependent and are comparable to the effects of
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a moderate dose of morphine (1 mg/kg), though some sEHIs have
long half-lives and are effective for a much longer period [22].

In parallel to these initial results the sEHIs similarly reduce
pain-related behavior in carrageenan induced inflammatory pain,
even when administered hours after intraplantar carrageenan [57].
The efficacy of sEHIs on mechanical and thermal withdrawal
behavior seems to vary between models and route of admin-
istration. Whereas in the LPS model the thermal latencies are
greatly improved, in the carrageenan model the allodynia is more
efficiently reduced by the sEH inhibitors. Nevertheless the anti-
nociception produced by sEHIs is consistently independent of the
administration route whether topical, subcutaneous, or intrathe-
cal. Systemic and even topical administration of most sEHIs so
far has resulted in high enough levels in the CNS to effectively
inhibit sEH. Moreover, in the carrageenan model anti-nociceptive
effects with direct spinal injections of very low doses of sEHIs
suggest that at least a portion of the anti-nociceptive effects are
centrally mediated [22]. In support of this hypothesis of central
action we demonstrated that inhibition of sEH significantly sup-
pressed the up-regulation of spinal COX-2 mRNA. This effect is of
course expected from an anti-inflammatory agent that penetrates
into the CNS and prevents nuclear translocation of NFkB. Thus
suppression of COX-2 expression contributes significantly to the
anti-nociceptive properties of sEHIs, at least in models of inflam-
matory pain.

3.2. New dual sEH/COX-2 inhibitor effectively reduces
inflammatory pain

Stabilization of the cytochrome P450 products by sEHIs dur-
ing inflammation has unforeseen effects on the AA cascade. The
sEHIs not only transcriptionally suppress COX-2 expression in the
periphery and the CNS but their use also leads to significant changes
in the levels of LOX produced lipid mediators [58]. These changes
do not seem to be dominated by laws of mass action where one
would expect to see only increased flow of substrate towards
other branches when one branch is blocked. Thus a complex cross-
talk among the three branches of the AA cascade exists as well
as crosstalk among chemokine, cytokine, and other systems. To
take advantage of the transcriptional down-regulation of the COX
isozymes by sEHIs we employed a two pronged approach. On one
hand we tested the effects of co-administration of a sEH inhibitor
with the selective COX-2 inhibitor celecoxib and on the other hand
we designed and tested a series of dual sEH/COX-2 inhibitors.
The resulting dual sEH/COX-2 inhibitor is similarly potent com-
pared to rofecoxib although less potent than celecoxib and has
low nM inhibitory potency on recombinant sEH enzyme in vitro
[59]. As expected from earlier work, co-administration of a low
dose of sEH inhibitor with a low dose of celecoxib was highly
effective in reducing pain-related behavior in a rat model of inflam-
matory pain (Fig. 2) [59]. This is in agreement with results from
the LPS induced mouse model of sepsis where co-administration
of a sEHI with various COX inhibitors was synergistically anti-
inflammatory [55]. However we were surprised to find that the
dual sEH/COX-2 inhibitor was not only very effective but far
exceeded the efficacy of either inhibitor alone or the independent
larger dose co-administration of sEH inhibitor with celecoxib. A
designed multiple ligand (DML) inhibitor has several advantages
compared to combined therapies. These include synergistically
increased bioactivity, an increased margin of safety, predictability
and straightforwardness of pharmacokinetics and pharmacody-
namics and ease of formulation. In the case of the sEH/COX-2
inhibitor additional advantages include reduction of side effects
of COX inhibitors such as disturbance of prostacyclin to throm-
boxane ratio and improving safety of COX inhibitors by reducing
the required dose for effectiveness. Thus these dual inhibitors may

replace COX-2 selective compounds for the treatment of inflamma-
tory conditions.

3.3. EETs, EpDPEs and EpETEs reduce pain related behavior

Structurally different sEHIs inhibit sEH and stabilize EFAs, and
this is strongly anti-hyperalgesic and anti-allodynic. However it
was not entirely clear if these effects were mediated by a non-
specific interaction of the sEHIs scaffold with another target or by
the EFAs themselves. Therefore we asked if the direct administra-
tion of EFAs is anti-hyperalgesic in reducing nociceptive behavior.
In the LPS induced inflammatory pain model methyl esters of EETs
administered topically to the site of inflammation display signif-
icant anti-hyperalgesic effects [34]. Similarly, in the carrageenan
model, EETs and other EFAs reduce pain related behavior follow-
ing local intraplantar injection. These effects occur at doses as low
as 300 ng per administration. Moreover individual regioisomers of
DHA epoxides display differing anti-allodynic effects indicating the
selectivity of the bioactive lipids. The differences in the ability of
regioisomers to elicit anti-nociception may be related to their non-
uniform presence in tissues or their ability to engage a receptor
molecule [28]. However, these effects have a rapid onset beginning
within 15 min following administration when first measurements
were taken. Because sEH was notinhibited in these studies, the EFAs
had a short duration of activity (<2 h). Interestingly, while the direct
administration of EFAs significantly reduced pain in these experi-
ments the parent PUFAs at the same doses are devoid of effect. The
PUFAs had to be administered at minimally 100 times higher doses
to attain similar levels of pain reduction. Both the PUFAs and the
EFAs had no effect on nociceptive thresholds of normal rats while
they were highly efficacious in the induced pain model [29].

In addition to the peripheral anti-nociceptive effects of EFAs
these molecules show central activity. Our experiments on direct
spinal administration of EpDPEs to animals using the carrageenan
model resulted in highly significant reduction of pain related
behavior [29]. Here a dose of 3000 ng of spinal EpDPEs completely
reversed carrageenan induced thermal hyperalgesia while signif-
icantly reducing allodynia. These results of EFA administration
are strikingly similar to our earlier studies with spinally adminis-
tered sEHI where thermal hyperalgesia is reduced more effectively
than mechanical allodynia. In parallel to earlier observations spinal
EpDPEs had no effect on changing the thermal withdrawal latency
or mechanical withdrawal thresholds on normal animals in the
absence of a painful state. Overall the results indicate that the EFAs,
as a class, are anti-nociceptive with both peripheral and central
sites of action. These findings strongly suggest that the reduction
of pain related behavior with sEHI administration is because of their
ability to stabilize and elevate the levels of EFAs. Thus stabilization
of the EFAs by inhibiting sEH is a potential therapeutic strategy for
the treatment of pain. In fact intravenous or spinal infusion of nat-
ural EFAs with or without sEHIs could be an effective therapy for
intractable and debilitating pain.

4. Anti-nociception beyond anti-inflammation

A potential impediment to understanding the direct anti-
nociceptive roles of EFAs may in fact be their strong anti-
inflammatory effects. Early on we observed a lack of correlation
between the anti-hyperalgesic effects and suppression of COX-
2 expression [22]. This indicated an inflammation independent
mechanism. Currently, convergent lines of evidence indicate the
anti-nociceptive roles of sEHIs are separate from their anti-
inflammatory effects. Firstly, the sEHIs are highly effective in a
model of neuropathic pain that is largely independent of COX-2
induction [22]. Allodynia elicited by streptozocin induced type I
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Fig. 2. A dual sEH/COX-2 inhibitor efficiently blocks pain. A potent dual sEH/COX-2 inhibitor significantly alleviates intraplantar LPS induced allodynia measured by a von
Frey mechanical nociception test (n =6 per group). The sEHI and co-administration of celecoxib and sEHI also attenuate the allodynia but not as effectively. Doses of celecoxib
(CLX), sEHI (t-AUCB), or the dual inhibitor (10 mg/kg each s.c.) were compared to a combination of CLX + t-AUCB and an LPS control. The sEHI and combination treatment were
significantly anti-allodynic when compared to the LPS control (P=0.02 and P<0.001 respectively). However the sSEH/COX-2 dual inhibitor significantly (P<0.001) attenuated
allodynia at both time points and was more effective than celecoxib or sEHI alone and the combination. Results are presented as percent of baseline mechanical withdrawal

threshold on the y-axis.

diabetes is effectively blocked by structurally different sEHIs. Pre-
liminary assessment of this activity indicates that the anti-allodynic
effects are independent from modulation of glucose homeostasis in
these diabetic animals, within the time frame that pain is reduced
(i.e., within minutes to hours following sEHI administration). Sec-
ondly, we demonstrated direct anti-nociceptive effects of sEHIs
using a pain model involving direct intraplantar administration of
PGE, [60]. Given that PGE, is a product of both COX isozymes, the
non-selective inhibitor indomethacin displays no efficacy on this
type of pain [61].Consistent with these earlier findings celecoxib
and dexamethasone both of which are strongly anti-inflammatory
do not affect allodynia elicited by intraplantar PGE, [60]. Sur-
prisingly structurally different sEHIs do block pain produced by
PGE, differentiating sEHIs from NSAIDs, selective COX inhibitors
and steroids as a separate class of analgesic agents. Thus EFAs
do not modulate transmission of nociceptive information under
physiological conditions but their effects are switched on under
pathophysiological conditions whether the pathology is inflamma-
tory or neuropathic. Such observations indicate that EFAs influence
a more fundamental aspect of pain transmission. The sEHIs are also
different from narcotic agents which elevate acute pain thresholds
of naive rodents. Overall the sEHIs have a distinct profile of anti-
nociceptive effects from known agents that reduce pain suggesting
that they may be useful in the treatment of pain.

4.1. Pain dependent effects of SEHIs are modulated by
pro-nociceptive cCAMP

Importantly, all sEHIs tested to date lack a clear effect on acute
pain thresholds of rodents in the absence of an induced pain state
whether measured by responses to thermal or mechanical stimuli
[22,34,55]. An unexpected property of sEHIs mediated reduction
of pain emerged when injection of sequentially lower quantities of
PGE, resulted in a gradual decrease in the efficacy of a constant dose

of a sEHI. Inhibitors of sEH, similar to NMDA antagonists, are effec-
tive in an activity dependent manner, requiring a baseline painful
status to become anti-hyperalgesic. At high doses sEHIs induce
hypoalgesia (i.e., elevation of responses above baseline measures).
Based on these observations we hypothesized the presence of a
pain state generated co-factor is required for the analgesic effects of
sEHIs. Because PGE, leads to the production of cAMP and activation
of PKA which is a prominent molecular mechanism of inflamma-
tory pain, we asked if cAAMP would modulate the activity of sEHIs. In
these experiments normal animals that did not have an underlying
painful state were tested. Remarkably prevention of the degrada-
tion of cCAMP by a potent phosphodiesterase inhibitor, rolipram,
allowed the sEHI to become analgesic in normal animals while the
sEHIs on their own do not change nociceptive thresholds in normal
animals [60]. Thus, simulation of a painful state by elevating cCAMP
which occurs upon the algogen PGE; binding the prostaglandin (EP)
receptors [62] activated the ability of EFAs to suppress pain related
behavior.

Nevertheless, the interactions between cAMP and EFAs are mul-
tifaceted. The functional effects of EETs acting through a cAMP
pathway are extensively studied in the vasculature [40]. EETs are
endothelium-derived hyperpolarizing factors (EDHF) in smooth
muscle cells where the activity is mediated via Gas stimulation,
adenylyl cyclase (AC) activation, and subsequent increased cAMP
[63]. The elevated cAMP results in activated BKca channels which
induce relaxation of coronary arteries. Similarly, in renal vascula-
ture an EET mediated Gas ADP ribosylation leads to AC activation,
cAMP increases and by activating PKA prompts the dilation of
microvessels [64]. Furthermore, EETs also mediate TRP channel
translocation to plasma membranes [49]. It is unclear if these find-
ings in the vasculature directly apply to neurons.

Another level of complexity between the interaction of cAMP
and EFAs is our recent observation that phosphodiesterase
inhibitors (PDEIs) as a class can modulate the levels of EFAs as
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dramatically as sEHIs. Various PDEIs increase the plasma levels
of EFAs along with elevating cAMP levels [60]. There seems to
be a great deal of selectivity in this regard since PDE4 and PDEj5
inhibitors have the most remarkable effects. These effects inter-
estingly are regioisomer selective and specific for EFAs of LA, AA
and DHA but not of EPA origin. Though PDEIs elevate the plasma
levels of EFAs, unlike the sEHIs they do not seem to influence the
levels of dihydroxy-fatty acid degradation products. Inhibitors of
sEH not only elevate EFAs but they quite efficiently decrease the
levels of their degradation products. Lipolysis that is activated by
high concentrations of cAMP seems to be responsible for the eleva-
tion of EFAs by PDEIs although this hypothesis needs to be further
evaluated.

Given that EETs elevate cAMP [57], and that stabilization of
cAMP elevates EETs we asked if the analgesic activity of rolipram, a
PDE, inhibitor, can be differentiated from that of a sEHI+ rolipram
combination. Based on our previous results suggesting the involve-
ment of neurosteroids in the mechanism of action of sEHIs [22] we
used picrotoxin, an antagonist of neurosteroid action. Picrotoxin
strongly antagonized the effects of sEHI+ PDEI combination but
not the effects of the PDEI,4 rolipram. Picrotoxin at this dose was
ineffective by itself in producing changes in nociceptive thresh-
olds. Remarkably, picrotoxin had different effects on thermal versus
mechanical withdrawal responses produced by the sEHI+ PDEI
combination. These findings suggest the involvement of the GABA
system in the analgesic effects of the EFAs and sEHIs.

4.2. Analgesic effects of EFAs in non-inflammatory models of pain

In support of our work on inflammatory models of pain and anal-
gesic effects of EFAs in non-inflammatory models, recent data from
Terashvili et al. corroborate direct anti-nociceptive roles of EFAs,
specifically EETs [65]. These studies demonstrated that site spe-
cific administration of EETs into the ventrolateral periaqueductal
gray of the brain led to elevation of the thermal tail flick latency in
rats and that these anti-nociceptive effects were highly correlated
with an increase in the release of endogenous opioid peptides. The
analgesia produced by EETs was antagonized by both [3-endorphin
and met-enkephalin antisera. In accordance with these results
more recent work from Conroy et al. suggests that the cytochrome
P450 products directly contribute to the action of opioid agonists
[66]. These authors elegantly demonstrated that both inhibition of
cytochrome P450s or genetic knock out of cytochrome reductase in
the brain, which essentially reduces all cytochrome P450 activity,
interfere with bulbospinal analgesia mediated by opioid agonists
[66,67]. The mechanism of action of these findings is still under
investigation but is hypothesized to take place via P450 inhibi-
tion modulating a pathway that relates presynaptic opioid receptor
activation to GABA activity [68]. The EETs do not bind to opioid
receptors, though they seem to contribute to opioid mediated anal-
gesia [65,66]. Thus in addition to the crosstalk mediated by the EFAs
that occurs between the different branches within the arachidonic
acid cascade there seems to be a crosstalk among multiple anal-
gesic pathways, with EFAs contributing to the descending analgesic
pathway.

At least part of this crosstalk between the analgesic path-
ways may be mediated by the overlap in the structural features
of endocannabinoids and EFAs (Fig. 3). There are two cannabi-
noid receptors, CB; expressed in the brain and CB; which is more
prevalent in the immune system and in microglial cells of the
CNS although they were historically viewed as absent from this
tissue [69]. The two major ligands of the cannabinoid receptors
are arachidonylethanolamine (AEA known as anandamide) and 2-
arachidonylglycerol (2-AG). These are an amide and an ester of
arachidonic acid. The endocannabinoids are rapidly hydrolyzed
by the actions of the fatty acid amide hydrolase (FAAH) and
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Fig. 3. EFAs and epoxyeicosatrienoic acid ethanolamides (EET-EAs) share struc-
tural features. Arachidonic acid is enzymatically converted to four regioisomers of
epoxyeicosatrienoic acids (EETs) by cytochrome P450s. Here one regioisomer 11,12-
EET is depicted. Arachidonic acid is a precursor in the synthesis of endogenous
cannabinoids anandamide and 2-arachidonyl glycerol (not shown). Once synthe-
sized from N-arachidonoyl phosphatidylethanolamine (NAPE) anandamide can be
epoxygenated by cytochrome P450s to form regioisomers of EET-EAs which have
similar functional properties with anandamide. Anandamide or 2-arachidonyl glyc-
erol upon degradation by FAAH or MAGL releases arachidonic acid as a product
which can act as substrate for cytochrome P450s to be converted to EETs.

monoacylglycerol lipase (MAGL) [70]. Early on endocannabinoid
epoxidation was suggested to be an activation pathway lead-
ing to epoxide metabolites with greater stability than the parent
amides or to the formation of unique oxygenated metabolites with
potent signaling capacities [71]. More importantly, epoxygenated
endocannabinoids have recently been identified and their poten-
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Fig. 4. Cannabinoid receptors play a role in sEHI mediated anti-nociception. The
soluble epoxide hydrolase inhibitor AEPU administered topically significantly atten-
uates thermal hyperalgesia when compared to control (CTL) LPS treated rats. Male
Sprague Dawley rats (n=4 per group) were administered intraplantar 10 pg/paw
LPS in one hind paw followed by 10 mg/rat AEPU and monitored using the modi-
fied Hargreaves’ thermal hyperalgesia test. This anti-hyperalgesic effect of the sEHI
AEPU is blocked by a 2 mg/rat topical administration of the selective CB, receptor
antagonist AM 630. However, the CB; selective antagonist AM 251 displays no effect
on sEHI mediated anti-hyperalgesia. Results are presented as percent of baseline
thermal withdrawal latency on the y-axis.
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tial biological roles characterized [72,73]. Epoxyeicosatrienoic acid
ethanolamides (EET-AE) are endogenously produced by select
isozymes of P450 in the brain [74]. The 5,6-EET-EA is one of four
regioisomer EET-EA formed by these P450 enzymes [74]. 5,6-EET-
EA is a potent agonist of CB, receptors exceeding the binding
affinity of the parent anandamide by 1000-fold and with greater
stability [72]. While the metabolism of these fatty amides has not
been completely described there is evidence of epoxide hydrolase
metabolism of 5,6-EET-EA [72]. A different regioisomer 14,15-EET-
EA has been found to bind CB receptors in rat brain albeit more
weakly that anandamide. Interestingly the EETs themselves can
directly act on the CB, receptor [57]. We found that the regioi-
someric mixture of EETs can displace CB, agonist WIN 55212-2
but not the CB; agonist CP 55940 in radioligand displacement
assays. The activity is mostly mediated by the 5,6-EET regioiso-
mer, in accordance with results from Snider et al. demonstrating
the potency of 5,6-EET-EA [72]. Though the affinity of 19 uM for
CB, is weak we tested if either a CB; or CB; antagonist would block
sEHI mediated anti-hyperalgesia. Predictably, the CB, but not CB;
antagonist blocked the sEHI anti-hyperalgesia (Fig. 4).

The CB; receptor agonists mediate analgesia without CNS side
effects observed for CB; agonists [75]. EFAs share structural simi-
larities with agonists of CB receptors that induce anti-nociception.
In addition the activity profiles of sEHI administration and EFAs
have several similarities with CB, agonists. Inhibitors of sEH do
not have activity in the absence of pain, they are not motor
impairing and they do not affect open field activity. They are
both effective in inflammatory and neuropathic pain models.
Cannabinoid and EFA anti-nociceptive systems both have cAMP
mediated mechanisms. Synthesis of the endocannabinoid precur-
sor N-acylphosphatidylethanolamine (NAPE) is driven by cAMP in
neurons [76] and there is evidence of cAMP synergizing sEHI anti-
nociception [60]. Overall there seems to be a great deal of similarity
in the ways that EFAs and endocannabinoids affect the nociceptive
system.

5. Conclusion

Taken as a whole, EFAs whether exogenously applied or
increased endogenously attenuate pain related behavior. The past
decade has seen a number of rapid developments in this area
including the availability of orally active potent small molecule
inhibitors of the sEH. EFAs are tightly regulated via reincorpora-
tion in to membranes and enzymatic degradation. In animal models
they clearly attenuate inflammation and inflammatory pain but
also pain not dependent on inflammation. This anti-nociception
mediated by EFAs is dissimilar to that produced by most other class
of therapeutics. The EFAs do not alter motor skills like analgesics
and cannabinoids. They are active in inflammatory models but also
in diabetic neuropathic pain and importantly other types of pain
such as that produced by PGE,; that is recalcitrant to NSAIDs and
steroids. The side effects profile of sEHIs is unknown, but based on
data from rodent pain studies, the sEHIs seem to be highly effec-
tive. The sEHIs reduce pro-inflammatory mediators through several
different mechanisms but do so without inhibiting COX or LOX
enzymes and thus maintain homeostasis. While targeting the sEH
in the AA cascade has great potential for treating neuropathic pain,
exploring the crosstalk between the branches of the cascade and
the synergistic response it offers in pain relief may yield still more
novel therapeutics. It will be interesting to describe the activity of
EFAs in modulating nociception mediated through the opioid and
cannabinoid analgesic systems. This crosstalk between analgesic
systems offers even more opportunities to improve pain therapies
by potentially lowering side effects of current agents with combi-
nation therapy. Reducing pain is still an unmet need in numerous

disease states and novel alternatives to current therapies with more
preferable side effect profiles are necessary. The sEH inhibition
mediated anti-nociception, though yet to be tested in man, offers a
unique path towards this end.
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