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Despite intensive effort and resulting gains in understanding the
mechanisms underlying neuropathic pain, limited success in thera-
peutic approaches have been attained. A recently identified, non-
channel, nonneurotransmitter therapeutic target for pain is the
enzyme soluble epoxide hydrolase (sEH). The sEH degrades natural
analgesic lipid mediators, epoxy fatty acids (EpFAs), therefore its
inhibition stabilizes these bioactive mediators. Here we demon-
strate the effects of EpFAs on diabetes induced neuropathic pain
and define a previously unknown mechanism of pain, regulated by
endoplasmic reticulum (ER) stress. The activation of ER stress is first
quantified in the peripheral nervous system of type | diabetic rats.
We demonstrate that both pain and markers of ER stress are
reversed by a chemical chaperone. Next, we identify the EpFAs as
upstream modulators of ER stress pathways. Chemical inducers of
ER stress invariably lead to pain behavior that is reversed by a
chemical chaperone and an inhibitor of sEH. The rapid occurrence of
pain behavior with inducers, equally rapid reversal by blockers and
natural incidence of ER stress in diabetic peripheral nervous system
(PNS) argue for a major role of the ER stress pathways in regulating
the excitability of the nociceptive system. Understanding the role of
ER stress in generation and maintenance of pain opens routes to
exploit this system for therapeutic purposes.

endoplasmic reticulum stress | pain | diabetes | tunicamycin |
soluble epoxide hydrolase

ollowing its discovery, endoplasmic reticulum (ER) stress and

the ensuing unfolded protein response (UPR) proved to be
major adaptive and homeostatic mechanisms that balance cells’
demand for proteins to their synthetic output (1-3). If and when
disequilibrium in demand and synthesis cannot be overcome, ER
stress leads to activation of cell death pathways. Activated ER
stress pathways are observed in the pathogenesis of important
diseases including diabetes and cancer (4). Specifically in the
nervous system, key roles underlying multiple neurodegenerative
diseases have been ascribed to ER stress. These include Alz-
heimer’s and Parkinson’s diseases, amyotrophic lateral sclerosis
and prion diseases (5, 6). In these conditions disruption of ho-
meostasis leads to plaque formation, neuronal loss and ultimately
to dysfunction. However, beyond the progressive neurodegener-
ative diseases typically manifesting over the long term, little is
known about how ER stress affects the nervous system. Re-
gardless, current ideas on ER stress in the nervous system can be
epitomized as a fundamental and sentient network modulating
physiologic responses. As such, discovery of mechanisms gov-
erning ER stress in neurons should significantly enhance our
basic understanding of normal physiology and etiology of diseases
of the peripheral nervous system (PNS).

The diabetes induced neuropathic phenotype in rodents and
humans displays progressively increasing pain in response to
tactile stimulation and a loss of sensitivity to heat. First docu-
mented in the 19th century, its basis has been debated continu-
ously since then. Over the past century extensive histological
changes in the diabetic PNS are demonstrated (7). Paradoxically
these changes include signs of both destructive and regenerative
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biological events. The main histopathological features include
axonal swelling, degeneration of fibers beginning from distal
ends, demyelination and degeneration, Schwann cell atrophy,
signs of remyelination, distal sprouting of proximal nerve stumps.
Moreover, cognitive decline and atrophy in the brain and spinal
cord are frequently observed, suggesting that hallmark features
extend to the central nervous system (8, 9). The distinctive sensory
changes -also used to diagnose diabetes induced nerve damage-
often coincide with characteristic features at the cellular level.
These seem to occur in a selective manner, beginning from distal
areas, and not all nerves are affected equally or with an identical
time course. The mechanism(s) governing these changes are not
fully understood but could facilitate the development of suc-
cessful therapeutic interventions.

While studying EpFAs and sEH enzyme, we reported its up-
regulation in the nervous system of diabetic rodents (10). Simi-
larly sEH expression is elevated in heart, liver and adipose tissue
arguing for a global increase in response to diabetes (11-13). The
increase in activity contributes to dyslipidemia because sEH se-
lectively degrades low-abundance but highly potent bioactive
lipids that maintain homeostasis. These lipids, also termed epoxy
fatty acids (EpFAs), are analgesic, anticonvulsant and antiin-
flammatory (14-18). When EpFAs are stabilized by inhibiting
sEH in diabetic animals, neuropathic pain is effectively blocked
(10, 18). A large number of biological effects have been attributed
to EpFAs (19). The mechanism responsible for antinociception is
conceivably different from other reported activities of EpFAs. An
overarching molecular mechanism that could underlie numerous
and seemingly independent effects could be suppression of ER
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stress. Genetic ablation or inhibition of SEH significantly blocks
ER stress in the liver and adipose tissues of mice fed a high-fat diet
(20). Inspired by these observations we asked if antinociceptive
effects of inhibiting SEH are based on curtailing ER stress in pe-
ripheral nerves. Embedded in this hypothesis is the premise that
ER stress is a causative factor in pain. Here we test both hypoth-
eses and demonstrate causality between ER stress and diabetes
induced neuropathic pain. Equally importantly, we demonstrate
that inhibition of sEH as well as use of a standard chemical
chaperone that assists and facilitates the correct folding of na-
scent proteins block both ER stress and pain.

Results

Active ER Stress Responses in Diabetic PNS Demystify Symptoms of
Diabetic Polyneuropathy. The sequelae in neuropathy could be
driven by ER stress responses. Therefore, we first asked whether
ER stress-mediated pathways are active in the PNS of type I di-
abetic rats. Streptozotocin induced type I diabetes results in neu-
ropathy measured as increased sensitivity to touch (Fig. S1).
Diabetic rats display sensitivity to tactile stimuli and exhibit acti-
vated ER stress responses in the hind paw and the sciatic nerve
(Fig.1 and Figs. S2 and S3). Robust increases in activation of PKR-
like endoplasmic reticulum-resident kinase (PERK), inositol-re-
quiring enzyme la (IREla), and activating transcription factor 6
(ATFo), three key sensors of the ER stress signaling pathways are
observed. Consistently, the levels of associated downstream targets
are elevated suggesting full-scale activation of the ER stress
pathways (21). Phosphorylation of eukaryotic initiation factor 2
subunit alpha (eIF2a) (Ser51), mediated by phospho-PERK, in-
creased the mRNA level of its downstream target activating
transcription factor 4 (4#4). Phosphorylation of IREla led to a
significant rise in total protein and mRNA levels of spliced X-box
binding protein 1 (XbpI), as well as the level of the ER chaperone
binding immunoglobulin protein (BiP) in both tissues. Equally
importantly, phosphorylation of p38 and c-jun NH2-terminal

kinase (JNK) 1/2, two agreed upon kinase mediators of neuro-
pathic pain, are significantly increased (22). Remarkably, age-
matched healthy rats exhibit exceedingly low baseline levels of
phosphorylated PERK, IREla, elF2a, and cleaved ATF6, dem-
onstrating the selectivity of these ER stress responses.

Another hallmark of ER stress, autophagy, was apparent in
diabetic rats, with microtubule-associated proteins 1A/1B light
chains 3 (LC3) and beclin significantly increased in sciatic and
skin samples, demonstrating a continuous and organized effort
to replenish subcellular structures (Fig. S4).

Diverse Agents That Suppress ER Stress Responses Block Pain. A
similar observation on ER stress is described by Lupachyk et al.
in type I diabetic rats whose pain related behavior was reduced
using two chemical chaperones given for 12 wk at high doses (23).
If there is a causal relationship between diabetes mediated neu-
ropathic pain and ER stress, in particular through rapid phos-
phorylation, chemical chaperones that reduce ER stress should
block pain and reduce the levels of ER stress markers immediately
rather than following lengthy administration. Indeed, when 4-PBA
(4-phenyl butyric acid, a small molecule proposed to facilitate the
correct folding of nascent proteins) is given to diabetic rats, dose
and time dependent antinociception occurs within minutes, whereas
4-PBA is without effect in healthy rats (Fig. 2 4 and B). Of note,
systemic delivery of 4-PBA (100 mg/kg) generates full efficacy and
rapid onset. This outcome provides a rationale for the testing of
FDA approved ER stress blockers against painful conditions.
Results from Lupachyk et al. and this study support the idea
that hyperglycemia mediated activation of ER stress occurs in
peripheral and central nerves of diabetics (23, 24). These ob-
servations further support the idea that ER stress is involved in
the etiology of diabetic neuropathy. In essence, the finding that
one can modulate ER stress within minutes in vivo lends support
to the hypothesis that pain and ER stress are functionally linked.
Therefore, our results open routes to the development of novel
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Elevated ER stress is a prominent feature in diabetic rats. TPPU blocks pain-related behavior and suppress markers of ER stress within 30 min. (A and B)

Markers of ER stress from diabetic rats’ paw skin measured by Western blotting. Representative immunoblots from 3 rats using total skin lysates of healthy, diabetic,

TPPU (10 mg/kg, intraperitoneal) or vehicle treated animals are shown. Samples

are immuno-blotted for proteins specified next to each row using Tubulin as a

loading control. See Fig. S2 for all six rats. Bar graphs display phosphorylation level normalized to total protein expression. For nonphosphorylated proteins total
protein is normalized to Tubulin (n = 6 per group, %, P < 0.05, One-way ANOVA followed by Student-Newman-Keuls post hoc multiple comparison). (C and D)
Markers of ER stress from sciatic nerve bundle of same rats. Total sciatic nerve lysates are immuno-blotted for targets as in A. See Fig. S3 for all rats. Bar graphs display
phosphorylation level normalized to total protein expression and for nonphosphorylated proteins normalized to Tubulin (n = 6 per group, *, P < 0.05, One-way
ANOVA followed by Student Newman-Keuls post hoc multiple comparison). Data are presented as mean + SEM in all subsequent figures throughout the text.
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Fig. 2. A chemical chaperone and an sEH inhibitor synergistically block pain-
related behavior in type | diabetic rats. (A) 4-PBA reduced pain dose de-
pendently as quantified by von Frey assay. Withdrawal thresholds are reported
as "% change from pre-diabetic baseline” (n = 6 per group, one-way ANOVA,
followed by Student Newman—Keul’s post hoc test, %, P = 0.001). (B) Admin-
istration of 4-PBA (40 mg/kg) or TPPU to healthy rats does not result in changes
in withdrawal threshold (one-way ANOVA, P = 0.88). (C) TPPU reduces pain
dose dependently (n = 6 per group, one-way ANOVA, followed by Student
Newman-Keul's test, %, P = 0.001, 0.03-1 mg/kg vs. 0.001 mg/kg). Combination
index is reported as the key parameter of the synergistic interaction. Drug re-
duction index for each compound demonstrates fold reduction in dose to attain
similar efficacy (n = 6 per group in all panels). (D) Dose vs. efficacy at 60 min
post administration. EDsq values are calculated using SigmaPlot software suite
(n = 6 per group in all panels). (E) An ineffective dose of 4-PBA (10 mg/kg) is
shown with combination doses. (F) The CompuSyn software constructed iso-
bologram of the interaction. EDs, values for each drug are on x and y axis. The
EDso of the combination is lower than what would be expected if the two
compounds did not interact.

probes and drug candidates on multiple targets in and around
the canonical ER stress pathways while reiterating p38 and JNK
as feasible therapeutic targets to address complex painful con-
ditions (22).

Next, we asked if a different class of ER stress blocking
compound would block neuropathic pain. Increasing the levels of
EpFAs by inhibiting the enzyme sEH effectively blocks ER stress
in the liver and adipose tissue of mice fed a high fat diet (20). In
addition, sEH inhibitors are strong analgesics, and specifically in
diabetic rats, they eliminate pain-related behavior in a dose de-
pendent manner (10). Blood levels of sEH inhibitor, changes in
epoxy fatty acids and antinociceptive activity triangulate to full
target engagement. Here, an orally available inhibitor, TPPU, dis-
played higher efficacy than earlier inhibitors as would be expected
from its higher in vitro potency, measured using baculovirus ex-
pressed recombinant rat sEH (Fig. 2C) (25). More to the point,
full-blown ER stress and downstream responses are significantly
reduced in the skin and largely normalized in the sciatic nerve by
TPPU by 30 min post administration (Fig. 1). In the sciatic nerve,
phosphorylation of PERK (Thr980), eIF2a (Ser51), and IRElx
(Ser727) as well as the induction of BiP are effectively blocked
by TPPU along with significant decreases in sXBP1 and cleaved
ATF6 expression. These follow the drastic decrease in the
mRNA of Bip, sXbpl, and Atf4 (Fig. S2). Equally importantly,
kinase mediators of neuropathic pain pp38 and pJNK are simi-
larly normalized by TPPU as early as 30 min, reinforcing the role
of ER stress in pain. Notably, in healthy animals, inhibition of
sEH does not lead to changes in ER stress pathways, which is
echoed in the absence of nociceptive threshold changes in
healthy animals receiving sEH inhibitors.

Equivalent suppression of two UPR branches place epoxy fatty
acids upstream of the ER stress sensors and argue for the use of

9084 | www.pnas.org/cgi/doi/10.1073/pnas.1510137112

EpFAs, their mimics, and sEH inhibitors as previously unidentified
probes that modulate ER stress responses. Furthermore, these
findings lend support to the hypothesis that a major role of EpFAs
is modulation of ER stress and the mechanism of analgesia ob-
served by sEH inhibitors is at least partially based on dampening
ER stress.

Concurrent use of sEH Inhibitor and 4-PBA Synergistically Block Pain
and ER Stress. If sEH inhibition blocks pain by attenuating ER
stress, synergistic reduction in pain should be seen when 4-PBA and
sEH inhibitor are coadministered, in particular if these two agents
independently converge on ER stress pathway and block its acti-
vation (26). Thus, the combination of subtherapeutic doses of
4-PBA (10 mg/kg) and TPPU (0.01, 0.03, and 0.1 mg/kg) were ex-
amined in diabetic rats (26). TPPU and 4-PBA synergistically block
pain with significant combination index and drug reduction index
values (Fig. 2 E and F and Table S1). TPPU is a potent inhibitor of
the sEH enzyme with high-target occupancy as indicated by its K;
and the dissociation half life of TPPU (Table S2). These findings
strengthen the hypothesis that 4-PBA treatment and sEH inhibition
block pain by attenuating ER stress.

Diverse Agents that Induce ER Stress Concurrently Induce Pain. Al-
though these results demonstrate high synchronicity between ER
stress in the peripheral nerves and the pain modality, we asked if
inducers of ER stress modulate pain sensation. Two well estab-
lished inducers of ER stress include the glycosylation inhibitor
tunicamycin (Tm) and the sarco/endoplasmic reticulum Ca**-ATPase
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Fig. 3. ER stress inducer tunicamycin is rapid, intense and selective in gen-
erating pain behavior. (A) Tm is given into the midsection of one hind paw in
a volume of 10 pL (20 pg). Withdrawal thresholds of ipsi- and contralateral
paws are then monitored. The withdrawal data are presented as gram force
required for inducing withdrawal reflex (n = 6 per group, one-way ANOVA,
followed by Holm-Sidak’s post hoc analysis, %, P < 0.001, 30-210 min Tm vs.
vehicle). (B) Decreasing doses of Tm generated less intense allodynia that
subsided faster than the highest dose. (C) In contrast to the decrease in
mechanical withdrawal threshold, Tm induced a notable increase in thermal
withdrawal threshold. This hypoalgesia is restricted to the ipsilateral side
(n = 6 per group, Kruskal-Wallis one way analysis of variance on ranks, %, P <
0.05). (D) Intraplantar Tm induced pain is reversible with TPPU (i.p. route, 1 h
before Tm, n = 6 per group, one-way ANOVA, followed by Holm-Sidak’s
post hoc analysis, %, P < 0.001, 15-210 min Tm vs. TPPU+Tm). (E) Expectedly,
this pain is reversible with chemical chaperone 4-PBA (n = 6 per group, one-
way ANOVA, followed by Holm-Sidak’s post hoc analysis, %, P < 0.001,
15-210 min Tm vs. 4-PBA+Tm). (F) Mechanistically different ER stress inducer
dimethylcelecoxib (DMCx) generates a rapid and intense pain phenotype.
DMCx is given same as Tm. The phenotype is reversible with TPPU (i.p. route,
1h before DMCx, n = 6 per group, one-way ANOVA, followed by Holm-
Sidak’s post hoc analysis, %, P < 0.001, 15-240 min DMCx vs. TPPU+DMCXx).
Neither 4-PBA nor TPPU alter nociceptive responses in the absence of an
induced pain state as demonstrated in Fig. 2B.
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modulator dimethyl-celecoxib (DMCx) (27-29). Both induce
a significant degree of pain when administered into the intra-
plantar region of the hind paw of healthy rats (Fig. 3). The
effects are dose, time, and administration site dependent demon-
strating specificity to the nociceptive system. Tm does not induce
any immediate nocifensive behavior, however shortly after injection
rats display discomfort, licking, shaking and guarding of the affected
paw for several minutes after which guarding remains while other
behaviors subside. A minimal amount of swelling occurs after Tm,
although the mechanical withdrawal threshold quickly decreases to
25% of baseline levels (Fig. 34). The speed and magnitude of de-
crease is notably fast and intense. This results in a larger assay
dynamic range for quantification of antinociceptive compounds.
Remarkably, the contralateral paw measurements demonstrate
PNS restricted phenotype, at least during the first several hours.
Surprisingly, Tm administration resulted in rapid and sustained
loss of heat responses of the ipsilateral paw while animals be-
come more sensitive to tactile stimuli similar to the rodent di-
abetic pain behavior profile (Fig. 3C). Importantly, sensitivity to
mechanical stimuli is reversed using both TPPU and 4-PBA.
Furthermore, a mechanistically different inducer of ER stress,
DMCx generated a similar painful phenotype (Fig. 3F). DMCx
was as potent as Tm, and effects were restricted to the ipsilateral
paw and reversible by TPPU.

Concurrent with the Tm-induced changes in pain, molecular
markers of ER stress are altered in a predictable way (Fig. 4 A-D).
Major markers of ER stress are activated either as increased
phosphorylated forms or as higher levels of transcripts and trans-
lated proteins. The acute sampling time after ER stress induction
(30 min after Tm) demonstrates surprisingly synchronous pain and
clear ER stress response occurring in an identical time frame.
Quantification of contralateral paw ER stress markers concur with
the results of pain measurements, a lack of activation on vehicle
administered contralateral paw. This is also consistent with results
from sEH inhibitor alone where no significant changes occur in the
absence of induced pain or neuropathy. Consistent with results in
diabetic rats, Tm-induced ER stress markers are reduced below
detectable levels by inhibition of sEH. Similarly, inhibition of sEH
seems to have equipotent effects on two major branches of the
UPR. It is undetermined if EpFAs are directly modulating PERK
and IREla branches or an upstream event. Surprisingly, the 30 min
treatment with Tm is sufficient to initiate apoptotic and autophagic

responses, both of which are blocked by inhibition of sEH at the
level of skin and sciatic nerve (Fig. S4).

Discussion

The discovery reported here is important from a fundamental
scientific perspective because a knowledge gap in the mechanism
of nerve injury induced pain is filled. It is also important from an
applied perspective because neuropathic pain remains a signifi-
cant unmet clinical need. Painful diabetic neuropathy is one of the
most challenging comorbidities of diabetes (30, 31). Its etiology
and mechanisms are complex and poorly understood. Moreover,
few therapeutic options exist. Currently approved drugs for neu-
ropathic pain invariably address the increased hyperexcitability of
nerves, a time-tested strategy. However, understanding the un-
derlying cause of increased hyperexcitability and developing drugs
that target these processes is an equally sought after strategy which
should bring us steps closer to more selective and efficacious
therapeutics that spare normal nerve function.

Activation of the ER stress responses has long been reported in
diabetes and metabolic disease models and patients (24, 32). Here,
we extended these findings to the PNS and distinctively demon-
strate a rapidly observable functional change occurring within
minutes as a pain phenotype in response to ER stress. In the
diabetic PNS, ER stress is prominent and appear causal to the
painful phenotype. Suppression of ER stress using a chemical
chaperone or EpFA stabilizing probe led to rapid reduction of
pain and ER stress. Coadministration of these two agents syn-
ergistically block pain and ER stress suggesting that the two
classes of compounds independently converge on ER stress
pathways. Activation of ER stress by independent methods, in-
ducing systemic hyperglycemia, artificially by blocking correct
protein folding and generating intracellular calcium imbalance in
the hind paw tissue invariably result in strong painful phenotypes.
Notably, this phenotype is site specific with no changes observed
on the contralateral side. These suggest selectivity of the ER stress
responses to nociceptive neuronal firing rather than neuronal ac-
tivity. Accordingly, in healthy animals, 4-PBA or sEH inhibitors do
not modulate ER stress markers or baseline nociceptive thresholds.
Overall a causal association between ER stress responses and
pain is proposed. This outcome, if true, opens routes to ex-
amining multiple potential ER stress related therapeutic
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. . paw glabrous skin sciatic nerve
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targets with existing probes for complex pain problems in man
and companion animals.

The effects on phosphorylation of p38 and JNK, two well
recognized pain-modulating kinases add to the hypothesis that
ER stress is an underlying mechanism in multiple painful syn-
dromes. Our findings that they take part in the orchestration of
ER stress responses provide insights into their upstream regulators
in addition to highlighting ER stress as a common denominator
for pain. Activation of MAPKSs is important in mediating signal
transduction from the ER to the cell nucleus. Specifically, p38-
MAPK is activated by an array of ER stress inducing agents
including tunicamycin. ER stress-induced activation of p38 is
associated with inflammation and mediates cytokine production
through a variety of mechanisms. Activation of JNK in response
to ER stress seems to be IRE1- and TNF-receptor-associated
factor 2 (TRAF2) dependent. Active IRE1 recruits adaptor
molecule TRAF2 which activates the apoptosis-signal-regulating
kinase (ASK1). This mitogen-activated kinase transmits various
stress signals to downstream MAPKs including JNK and p38
(33). Increased phosphorylation and activation of p38 and JNK
in spinal astrocytes and microglia after nerve injury has been
observed. Furthermore, intrathecal injections of selective in-
hibitors of p38, and JNK attenuated inflammatory and neuro-
pathic pain in rats and mice (22). Overall these findings suggest
that p38 and JNK have pivotal roles in ER stress signaling during
neuropathic pain and that inhibition of ER stress would be an
effective strategy to alleviate neuropathic pain. Aside from these
two kinases other players in the ER stress pathways are well
characterized (34). Although these targets have not been con-
sidered in the context of pain our results strongly argue for their
exploration. Specifically for diabetic neuropathy, our findings are
consistent with knowledge generated over the past 50 years. For
example, easily recognized morphological changes previously
described in neuropathic pain suggest activation of autophagic
and apoptotic cascades (i.e., loss of distal ends of primary af-
ferents). During diabetes different classes of primary afferents
go through a continuum of different stages i.e., cells transmitting
heat related information first become more sensitive then over
time their responses diminish (35). A similar pattern is captured
here using Tm (tunicamycin). Intraplantar Tm leads to rapid
mechanical hyperalgesia and thermal hypoalgesia while the
phenotype is maintained on the ipsilateral side. Both hypergly-
cemia and Tm increase ER stress, autophagy and apoptosis
markers, and are reduced by 4-PBA and sEH inhibition. Changes
observed in different types of primary afferents could stem from
yet unknown susceptibility factors or could be related to expo-
sure of cells to stressors. Regardless, the complexity in the eti-
ology of diabetic neuropathy may originate from the diversity of
ER stress responses in different afferent classes and cells sup-
porting or communicating with these neurons, ultimately gener-
ating a complex picture. Excellent examples of this type of
selectivity and diversity among nociceptors in response to injured
adjacent ganglia are reported (36, 37). Nerve damage induced
pain causes selective changes in uninjured C-, AS, and Af noci-
ceptors demonstrating their diverse levels of susceptibility to in-
sult. Overall our observations provide a system wide view of the
diabetic PNS where key cellular and molecular events are driven
by ER stress. There is epistemic uncertainty in the two new models
of pain based on ER stress. The remedy for reducing uncertainty is
increasing the diversity of available models of pain. Our findings
argue that ER stress based models of pain could be appropriate
in evaluating novel compounds. On the other hand many of the
currently used models may already have a strong ER stress based
component as exemplified here with the STZ model.

The EpFAs are potent and short lived bioactive lipid media-
tors. Although their discovery dates back several decades, initial
studies required laborious steps to obtain sufficient quantities for
bioassays which were mostly restricted to in vitro and ex vivo
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systems (38). Subsequently, the realization that the sEH is a
major contributor to their short half life in vivo drove the dis-
covery of inhibitors with increasing potency and drug like prop-
erties (39, 40). Current probes, including TPPU, are easy to
administer orally or in drinking water, have high rates of exposure
and are exceptionally potent on sEH (25). Taking advantage of
selective probes and mass spectroscopy technology to monitor
EpFAs, we hypothesized that inhibition of sEH would have
antiinflammatory effects (41). Surprisingly, EpFAs not only block
inflammation due to sepsis and associated pain but they are in-
dependently analgesic, being effective in models of nerve injury
and PGE; induced pain (15). The kinase mediators of neuropathic
pain, p38 and JNK, are effectively blocked by inhibition of sEH as
early as 30 min after induction of ER stress. This predicts that
targeting sEH is a therapeutic approach for neuropathic pain with
one example recently reported in a horse suffering from terminal
laminitis (42). Much of the work performed with the EpFAs and
sEHI results in similar outcomes, whereas sEHI have more pro-
found and sustained activity compared with the EpFAs themselves
(43). This is not surprising because sEHI stabilize EpFAs. How-
ever, even without SEHI, administration of EpFAs to the site of
inflammation or by intraspinal or i.c.v. routes result in direct pain
and seizure blocking effects. Overall these are encouraging find-
ings, although bioactive lipids as mediators of analgesia are not
well understood. The EpFAs and endocannabionoids certainly do
not fit the criteria of classical neurotransmitters. Although the
endocannabinoids produce a more recognizable phenotype, the
behavioral profile of EpFAs is more subtle and difficult to fit into
known classes of compounds. Despite this difficulty in classifica-
tion, inhibition of sEH has several key advantages in pain therapy,
including better efficacy than existing analgesics, lack of narcotic
and addictive effects and lack of gastrointestinal and cardiac side
effects. There are clear and multiple mechanisms of action of
EpFAs and sEHI in reducing pain related behavior. In regard to
the ER stress pathways current data do not demonstrate a branch
that is strongly blocked by EpFAs over the other branches. This
suggests the target(s) of EpFAs may be at the level of or upstream
to the ER stress sensors. Another possibility, however unlikely, is
that EpFAs modulate the conformation of these protein sensors
by way of altering ER-membrane physical properties. The rapid
effects of EpFAs and sEHI suggest it is more likely that phos-
phorylation of key targets may be altered by EpFAs. Although
these pending questions about details of mechanism of action of
EpFAs remain to be understood, stronger evidence points toward
positive modulation of the GABAergic signaling because sEHI
and EpFAs are anticonvulsant in models of seizures, only when
GABA antagonists are used (16). Furthermore, their efficacy is
reversible by blockage of the steroid and neurosteroid synthetic
pathways at distinct steps. Currently it is unknown if the sEHI
augments GABAergic signaling through its ability to block ER
stress and render the GABA system functional under neuropathic
conditions, which is known to reduce the activity of GABAergic
signaling (44). Regardless, investigating if and how classical pain
targets respond to ER stress or its alleviation is an area of
future interest.

From a translational perspective, development of novel pain
therapeutics has been slow compared with other drugs. Re-
markably few drug candidates with novel mechanisms of action
are currently under development despite significant clinical need
for new drugs to treat pain. The discovery that pain is largely
regulated by ER stress should if true will raise the hopes of
developing a new generation of effective therapeutics in the form
of inhibitors of sEH or of other ER stress regulators that po-
tentially address diverse painful states in patients. These com-
pounds, in theory, may have a lesser degree of mechanistic
toxicity if nociceptive neurons are more susceptible to ER
stress as argued here.

Inceoglu et al.


www.pnas.org/cgi/doi/10.1073/pnas.1510137112

Materials and Methods

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

Animals and Animal Care. All procedures were in agreement with standards
for the care of laboratory animals as outlined in the NIH Guide for the Care
and Use of Laboratory Animals. All procedures were performed according to
institutional guidelines for animal experimentation and were approved by
the Animal Resource Services of the University of California, Davis, which is
accredited by the American Association for the Accreditation of Laboratory
Animal Care. Rats were housed under standard conditions, 12-h light-dark
cycle and ad libitum food and water.

Models, Behavioral Tests, Treatments, and Biochemical Analyses. Male SD rats
weighing 250 g were from Charles River Laboratories and maintained under
standard conditions. All procedures were in agreement with standards for the
care of laboratory animals as outlined in the NIH Guide for the Care and Use of
Laboratory Animals. Study was performed according to institutional guidelines
for animal experimentation and was approved by the Animal Resource Services
of the University of California, Davis, which is accredited by the Association for
the Assessment and Accreditation of Laboratory Animal Care. Diabetes was
induced by a single i.v. injection of STZ (55 mg/kg) as described (45). Behavioral
tests were done using a modified von Frey assay (10). All data are presented
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as mean + SE. TPPU and 4-PBA were administered using PEG400 as the ve-
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were assessed by SYBR Green gRT-PCR using SsoAdvanced Universal SYBR
Green Supermix (iCycler, BioRad). Relative gene expression was quantified
using the ACT method and normalized to Tata-box binding protein.

Statistical Analyses. Data were analyzed using the SigmaPlot analysis
package (Systat).
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