wo 2016/133788 A1 |1 NF 1 00O 00O

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

25 August 2016 (25.08.2016)

WIPOIPCT

(10) International Publication Number

WO 2016/133788 Al

(51) International Patent Classification: #33, Davis, California 95618 (US). BETTAIEB, Ahmed,;
A61P 25/02 (2006.01) A61K 45/06 (2006.01) 7509 Halls View Road, Knoxville, Tennessee 37938 (US).
AG61K 31/16 (2006.01 A6IP 2 2006.

Agl K ; 1;1%2006 01; 6 3700 o1 (74) Agents: WAHLSTEN, Jennifer L. et al; WEAVER
’ AUSTIN VILLENEUVE & SAMPSON LLP P.O. Box

(21) International Application Number: 70250, Oakland, California 94612-0250 (US).
PCT/US2016/017613 (81) Designated States (uniess otherwise indicated, for every
(22) International Filing Date: kind of national protection available): AE, AG, AL, AM,
11 February 2016 (11.02.2016) AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,

25) Filing L ) Enalish BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,

(25) Filing Language: nglis DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,

(26) Publication Language: English HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,

o KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME, MG,

(30) Priority Data: MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
62/118,468 20 February 2015 (20.02.2015) Us PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC

(71) Applicant: THE REGENTS OF THE UNIVERSITY 8D, SE, 8G, SK, SL, SM, ST, 8V, 8Y, TH, TJ, TM, TN,
OF CALIFORNIA [US/US]; 1111 Franklin Street, 12th IR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
Floor, Oakland, California 94607-5200 (US). (84) Designated States (unless otherwise indicated, for every

(72) Inventors: HAMMOCK, Bruce D.; 3134 Chesapeake kind of regional protection available). ARIPO (BW, GH,
Bay Avenue, Davis, California 95616 (US). INCEOGLU, GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
Ahmet Bora; 2607 Syracuse Court, Davis, California TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
95618 (US). HAJ, Fawaz G.; 4141 Cowell Boulevard, EJK TEI\E)’EESWS%’GSE (éll; é; 35’ 38 ICEHiSC}{I: CLZT ]LDE

[Continued on next page]

(54) Title: METHODS OF INHIBITING PAIN

(57) Abstract: Provided are methods and
W compositions for preventing, reducing, mitig-
F g‘g @ ating and treating pain, particularly neuropath -
# ic pain by the combined administration of an
agent that increases EETs and an agent that
reduces/inhibits endoplasmic reticulum (ER)
g' stress. In one aspect, provided are methods of
;. preventing, reducing, ameliorating, mitigating,
ED of TPRU inhibiting and/or reversing pain in a subject in
408 need thereof. In some embodiments, the meth-
. N _ ods comprise co-administering to the subject
o ﬁ{}w of Combinalion § an agent that increases the production and/or
= G.04 =10.868 mylkg level of epoxygenated fatty acids and an in-
g ' hibitor of endoplasmic reticulum stress. In
- .03 4 varying embodiments, the pain comprises in-
&, flammatory pain. In varying embodiments, the
& pain comprises neuropathic pain.
§ 0.02 - 1, Andagoe
8 0.01 4 |
8l of SFER8
8.08 ot

¢ 5 10 18 20
Dose ($-FRamgRg)

28



WO 2016/133788 A1 |IIIWAIL 00TV 00 0O A O

LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, S, SK,
SM, TR), OAPI (BF, BJ, CF, CG, CL, CM, GA, GN, GQ,
GW, KM, ML, MR, NE, SN, TD, TG).

Published:

before the expiration of the time limit for amending the
claims and to be republished in the event of receipt of
amendments (Rule 48.2(h))

—  with international search report (Art. 21(3))



10

15

20

25

30

WO 2016/133788 PCT/US2016/017613

METHODS OF INHIBITING PAIN

CROSS REFERENCE TORELATED APPLICATION
{0001} This application claims the benefit under 35 U.S.C. § 119(e) of U.S.
Provisional Appl. No. 62/118,468, filed on February 20, 2015, which is hereby incorporated
herein by reference in its entirety.
STATEMENT OF GOVERNMENTAL SUPPORTY
{6002] This 1avention was made with government support under Grant Nos.
SR21TAR062866 and SROTESO02710, awarded by the National Institutes of Health. The

government has certain rights 1o the invention.

FIELD

{0003} Provided are methods and compositions for preventing, reducing, mitigating
and treating pain, particularly neuropathic pain by the combined admunisiration of an agent

that increases EETs and an agent that reduces/inhibits endoplasmic reticulum (ER) stress.,

BACKGROUND

10004 Limited success in therapeutic approaches for pain has been attained despite
intensive efforts. Specifically, neuropathic pain continues to be an unmet clinical need.
Drugs that target neuropathic pain do not resolve the underlying cause of pain. Specifically,
current medications for diabetes-mediated pain target ion channels but they are largely
ineffective in helping patients manage pain. Instead, pain therapeutics target the excitability
of pain transmitting nerve cells. Currently, all FDA approved or off-label used analgesics
for neuropathic pain work by suppressing nerve activity. Although this may be a good
approach in certain cases, mitations include lack of broad efficacy and serious side effects
associated with blocking all neural excitability o a non-selective manner. Therefore,
current drugs do not provide satisfactory therapy to a large number of patients suffering
from neuropathic pain. Therapeutics for pain, in particular nerve damage-induced pain
remains a significant and unmet medical need. Almost one-third of chronic pain sufferers

are resistant to all available therapeutic agents for managing their pain.

{0005} Following its discovery, ER {endoplasmic reticalum) stress and the ensuing
UPR (unfolded protein response) proved o be a major adaptive and homeostatic mechanism

that balances cells” demand for proteins to its synthetic output (1). If and when
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disequilibrium in dernand and synthesis cannot be overcome, ER stress leads to activation
of cell death pathways. ER stress seems necessary and sufficient for a sumber of pathologic
states including diabetes and cancer (2). Specifically in the nervous systern, key roles
underlying multiple neurodegenerative diseases have been ascribed to ER stress. These
include Alzheimer's and Parkinson's diseases, amyotrophic lateral sclerosis and prion
diseases {3). In these conditions disruption of homeostasis leads to plaque formation,
neuronal loss and ultimately to dysfunction. However bevond the progressive
neurodegenerative diseases typically manifesting over the long term little 1s known about
how ER stress affects the nervous system. Regardless, 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 governing ER stress in newrons
should significantly enhance our basic understanding of normal physiology and eticlogy of

diseases of the PNS.

{3006! Inabetes induced neuropathic phenotype in rodents and man displays
progressively increasing pain in response to tactile stimulation and a loss of sensitivity to
heat. First documented in the 19th century, its basis has been debated continuously since
then. Over the past century extensive histological changes in the diabetic PNS are
demonstrated (4). However, paradoxically, these changes inchude signs of both destructive
and regencrative biological events. The main histopathological features include axonal
swelling, dying back of fibers, demyelination and degeveration, 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 {5,6). The distinctive sensory changes -also
used to diagnose diabetes induced nerve damage- often coincide with the characteristic
features at the cellular level. These seem to occur in a selective manner, beginning from
distal areas, and not all nerves display damage equally or at the least with an identical time
course. The mechanism(s} governing these changes continue to spur debate, given the
symptoms at the cellular level are unlike any other condition. However, they are
remarkably similar fo symptoms that would be expected from cells undergoing ER stress

FCSPONSes.

{00067} While studying the effects of inhibiting sEH on pain and inflaramation, we
reported that this enzyme is up regulated in the nervous system of diabetic rodents (7).

Similarly liver, heart and adipose tissue sEH expression is elevated arguing for a global
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ncrease in response to diabetes (8-10). The increase in activity contributes to dyslipidemia
because sEH selectively degrades low-abundance but highly potent bioactive lipids that
maintain homeostasis. These hipids, also termed epoxy fatty acids (EpFAs), have analgesic,

anticonvulsant and anti-inflammatory properties (11-14).

{0008} Thus, when EpFAs are stabilized by inhibiting sEH in diabetic animals,
neuropathic pain is effectively blocked (15). Over the past three decades a large number of
biclogical effects have been attributed to EpFAs (16). The mechanism responsible for
antinociception is conceivably different than other reported activities of EpFAs. However,
one particitlar activity stands out as a potentially overarching molecular mechanism that
could underlie numerous and seemingly independent effects, Inhibition of sEH or genetic
ablation has a profound etfect in suppressing ER stress in the liver and adipose tissues of

mice fed a high-fat diet (17},

SUMMARY
10069] In one aspect, provided are methods of preventing, reducing, amecliorating,
mitigating, inhibiting and/or reversing pain tn a subject in need thereof. In some
embodiments, the methods comprise co-administering to the subject an agent that increases
the production and/or level of epoxygenated fatty acids and an inhibitor of endoplasmic
reticulum stress. In varying embodiments, the pain comprises inflammatory pain. In
varying embodiments, the pain comprises neuropathic pain. In varying embodimnents, the
neuropathic pain comprises nerve damage induced pain. In varying embodiments, the
neuropathic pain is central neuropathic pain. In varying embodiments, the neuropathic pain
is peripheral neuropathic pain. In varying embodiments, the neuropathic pain is
characterized by one or more sympioms selected from the group consisting of paresthesia,
dysesthesia, hypoesthesia, hyperesthesia, hypoalgesia, hyperalgesia and allodynia. In
varying embodiments, other functions of the nervous system such as physiologic 1on
chanuel activity are not affected. In varying embodiments, the subject has diabetes. Ina
further aspect, provided are methods of preventing, reducing, ameliorating, mitigating,
inhibiting and/or reversing one or more symptoms associated with a disease or disease
condition caused at least in part by endoplasmic reticulum stress in a subject in need
thereof. In varymg embodiments, the methods comprise co-administering to the subject an
agent that increases the production and/or level of epoxygenated fatty acids and an ishibitor
of endoplasmic reticulum stress, wherein the disease or disease condition is selected from

the group consisting of inflammatory disease, cardiovascular disease, pulmonary disease,

3-
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renal disease, diabetes, neurological disease, hypertension, pulmonary edema, pulmouvary
hypertension, cystic fibrosis, cardiomyopathy, hypertrophy of the heart, edema, pain,
epilepsy, neuroma, cancer, Alzheimer's disease, dementia, Amyotrophic Lateral Sclerosis
{ALS), Parkinson's disease, prion diseases, depression, schizophrenia, and chemotherapy

5 mduced side effects. In varying embodiments, the preventing, reducing, amchorating,
mitigating, inhubiting and/or reversing of the pain or the one or more syraptoms associated
with a disease or disease condition is experienced by or effected in the subject within 24
hours, e.g., within 20, 18, 12, 10, 8, 6, 4, 2, 1 hours or fewer hours, or effected immediately.
In varying embodiments, one or both of the agent that increases the production and/or level

10 of epoxygenated fatty acids and the inhibitor of endoplasmic reticulum stress are
administered at a subtherapeutic dose. In varying embodiments, the agent that increases the
production and/or level of epoxygenated fatty acids and the inhibitor of endoplasmic
reticulum stress are concurrently co-administered. In varying embodiments, the agent that
increases the production and/or level of epoxygenated fatty acids and the inhibitor of

15  endoplasmic reticulum stress are sequentially co-admimistered. In varying embodiments,
the inhibitor of endoplasmic reticulum stress is selected from the group consisting of 4-
pheny! butyric acid (“"PBA™), 3-phenylpropionic acid (3-PPA}, 5-phenylvaleric acid (§-

PV A), 6 phenylhexanocic acid {6-PHA), butyrate, taurcursodeoxycholic acid, trehalose,
deuterated water, docosahexaenoic acid (“DHA”), eicosapentaenoic acid ("EPA”), vitamain

20 C, arabitol, mannose, glycerol, betaine, sarcosine, trimethylamine-N oxide, DMSO and
mixtures thereof. In varying embodiments, the inhibitor of endoplasmic reticulum stress is
selected from the group consisting of 4-phenyl butyric acid (4-PBA), 3-phenyipropionic
acid (3-PPA), S-phenylvaleric acid (5-PVA), 6-phenylhexanoic acid (6-PHA), esters thereof
{e.g., esters of 4-phenyl butyric acid (4-PBA), 3-phenylpropionic acid (3-PPA), 5-

25  phenylvaleric acid (5-PV A}, 6 phenylhexanoic acid (6-PHA)), pharmaceutically acceptable
salts thereof {e.g., salts of 4-phenyl butyric acid (4-PBA), 3-phenylpropionic acid (3-PPA),
S-phenylvaleric acid (5-PVA), 6 phenylhexanoic acid (6-PHA}), and mixtures thereof. In
varying embodiments, the inhubitor of endoplasmic reticulum stress performs one or more
of the following: 3) prevents, reduces and/or inhibits phosphorylation of PERK (Thr980),

30 Irela (Ser727), efF2a (Ser31), p38 and/or INK 1/2; b} prevents, reduces and/or inhibits
cleavage of ATF6 and/or XBP1; and/or ¢} prevents, reduces and/or inhibits mRNA
expression of BiP, ATF4 and/or XBP1. In varying embodiments, the agent that increases
the production and/or level of epoxygenated fatty acids cornprises one or more

epoxygenated fatty acids. In varying embodiments, the epoxygenated fatty acids are

4
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selected from the group consisting of cis-epoxyeicosantrienoic acids (“EETs”), epoxades of
linoleic acid, epoxides of gicosapentaenoic acid (“EPA”), epoxides of docosahexaenoic acid
{(“DHA”™), epoxades of the arachidonic acid ("AA™), epoxades of ¢18-7,10,13,16,19-
docosapentaenoic acid, and mixtures thereof, In varying embodiments, the agent that

increases the production and/or level of epoxygenated fatty acids increases the production

agent that increases the production and/or level of EETs is an inhibitor of soluble epoxide
hydrolase ("sEH”). In varying embodiments, the inhibitor of sEH comprises a primary
pharmacophore selected from the group consisting of a urea, a carbamate, and an amide. In
varying embodiments, the inhubitor of sEH comprises a cyclohexyl moiety, aromatic
moiety, substituted aromatic moiety or alkyl moiety attached to the pharmacophore. In
varying embodiments, the inhibitor of sEH comprises a cyclohexyl ether moiety attached to
the pharmacophore. In varying embodiments, the inhibitor of sEH comprises a phenyl ether
or piperidine moicty attached to the pharmacophore. In varying embodiments, the inhibitor
of sEH comprises a polyether secondary pharmacophore. In varying embodiments, the
inhibitor of sEH has an IC50 of less than about 100 uM, e g., less than about 50 pM, 40 uM,
30 uM, 25 uM, 20 uM, 15 uM, 10 uM, S uM, 3 uM, 2 uM, 1 uM, 100 nM, 10 oM, 1.0 oM,
or even less. In varying embodiments, the inhibitor of sEH is co-administered at a

subtherapeutic dose. In varying embodiments, the subject 1s a human,

{6018 In a further aspect, provided are kits. In varying embodiments, the kits
comprise an agent that increases the production and/or level of epoxygenated fatty acids and
an inhibitor of endoplasmic reticulum stress. In varving embodiments, the ihibitor of
endoplasmic reticulum stress is selected from the group consisting of 4-phenyl butyric acid
(“PBA”), 3 phenvipropionic acid (3-PPA), 5-phenylvaleric acid (5-PV A), 6-phenylhexanoic
acid {6 PHA), butyrate, tauroursodeoxycholic acid, irehalose, deuterated water,
docosahexaenoic acid (“DHA”), cicosapentaenoic acid (“EPA”), vifamin C, arabitol,
mannose, glycerol, betaine, sarcosine, trimethylamine-N oxide, DMSO and mixtures
thereof. In varying embodiments, the inhibitor of endoplasmic reticulum stress is selected
from the group consisting of 4-phenyl butyric acid (4-PBA), 3 phenylpropionic acid (3-
PPA), S-phenylvaleric acid (5-PVA), 6-phenylhexanoic acid (6 PHA), esters thereof (e.g.,
esters of 4-phenyl butyric acid (4-PBA), 3-phenylpropiounic acid (3-PPA), S-phenylvaleric
acid {(5-PVA), 6 phenylhexanoic acid (6-PHA)), pharmaceutically acceptable salts thereof
{e.g., salts of 4-phenyl butyric acid (4-PBA), 3-phenylpropionic acid (3-PPA), 5-
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phenylvaleric acid (5-PVA), 6 phenylhexanoic acid (6-PHA)), and mixtures thereof, In
varying embodiments, the agent that increases the production and/or level of EETs 1s an
inhibitor of soluble epoxade hydrolase (“sEH™). In varying embodiments, the inhibitor of
sEH comprises a primary pharmacophore selected from the group consisting of a urea, a
carbamate, and an amide. In varying embodiments, the inhibitor of sEH comprises a
cyclohexyl moiety, aromatic moiety, substituted aromatic moiety or alkyl moiety attached to
the pharmacophore. In varying embodiments, the inhibitor of sEH comprises a cyclohexyl
ether moiety attached fo the pharmacophore. In varying embodiments, the mhibitor of sEH
comprises a phenyl ether or piperidine moiety attached to the pharmacophore. 1n varying
embodiments, the inhibitor of sEH comprises a polyether secondary pharmacophore. In
varying embodiments, the inhibitor of sEH has an 1C50 of less than about 100 pM, e.g., less
than about 50 uM, 40 puM, 30 M, 25 uM, 20 uM, 15 pM, 10 uM, 5 M, 3 uM, 2 uM, |
uM, 100 oM, 10 nM, 1.0 oM, or even less.

{0011 in a further aspect, provided are methods of preventing, reducing,
ameliorating, mitigating, inhibiting and/or reversing pain in a subject in need thereof. In
varying embodiments, the methods comprise administering to the subject an inhibitor of
endoplasmic reticalum stress, wherein the preventing, reducing, ameliorating, mitigating,
inhibiting and/or reversing of the pain or the one or more symptoms associated with a
disease or disease condifion is experienced by the subject within 24 hours, e.g., within 20,
18,12, 10, 8, 6, 4, 2, 1 hours or fewer hours, or effected immediately. In varying
embodiments, the pain comprises inflammatory pain. IN varying embodiments, the pain
comprises neuropathic pain. In varying embodiments, the neuropathic pain comprises nerve
damage induced pain. In varying embodiments, the neuropathic pain is central neuropathic
pain. In varying embodiments, the neuropathic pain 1s peripheral neuropathic paim. In
varying embodiments, the neuropathic pain is characterized by one or more symptoms
selected from the group consisting of paresthesia, dysesthesia, hypoesthesia, hyperesthesia,
hypoalgesia, hyperalgesia and allodynia. In varying embodiments, other functions of the
nervous system such as physiologic ion channel activity are not affected. In varying
embodiments, the subject has diabetes. Further provided are methods of preventing,
reducing, ameliorating, mitigating, inhibiting and/or reversing one or more symptoms
associated with a disease or disease condition caused at least in part by endoplasmic
reticulum stress in a subject in need thereof. In some embodiments, the methods comprise

administering to the subject an mhibitor of endoplasmic reticulum stress, wherein the
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disease or disease condition is selected from the group consisting of inflammatory disease,
cardiovascular disease, pulmonary disease, renal disease, diabetes, neurological disease,
hypertension, pulmonary edema, pulmonary hypertension, cystic fibrosis, cardiomyopathy,
hypertrophy of the heart, edema, pain, epilepsy, neuroma, cancer, Alzheimer's disease,
dementia, Amyotrophic Lateral Sclerosis (ALS), Parkinson's disease, prion diseases,
depression, schizophrenia, and chemotherapy induced side effects, wherein the preventing,
reducing, ameliorating, mitigating, inhibiting and/or reversing of the pain or the one or more
symptoms associated with a disease or disease condition s experienced by the subject
within 24 hours, e.g., within 20, 18, 12, 10, 8, 6, 4, 2, 1 hours or fewer hours, or effected
immediately. In varying embodiments, the mhibitor of endoplasmic reticulum stress 18
selected from the group consisting of 4-phenyl butyric acid (“PBA”), 3-phenylpropionic
acid (3-PPA), S-phenvlvaleric acid (5-PVA), 6 phenylhexanoic acid {(6-PHA), butyrate,
tauroursodeoxycholic acid, trehalose, deuterated water, docosahexaenoic acid (“DHA™),
gicosapentacnoic acid (“EPA”), vitamin C, arabitol, mannose, glycerol, betaine, sarcosine,
trimethylamine-N oxide, DMSO and muxtures thereof. In varying embodiments, the
inhibitor of endoplasmic reticulum stress is selected from the group consisting of 4-phenyl
butyric acid (4-PBA), 3-phenylpropionic acid {3-PPA), S-phenylvaleric acid (5-PVA), 6
phenylhexanoic acid (6-PHA), esters thereof, pharmaceutically acceptable salts thereof, and
mixtures thereof, In varying embodiments, the inhibitor of endoplasmic reticulum stress
performs one or more of the following: a) prevents, reduces and/or inhibits phosphorylation
of PERK (Thr980), Irela (Ser727), elF2¢ (Ser51), p38 and/or INK1/2; b) prevents, reduces
and/or imhibits cleavage of ATF6 and/or XBP1; and/or ¢} prevents, reduces and/or inhibits

mRNA expression of BiP, ATF4 and/or XBP1.

10012) In a further aspect, provided are method of screening agents for efficacy in
preventing, reducing, ameliorating, mitigating and/or inhibiting pain in a non-human
mammal, In some ermbodiments, the methods comprise: a) administering to the non-human
mammal an agent that induces endoplasmic reticulum stress, thereby inducing pain or
hyperalgesia in the mammal; b} administering to the subject one or more test agents
suspected of having efficacy in preventing, reducing, ameliorating, mitigating and/or
inhibiting pain in the mammal; ¢} exposing the mammal to a stinwlus capable of causing
pawn or hyperalgesia; and d) comparing the response of the test reammal to a control
maminal that has been administered the agent that induces endoplasmic reticulum stress but

has not been administered the one or more test agents suspected of having efficacy in
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preventing, reducing, ameliorating, mitigating and/or whibiting pain 1o the mammal. In
varying embodiments, the non-human mammal is a rodent. In varying embodiments, the
non-human mammal is a rat or a mouse. In varying embodiments, the pain comprises
inflammatory pain. In varying embodiments, the pain comprises neuropathic pain. In

5  varying embodiments, the agent that induces endoplasmic reticulum stress 18 selected from
tunicamycin, dimethyl-celecoxib (DMCx), and mixtures thereof. In varying embodiments,
the one or more test agents comprises an inhibitor of endoplasmic reticulum stress. In
varying embodiments, the inhibitor of endoplasmic reticulum stress is selected from the
group consisting of 4-phenyl butyric acid (“PBA”), 3 phenylpropionic acid (3-PPA), 5-

10 phenylvaleric acid {5-PVA), 6-phenylhexanoic acid (6-PHA), butyrate,
tauroursodeoxycholic acid, trehalose, deuterated water, docosahexaenoic acid (“DHA™),
eicosapentaenoic acid (“EPA™), vitamin C, arabitol, mannose, glycerol, betaine, sarcosine,
trimethylamine-N oxide, DMSO, and mixtures thereof. In varying embodiments, the
inhtbitor of endoplasmic reticulum stress is selected from the group consisting of 4-phenyl

15 butyric acid (4-PBA), 3 phenylpropionic acid {3-PPA), 5-phenylvaleric acid (§-PVA), 6-
phenylhexanoic acid (6-PHA), esters thereof (e.g., esters of 4-phenyl butyric acid {4-PBA),
3-phenylpropionic acid (3-PPA), S-phenylvaleric acid (5-PVA), 6 phenylhexanoic acid (6-
PHA)), pharmaceutically acceptable salts thereof (¢.g., salts of 4-phenyl butyric acid (4-
PBA), 3-phenylpropionic acid (3-PPA), 5-phenylvaleric acid (5-PVA), 6 phenylhexanoic

20 acid {(6-PHA}), and mixtures thereof. In varying embodiments, the one or more test agents
comprises an agent that increases the production and/or level of epoxygenated fatty acids.
In varying embodiments, the agent that increases the production and/or level of EETs 15 an
inhibitor of soluble epoxide hydrolase (“sEH™). In varying embodiments, the inhibitor of
sEH comprises a privnary pharmacophore selected from the group consisting of a urea, a

25  carbamate, and an amide. In varying embodiments, the inhibitor of sEH comprises a
cyclohexyl moiety, aromatic motety, substituted aromatic moiety or alkyl moiety attached to
the pharmacophore. In varying embodiments, the inhibitor of sEH comprises a cyclohexyl
ether moiety attached to the pharmacophore. In varying embodiments, the inhibitor of sEH
comprises a phenyl cther or pipendine moiety attached to the pharmacophore. In varying

30 embodiments, the inhibitor of sSEH comprises a polyether secondary pharmacophore. In
varying embodiments, the inhibitor of sSEH has an IC30 of less than about 100 uM, e.g., less
than about 50 uM, 40 uM, 30 pM, 25 uM, 20 uM, 15 uM, 10 uM, 5 pM, 3 uM, 2 uM, 1

M, 100 oM, 10 nM, 1.0 nM, or even less. In varying embodiments, the stimulus is
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selected from the group consisting of a mechanical stimulus, a thermal stimulus and a

chemical stimulus.

{0013] in a further aspect, provided are methods of preventing, reducing,
ameliorating, mitigating, inhibiting and/or reversing a biological pathway that leads to
generation and maintenance of pain in mammals which is the basis for new pain assays to

discover drugs.

{06614 In a further aspect, provided are methods of preventing, reducing,
ameliorating, mitigating, inhibiting and/or reversing pain in a subject in need thereof,
comprising administering to the subject a molecular chaperone which facilitates correct
protein folding or prevents protein aggregation, alone or co-administered with an agent that

increases epoxy fatty acids,

{06615] In a further aspect, provided are methods of preventing, reducing,
ameliorating, mitigating, inhibiting and/or reversing pain in a subject in need thereof,
comprising administering to the subject agents that reduce or inhibit endoplasmic reticulum
stress whether by correcting protein folding, regulating ghicose homeostasis or reducing
lipid overload, based on the dislipidemic conditions mediated by saturated fatty acid

induced endoplasmic reticulum stress.

{0016} In a further aspect, provided are methods of preventing, reducing,
amehiorating, mitigating, inhibiting and/or reversing pain in a subject 10 need thereof,
comprising administering to the subject agents that block the de novo synthesis of proteins
and the transcription of mRNA message or mRNA catalytic activity that are involved in
pain and that reduce the toxicity of synthesis or transport restraints in neurons to relieve

endoplasmic reticalum stress along with reducing pain.

{0017} In a further aspect, provided are compositions comprising agents that are
otherwise known to be hazardous and toxic but used at much lower and non-toxic dose
levels to synergize the pain blocking effects of protein or small molecule chaperones and
their mimics or natural epoxy fatty acids, their mimics and small molecule inhibttors that

stabilize epoxy fatty acids such as inhibitors of the soluble epoxide hydrolase.
{0018} In a further aspect, provided are compositions comprising that are otherwise
known to be effective but used at much lower subtherapeutic dose levels to synergize the

pain blocking effects of protein or small molecule chaperones and their mimics or natural
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epoxy fatty acids, their mimics and small molecule inhibitors that stabilize epoxy fatty acids

such as inhibitors of the soluble epoxide hydrolase.

{0019] in a further aspect, provided are compositions comprising an ER stress-
reducing agent, e.g., such as 4-phenyl butynic acid, the vatoral bile acid
tauroursodeoxycholic acid, natural alpha-linked disaccharide trehalose, other polyols,
polyphosphates, deuterated water or food ingredients such as omega-3 fats EPA and DHA
and vitamin C and other cellular osmolytes that are amino acids or derivatives,
carbohydrates such as arabitol, mannose, glycerol and others and methylamines such as
betaine, sarcosine, trimethylamine-N oxide and natural epoxy fatty acids, their mimics and a
small molecule inhibitor that stabilizes epoxy fatty acids such as inhibitors of the soluble

epoxide hydrolase.

{66261 In a further aspect, provided are compositions comprising in subtherapeutic
doses combinations of sEH inhibitors, epoxy fatty acids or their mimics and chaperone

molecules or their mimics, protein synthesis inhibitors, mRNA transcription mhibifors,

{00211 Further provided are methods and compositions that targets known
individual or multiple components of the endoplasmic reticulum sfress pathway to block

pain either as individual agents or as synergistic combinations.

{0022} Further provided are methods of blocking pain using the compositions

described above and herein, e.g., by blocking apoptosis in the neural tissues.

{0023} Further provided are methods of blocking pain using the compositions

described above and herein, e.g., by modulating autophagy in the neural tissues.

10024} Further provided are methods of blocking pain by targeting the
phosphorylation of PERK and IRE-1 or processing of cATF6 or logically targeting
upstream or downstream molecular targets including but not limited to phosphorylation of
1EF2-alpha, phosphorylation of JINK, phosphorylation of p38, cleavage of XBP1 mRNA or
upregulation of BiP.

10025} Further provided are methods of rapidly blocking pain in mammalian
subjects within hours or more preferably within minutes following administration, by
targeting the previously activated endoplasmic reticulum stress pathways, phosphorylation
of PERK and IRE-1 or processing of cATF6 and upstream or downstream molecular fargets

from these processes by providing compositions in a therapeutic manner.
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16626} Further provided are methods of rapidly blocking pain in human and avimal
subjects within hours or more preferably within mimutes by targeting the activation of
endoplasmic reticalum stress, phosphorylation of PERK and [RE-1 or processing of cATF6
and upstream or downstream molecular targets from this process by providing compositions

in a prophylactic manner, such as prior to a surgical intervention.

100627} Further provided are methods of blocking pain while sparing other functions

of the nervous system such as physiologic ion channel activity.

10028} Further provided are methods of using the chaperone 4- phenyl butyric acid
or butyrate or pharmacologically acceptable salis and formulations thereof to block

neuropathic pain.

10029} Further provided are methods of using chaperone 4- phenyl butyric acid or
butyrate or pharmacologically acceptable salts and formulations thereof to block diabetes
and co-morbidities of diabetes such as pain and cardiomyopathy or more generally defects

of the autonomic nervous system.

{0036} Further provided are methods of using chaperones and other agents that
target the endoplasmic reticulum stress pathways as synergists for diseases that are
treatable by inhibitors of sEH and epoxy fatty acids wcluding EpETrEs, EpETEs and
EpDPEs and their synthetic numics including but not limited to multiple forms of
inflammatory, cardiovascular, pulmonary, renal, diabetic, neurological and tumorigenic
conditions such as hypertension, pulmonary edema and pulmonary hypertension, cystic

fibrosis, hypertrophy of the heart, edema, pain, epilepsy, nerve growth and cancer,

{6031} Further provided are methods of using epoxy fatty acids such as EpETrEs,
EpETEs and EpDPEs and their synthetic mimics and sEH inhibitors to therapeutically target
disease states with a known ER stress component such as Alzheimer's, Premature dementia,
Amyotrophic Lateral Sclerosis (ALS), Parkinson's, prion diseases, depression,
schizophrenia, diabetes, cancer and chemotherapy induced side effects.

{6632} Further provided are methods of inducing pain or activating ER stress in
experimental animals or in vitro cell culture systems that closely mimics natural paintful
conditions and amenable to be used as models or for screening purposes, whether high

throughput or not, to discover, test, validate or develop novel analgesic candidates.
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DEFINITIONS

10033] The terms “endoplasmic reticulum (ER) stress” refers to disruption of
processes performed by the endoplasmic reticulum, including the synthesis, modification,
folding and delivery of proteins to their proper target sites within the secretory pathway and
the extracellular space. ER stress can be caused by, e.g., disruption of protein folding,
aberrations in lipid metabolism, or disruption of cell wall biogenesis. See, e.g., Schrdder

and Kaufman, Mutation Research (2005) 569:29-63.

100341 Units, prefixes, and symbols are denoted in their Systeme International de
Unites (SI) accepted form. Numeric ranges are mchusive of the numbers defining the range.
Unless otherwise indicated, nucleic acids are written left to right in 5' to 3' orientation;
amino acid sequences are written left to right in amino to carboxy orientation. The headings
provided herein are not limitations of the various aspects or embodiments, which can be had
by reference to the specification as a whole. Accordingly, the terms defined immediately
below are more fully defined by reference to the specification in its entirety. Terms not

defined herein have their ordinary meaning as understood by a person of skill in the art.

{0035} "cis-Epoxyeicosatrienoic acids” ("EETsY) are biomediators synthesized by
cytochrome P450 epoxygenases. As discussed further in a separate section below, while the
use of unmodified EETSs is the most preferred, dertvatives of EETs, such as amides and
esters (both natural and synthetic}, EETs analogs, and EETs optical isomers can all be used
in the methods , both in pure form and as nuxtures of these forms. For convenience of
reference, the term "EETs" as used herein refers to all of these forms unless otherwise

required by context.

10036} "Bpoxide hydrolases” ("EH;" BEC 3.3.2.3) are enzymes in the alpha beta

hydrolase fold family that add water to 3-membered cyclic ethers termed epoxides.

{0037} "Soluble epoxide hydrolase” ("sEH"} is an epoxide hydrolase which in
endothelial and smooth muscle cells converts EETs to dihydroxy derivatives called
dihydroxyeicosatrienoic acids ("DHETs"). The cloning and sequence of the murine sEH is
set forth in Grant et al., J. Biol. Chem, 268(23):17628-17633 {1993). The cloning, sequence,
and accession numbers of the human sEH sequence are set forth in Beetham et al,, Arch.
Biochem. Biophys. 305(1):197-201 (1993). The amino acid sequence of human sEH is

SEQ ID NO.: 1, while the nucleic acid sequence encoding the human sEH 1s SEQ 1D NG..2.
{The sequence set forth as SEQ 1D NO.:2 is the coding portion of the sequence set forth in
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the Beetham et al. 1993 paper and in the NCBI Entrez Nucleotide Browser at accession
number L5779, which include the 5" untranslated region and the 3' untransiated region.)
The evohation and nomenclature of the gene 1s discussed in Beetham et al., DNA Cell Biol,
14(1):61-71 (1995). Soluble epoxide hydrolase represents a single highly conserved gene
product with over 90% homology between rodent and human {Arand et al., FEBS Lett.,
338:251-256 (1994)). Unless otherwise specified, as used herein, the terms "soluble epoxide

hydrolase” and "sEH" refer to human sEH.

{6038} Unless otherwise specified, as used herein, the term "sEH inhibitor” (also
abbreviated as "sEHI") refers to an inhibitor of human sEH. Preferably, the inhibitor does
not also inhibit the activity of microsomal epoxide hydrolase by more than 25% at
concentrations at which the inhibitor inhibits sEH by at least 50%, and more preferably does
not inhibit mEH by more than 10% at that concentration. For convenience of reference,
uniess otherwise required by context, the term "sEH inhibitor” as used herein encompasses
prodrugs which are metabolized to active inhibitors of sEH. Further for convenience of
reference, and except as otherwise required by context, reference herein to a compound as
an inhibitor of sEH includes reference to dertvatives of that compound (such as an ester of

that compound) that retain activity as an sEH inhibitor.

{0039} By "physiological conditions” is meant an extraceliular milieu having
conditions {e.g., temperature, pH, and osmolarity) which allows for the sustenance or

growth of a cell of interest.

{0046} "Micro-RNA" ("miRNA") refers to small, novcoding RNAs of 18-25 nt in
length that negatively regulate their complementary mRNAs at the posttranscriptional level
in many cukaryotic organisms. See, ¢.g., Kurthara and Watanabe, Proc Natl Acad Sci USA
101(34):12753-12758 (2004). Micro-RNA's were first discovered in the roundworm

C. elegans in the early 1990s and are now known in many species, including humans. As
used herein, it refers to exogenously administered miRNA unless specifically noted or

otherwise required by context.

{0041} Cytochrome P450 ("CYP450") metabolism produces
cis-epoxydocosapentacnoic acids (“EpDPEsS”) and cis-epoxyeicosatetraenotc acids
{(“EpETES"”) from docosahexaenoic acid ("DHA") and eicosapentacnoic acid ("EPA"),
respectively. These epoxides are known endothelium-derived hyperpolarizing factors
{"EDHFs"). These EDHFs, and others yet unidentified, are mediators released from

vascular endothelial cells in response to acetylcholine and bradykinin, and are distinet from
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the NOS- (nitric oxide) and COX-derived {prostacyclin} vasodilators. Overall cytochrome
P450 (CYP4350) metabolism of polyunsaturated fatty acids produces epoxides, such as
EETs, which are primne candidates for the active mediator(s). 14{(15)-EpETE, for example,
is dertved via epoxidation of the 14,15-double bond of EPA and is the -3 homolog of
14(153-EpETrE (“14(15)EET”) derived via epoxidation of the 14,15-double bond of

arachidonic acid,

{042} "ICso" refers to the concentration of an agent required to inhibit enzyme
activity by 50%.
{06043} The term "neuroactive steroid” or "neurosteroids” mterchangeably refer to

steroids that rapidly alter neuronal excitability through interaction with neurotransmitier-
gated 1on channels, and which may also exert effects on gene expression via intracellular
steroid hormone receptors. Neurosteroids have a wide range of applications from sedation to
treatment of epilepsy and traumatic brain injury. Neurosteroids can act as allosteric
modulators of neurotransmitter receptors, such as GABA 4, NMDA, and sigma receptors.
Progesterone (PROG) is also a neurostercid which activates progesterone receptors
expressed in peripheral and central ghal cells. Several synthetic neurosteroids have been
used as sedatives for the purpose of general anaesthesia for carrying out surgical
procedures. Exewplary sedating neurosteroids inclhude without himitation alphaxoloue,

alphadolone, hydroxydione and minaxolone.

10044} By "physiological conditions™ is meant an extracellular milieu having
conditions {(e.g., temperature, pH, and osmolarity) which allows for the sustenance or

growth of a cell of interest.

{0045} The term “therapeutically effective amount” refers to that amount of the
compound being admuinistered sufficient to prevent or decrease the development of one or
more of the symptoms of the disease, condition or disorder being treated {(e.g., fibrosis

and/or inflammation).

#0646} The terms “prophylactically effective amount” and “amount that is effective
to prevent” refer to that amount of drug that will prevent or reduce the risk of occurrence of
the biological or medical event that is sought to be prevented. In many insiances, the
prophylactically effective amount is the same as the therapeutically effective amount.
10047} “Subtherapeutic dose” refers to a dose of a pharmacologically active

~

agent(s), either as an administered dose of pharmacologically active agent, or actual level of
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pharmacologically active agent in a subject that functionally is insufficient to elicit the
intended pharmacological effect in itself {e.g., to obtain analgesic, anti-inflammatory, and/or
anti-fibrotic effects), or that guantitatively s less than the established therapeutic dose for
that particular pharmacological agent (e.g., as published in a reference consulied by a
person of skill, for example, doses for a pharmacological agent published in the Physicians’
Diesk Reference, 65th Ed., 2011, Thomson Healthcare or Brunton, et al., Goodman &
(Gilman's The Pharmacological Basis of Therapeutics, 12th edition, 2010, McGraw-Hill
Professional). A “subtherapeutic dose” can be defined in relative terms (1.6, a5 a
percentage amount {less than 100%) of the amount of pharmacologically active agent
conventionally administered). For example, a subtherapeutic dose amount can be about 1%
to about 75% of the amount of pharmacologically active agent conventionally administered.
In some embodiments, a subtherapeutic dose can be about 75%, 50%, 30%, 25%, 20%, 10%

or less, than the amount of pharmacologically active agent conventionally administered.

{B048] The terms “controlied release,” “sustained release,” “extended release,” and
“timed release” are intended to refer interchangeably to any drug-containing formulation in
which release of the drug is not immediate, 1.¢., with a “controlled release” formulation, oral
administration does not resulf in immediate release of the drug mto an absorption pool. The
terms are used mterchangeably with “nonimmediate release” as defined in Remington: The
Science and Practice of Pharmacy, University of the Sciences in Philadelphia, Eds., 21% Ed,,

Lippencott Williams & Wilkins (2005).

{6349} The terms “sustained release” and “extended release” are used in their
conventional sense to refer to a drug formulation that provides for gradual release of a drug
over an extended period of time, for example, 12 hours or more, and that preferably,
although not necessarily, results in substantially steady-state blood levels of a diug over an

extended time period.

{6650] As used herein, the term “delayed release” refers to a pharmaceutical
preparation that passes through the stomach intact and dissolves in the small intestine.
{0051} As used herein, “synergy” or “synergistic” interchangeably refer to the
combined effects of two active agents that are greater than their additive effects. Synergy
can also be achieved by producing an etficacious effect with combined mnefficacious doses

of two active agents. The measure of synergy is independent of statistical significance.
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16652] The terms “systernic adwministration” and “systemically administered” refer
to a method of administering agent {e.g., an agent that reduces or inhibits ER stress, an
agent that increases epoxygenated fatty acids (e.g., an inhibitor of sEH, an BEET, an
epoxygenated fatty acid, and mixtures thereof), optionally with an anti-inflammatory agent
and/or an analgesic agent) to a mammal so that the agent/cells is delivered to sites in the
body, mcluding the targeted site of pharmaceutical action, via the circulatory system,
Systemic administration includes, but is not limited to, oral, intranasal, rectal and parenteral
{i.e., other than through the alimentary tract, such as mtramuscular, intravenous, mira-

arterial, fransdermal and subcutancous) administration.

18053} The term “co-administration” refers o the presence of both active
agents/cells in the blood or body at the same time. Active agents that are co-administered

can be delivered concurrently (i.c., at the same time) or sequentially,

{0054} The phrase "cause to be administered” refers to the actions taken by a
medical professional {e.g., a physician), or a person controlling medical care of a subject,
that control and/or permit the administration of the agent{s)/compound(s)/cell(s) at issue to
the subject. Causing to be administered can involve diagnosis and/or determination of an
appropriate therapeutic or prophylactic regimen, and/or prescribing particular
agent{sycompounds/cell(s) for a subject. Such prescribing can include, for example,

drafting a prescription form, annotating a medical record, and the like.

10055] The terms “patient,” “subject” or “individual” interchangeably refers to a
non-human mammal, includimg primates (e.g., macaque, pan troglodyte, pongo), a
domesticated mammal {(¢.g., felines, canines), an agricultural manmmal {(e.g., bovine, ovine,
porcine, equine) and a laboratory marmmal or rodent {(e.g., rattus, murine, lagomorpha,

hamster).

10056} The term “mitigating” refers to reduction or elimination of one or more
syraptomns of that pathology or disease, and/or a reduction in the rate or delay of onset or
severity of one or more symptoms of that pathology or disease, and/or the prevention of that

pathology or disease.

{00587} The terms “inhibiting,” “reducing,” “decreasing” refers to inhibiting the
fibrosis and/or inflammation in a non-human mammalian subject by a measurable amount
using any method known in the art. For example, inflarnmation is inhibited, reduced or

decreased if an indicator of inflammation, e.g., swelling, blood levels of prostaglandin
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PGEZ, is at least about 10%, 20%, 30%, 50%, 8(%, or 100% reduced, e.g., in comparison to
the same inflammatory indicator prior to administration of an agent that increases
epoxygenated fatty acids (e.g., an imhibitor of sEH, an EET, an epoxygenated fatty acid, and
myixtures thereof). In some embodiments, the fibrosis and/or inflammation is inhibited,
reduced or decreased by at least about 1-fold, 2-fold, 3-fold, 4-fold, or more in comparison
to the fibrosis and/or inflammation prior to administration of the agent that increases
epoxygenated fatty acids {e.g., an inhibitor of sEH, an EET, an epoxygenated fatty acid, and

mixtores thereof). Indicators of fibrosis and/or inflammation can also be qualitative.

{30581 As used herein, the phrase “consisting essentially of” refers to the genera or
species of active pharmaceutical agents included in a method or composition, as well as any
excipients inactive for the mtended purpose of the methods or compositions. In some
embodiments, the phrase “consisting essentially of” expressly excludes the inclusion of one
or more additional active agents other than the listed active agents, e.g., an agent that
increases epoxygenated fatty acids (e.g., an inhibitor of sEH, an EET, an epoxygenated fatty

acid, and mixtures thereot) and/or an anti-mflamumatory agent.

BRIEF DESCRIPTION OF THE DRAWIRGS

{3059} Figures 1A-B illustrate that following streptozocin administration blood and
CSF glucose levels rapidly rise and rats develop sensitivity to mechanical stimnuli measured

by electronic von Frey test (n=6 rats/group).

EUH T Figures 2A-H iHlustrate that high levels of ER stress occur in diabetic rats
with neuropathic pain. Reversal of pain by sEH inhibitor, TPPU, within 30 min afier
administration correlates with suppression of ER stress markers. (A and B) Quantification
of markers of ER stress from diabetic rats' paw skin by western blotting. Total skin lysates
of healthy and type I diabetic (2 weeks post STZ) rats compared to TPPU (1 mg/kg,
intraperitoneal) or vehicle treated animals, sampled 30 min after TPPU. Samples are
immune-blotied for proteins specified next to cach row using Tubulin as a loading control.
Representative immunoblots of 3 rats from each group are shown. See Fig §1 forall 6
individual rats. Bar graph displays expression of each target normalized to Tubulin or their
respective unphosphorylated forms as indicated. {C and D) Quantification of markers of ER
stress from sciatic nerve bundle of same rats as above, by Western blotting. Total sciatic
nerve lysate samples from same rats above were inmuno-blotted for same targets as above

using Tubulin as a loading control. See Figs. 3 and 4 for all 6 individual rats. Bar graph
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displays expression of each target normalized to Tubulin or their respective
unphosphorylated forms. (E) The chemical chaperone 4-phenyl butyric acid (4-PBA)
reduce allodynia in a dose and time dependent manner (10-100 mg/kg). Pain related
behavior 1s measured using von Frey assay and withdrawal thresholds are reported as "%
change from pre-diabetic baseline” (F) Admunistration of 4-PBA (40 mg/kg) to healthy rats
does not result in change of acute mechanical withdrawal threshold. {(G) TPPU, a potent
inhibitor of sEH, reduce allodynia in a dose and time dependent manner (0.01-1 mg/kg).
{H) Dose-response data for each compound at 60 min post admunistration are plotted as %
change produced and effective dose values are calculated using SigmaPlot software suite
{(n=6/group in all panels). Data are presented as mean = SEM in all subsequent figures

throughout the text.

{0061} Figures 3A-B provide Western blots of paw skin samples all animals from
Figare 2A and the bar graph of levels of mRNA expression for the key downstrearn targets
of ER stress sensors. Expression of BiP, sXPB1 and ATF4 mRNA are significantly

increased in diabetic rat paw skin and reduced by inhubition of sEH.

{06662} Figures 4A-B provide Western blots of sciatic nerve samples all animals
from Figure 2B and the bar graph of levels of mRINA expression for the key downstream
targets of ER stress sensors. Bxpression of BiP, sXPB1 and ATF4 mRNA are significanily

increased in diabetic rat sciatic nerve bundle and reduced by inhibition of sEH.

{0063} Figures SA-B illustrate that expression of sEH and markers of autophagy are
upregulated in the skin and sciatic nerve of diabetic rats. (A) Expression of sEH and
markers of autophagy are upregulated in the skin of diabetic rats {B) In parallel to the
increases in the diabetic skin, expression of sEH and markers of autophagy are also

upregulated in the sciatic nerve of diabetic rats.

10064} Figures 6A-C tllustrate that a chemical chaperone and an sEH inhibitor
synergistically block pain-related behavior m type 1 diabetic rats. (A) An meffective dose
of 4-PBA (10 mg/kg) is displayed against the two combination doses over a 6h time period.
{B) The CompuSyn software was used to construct an isobologram of the interaction. EDSO
values calculated for each drug are plotted on x and y- axis respectively. The ED30 of the
combination is lower than what would be expected if the two compounds did not interact,
{C) Combination index {CI} is reported as the key parameter of the synergistic interaction.
Dirug reduction index for each compound demonstrates fold reduction in dose to attain

similar etficacy and 1s calculated by the CompuSyn algorithm (n=6/group 1 all panels).
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16065] Figures 7A-F iHlustrate that ER stress inducer tunicaraycin (Tm) is rapid,
intense and selective in generating pain behavior. (A) Tm is administered into the
midsection of one hind paw in a volume of 10 uL (20 ng). Mechanical withdrawal of ipsi-
and contralateral paws are then monitored over a period of 6h until the ipsilateral paw
measurements retored to baseline values. The withdrawal data are presented as gram force
required for inducing a withdrawal reflex respouse. (B) Decreasing doses of Tm generated
less intense allodynia which subsided faster than the highest dose. {C) In contrast to the
decrease in mechanical withdrawal threshold, Tm mduced a notable increase in thermal
withdrawal threshold as measured by the modified Hargreaves’ test. As in the case of
allodynia, this hypoalgesia is restricted to the ipsilateral side suggesting peripherally
maintained pain. () Intraplantar Tm induced pain is reversible with sEH inhibitor (1h
prior to Tm, 1.p. administration} in a dose dependent manner. (E) Expectedly this pain is
reversible with chemical chaperone 4-PBA. The basis for the increase above the baseline
threshold in this group is not investigated. (F) However, the pre-administration of a high
dose of selective cox-2 inhibitor, celecoxib (30 mg/kg, 1h prior, Lp. route) resulied in
marginal efficacy. Overall these data argue for a neuropathic characteristics of the Tm

model (n=6/group in all panels).

13066} Figures 8A-D illustrate that ER stress inducer Tm leads to activation of full
range of ER stress responses within minutes, These include increases in markers of
apoptosis and autophagy all of which are reversed by inhibition of sEH. Rats are given
intraplantar Tm (20 pg) on the ipsilateral side and vehicle on the contralateral side with or
without TPPU (1h prior to Tm, 10 mg/kg, 1.p. route). Tissue samples are obtained 30 mun
post Tm, under deep anesthesia. (A and B) Quantification of markers of ER stress from Tm
{(ipsi-} and vehicle {contra-) administered paw skin by western blotting. Total skan lysates
are immune-blotted for targets specified next to each row using Tubulin as a loading
control. Representative immunoblots of 3 rats from each group are shown. Bar graph
displays expression of each target normalized to Tubulin or their respective
unphosphorylated forms as indicated (n==6 rats/group). (C and D) Quantification of markers
of ER stress in the sciatic nerve bundle of same rats as above by western blotting. Total
sciatic nerve lysates are immune-blotted for targets specified next to each row using Tubulin
as a loading control. Representative imraunoblots of 3 rats from each group are shown. Bar
graph displays expression of each target normalized to Tubulin or their respective

unphosphorylated forms as indicated (n=6 rats/group in all panels).
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16667} Figares 9A-C illustrate that mechanistically different BR stress inducer
dimethylcelecoxib (DMUx) generates a rapid and intense but sEHI and cox-2 inhibitor
reversible pain phenotype. (A) DMCx 1s admimistered into the midsection of one hind paw
in a volume of 10 pl (20 pg). Mechanical withdrawal of ipsi- and contralateral paws are
then monitored over a period of 4 h. The withdrawal data are presented as gram force
required for mducing a withdrawal reflex response. (B) Tntraplantar DMCx induced pain is
reversible with sEH inhibitor (1h prior to Tim, i.p. administration) in a dose dependent
manner. {C) In contrast to Tm induced pain, DMCx induced pain was partially blocked by
pre-administration of the selective cox-2 inhibitor celecoxib (30 mg/kg, 1h prior, 1.p. route).
Overall, these data argue for a more intflammatory phenotype of the DMCx model

{n=6/group in all panels).

{0068] Figures 10A-B illustrate that ER stress markers in the sciatic nerve are not
increased with motor activation but are up-regulated following suprathreshold heat stimali
under deep general anesthesia. Total sciatic nerve lysates are examined by western blotting,
same as shown i Figs. 2 and 8. (A) Rats are allowed to run on a rotarod wheel for 600 sec
and euthanized under isoflurane anesthesia by decapitation. Sciatic nerve samples are then
excised and frozen in less than 60 sec. Control rats rest in home cages prior {o sarapling
{n=3/group). Two randomly selected diabetic rat samples are used as positive controls
(lanes 1 and 2). Overall brief physical activity or surgical procedures do not lead to
significant phosphorylation of ER stress marker proteins. (B) Under deep anesthesia (5%
Isofturane, 5 LPM O,), one hind paw is contacted to 53° C hotplate for 10 sec. Sciatic nerve
samples are taken immediately after stimulation, contralateral sciatic, not exposed to heat
used as control (n=3/group}. Significant increase in levels of ER stress markers suggest
neuronal selective detection of these markers which are maintained even with deep
anesthesia.
DETAILED DESCRIPTION

1. Imtroduction
10069} Despite intensive effort and resulting gains in understanding the mechanisms
of neuropathic pain, limited success in therapeutic approaches have been attained. A recent,
non-channel, non-neurotransmitter therapeutic target for pain is the enzyme soluble epoxide
hydrolase (sEH). The sEH degrades natural analgesic lipid mediators, epoxy fatty acids,

therefore its inhibition stabilizes these bicactive mediators. Here we demonstrate the effects
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of sEH inhibition on diabetes induced neuropathic pain and define a previously unknown
mechanism, regulation of pain by ER stress. The increase in markers of ER stress is
quantitied i the peripheral nervous system (PNS) of Type I diabetic rats. The diabetic pain
and markers of ER stress are reversible by a chemical chaperone and by increasing lipid
epoxides. Chemical inducers of ER stress administered into the hind paw invariably lead to
increased pain that is reversible by chemuical chaperone and an ivhibitor of sEH. The rapid
occurrence of pain behavior with inducers, equally rapid reversal by blockers and natural
incidence of ER stress in diabetic PNS demonstrate the major role of the ER stress pathways
in regulating the excitability of the nociceptive system. The understanding the role of ER
stress in generation and maintenance of pain opens routes to exploit this system for

therapeutic purposes.

10070} Provided are methods and compositions of blocking pain enploying
synergistic combinations of at least ouve soluble epoxide hydrolase (sEH) inhibitor and at
least on inhibitor of endoplasmic reticulum (ER) stress. The methods and compositions find
use in targeting diseases with known endoplasmic reticulurm stress cormponent,

Surprisingly, the methods mitigate, alleviate, reduce, inhibit or block symptoms associated
with pain and other disease conditions associated with ER stress within hours {e.g., within

24,12,6,3,2, 1 hours or less) or mimutes {e.g., effectively immediate relief).

10071 The present methods and compositions are based, in part, on the discovery of
a root cause for nerve damage-induced pain, This discovery also applies to inflammatory
pain, however. The previously unknown biological pathway is an underlying and causative
factor i multiple types of pharmacoresistant pain syndromes. This pathway also seems fo
have a major role in the pathological and long term maintenance of chronic pain even after
the initial injury is resolved or eliminated. By preventing the activation of the cascade of
events that lead to cellular stress we were able o block inflarnmatory and neuwropathic pain
without aftecting other physiological responses such as motor function. By activating the
cascade of eventis that lead to cellular stress using multiple approaches we were able to
induce pain that closely mimics neuropathy mediated pain. We further demonstrate the
feasibility of this approach by using two distinct classes of blockers of a pathway of ER
stress, e.g., inhibitors of sEH and inhtbitors of ER stress. Combined and concurrent use of
distinct classes of blockers of ER stress is highly synergistic in reducing pain,
demoustrating the importance of targeting ER stress. Furthermore, our findings

demonstrate that agents that target the ER stress pathway at any level are highly effective
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analgesics without the use-limiting side effects of current analgesics. By logical extension,
we identify agents that synergize with sEH inhibitors to treat disease conditions caused at
least in part by endoplasmic reticulum stress and theretore which are highly etfective
therapeutics in treating pain, particularly neuropathic pain. Our work identifies agents that
create neuropathic pain {e.g., for use in animal models of pain), agents that block

neuropathic pain, and agents that synergize to block neuropathic pamn,
2. Subjects Who May Benefit — Conditions Subject to Treatment

10072} The methods and compositions find use for preventing, reducing,
amehiorating, mitigating, inhibiting and/or reversing one or more symptoms associated with
or caused at least in part by a disease or disease condition caused at least in part by
endoplasmic reticulum (ER) stress. Hlustrative diseases and disease conditions subject to
treatment by the present methods and compositions inchide without limitation, e.g.,
inflammatory discase, cardiovascular disease, pulmonary disease, renal disease, diabetes,
neurological disease, hypertension, pulmonary edema, pulmonary hypertension, cystic
fibrosis, cardiomyopathy, hypertrophy of the heart, edema, pain, epilepsy, neuroma, cancer,
Alzheimer's disease, dementia, Amyotrophic Lateral Sclerosis (ALS), Parkinson's disease,
prion diseases, depression, schizophrenia, and chemotherapy induced side effects. In
varying embodiments, the subject may by symptomatic or asymptomatic for the disease or

disease condition.
a. Pain

{8873] In varying embodiments, the disease or disease condifion 1s pain, including
inflammatory pain and neuropathic pain. In varying embodiments co-administration of an
agent that increases the production and/or level of epoxygenated fatty acids and an inhibitor
of endoplasmic reticulumm stress finds use in treating, i.e., reducing, relieving, ameliorating,
nitigating, preventing, inhibiting and/or reversing neuropathic pain in a subject or patient in
need thereof. The patient may be subject to suffering neuropathic pain chronically or
intermittently. The patient may or may not be exhibiting or experiencing symptoms of
neuropathic pain at the nine of treatment. The neuropathic pain may be centrally or

peripherally mediated.

10074 Neuropathic pain results from a pathology in the nervous system. Notable
features of neuropathic pain inclade (1) widespread pain not otherwise explainable; (2)

evidence of sensory deficit; (3) burmning pain; (4} pain to light stroking of the skin
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{allodynia}; and (5) enhanced stimnulus-dependent pain (hyperalgesia) and (6) attacks of pain
without seeming provocation (stimuthus-independent pain}. Mechanisms of neuropathic pain
are described, for example, in Zhuo, Molecular Pain (2007) 3:14; Campbell and Mever,
Neuron (2006) 52(11:77-92; Dworkin, et al., Arch Neurol (2003) 60:1524-34,

100751 Neuropathic pain originates from a lesion of the nervous system (e.g., nerve
damage). Any of a number of discase conditions or injuries can be the underlying cause of
neuropathic pain. For example, the patient may be suffering from a metabolic disease (e.g.,
diabetic neuropathy), an autoimmune disease (e.g., multiple sclerosis), a viral infection {e.g.
shingles and sequelae, postherpetic neuralgia), vascular disease (e.g. stroke), trauma and/or
cancer. See, e.g. Campbell and Meyer, Neuron (2006) 52(11:77-92; Dworkin et al., Arch
Neurol (2003) 60; 1524-34. In varying embodiments, the neuropathic pain is due to nerve
damage arising from one or more of trauma, ischemia or hemorrhage, inflammation,
neurotoxicity, neurodegeneration, paraneoplastic, metabolic disease, vitarin deficiency, or
cancer. In varying embodiments, the neuropathic pain s can be classified as toxic {e.g.,
arising from or secondary to chemoradiation or exposure to chemicals that cause nerve
damage), metabolic {e.g., arising from or secondary to diabetes or nutritional deficiency,
alcoholism), traumatic (e.g., ansing from or secondary to phantom himb syndromes and/or
complex regional pain syndromes (CRPR)), compressive {e.g., ansing from or secondary to
nerve entrapment and/or excessive external pressure on nerve axons which can cause
ischemic or distortional (stretching) changes, or Wallerian degeneration of the axon with
resuitant muscle atrophy, autoimmune {e.g., arising from or secondary to autoimmune
disease {e.g., Guillain-Barré Syndrome}, chrouic inflammatory demyelinating
polyneuropathy {CI1DP} and/or vasculitic neuropathy), infectious {e.g., arising from or
secondary to an infectious disease, e.g., a viral infection such as Herpes Simplex Virus
{HSV)}, Varicella Zoster Virus, Human Immunodeficiency Virus (HIV), a spirochete
infection such as Lyme Disease, a trypanosome infection such as Chagas® Discase, a
mycobacterium infection such as leprosy, and congenital/hereditary (e.g., arising from or
secondary to Fabry’s Disease, Charcot-Marie-Tooth Disease (burning pain in extremities),
amyloidosis).

{06676} In some embodiments, the patient is suffering from peripheral neuropathic
pain, for example, as a result of a disease condition including acute and chronic
inflammatory demyehinating polyradiculoneuropathy; alcoholic polyneuropathy;

chemotherapy-induced polyneuropathy; complex regional pain syndrome; entrapment
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neuropathies (e.g., carpal tunnel syndrome); HIV sensory newropathy; iatrogenic neuralgias
{e.g., postmastectomy pain or posithoracotomy pain); idiopathic sensor neuropathy; nerve
compression or infiltration by tumor; nutritional deficiency-related neuropathies; painful
diabetic neuropathy, phantom limb pain; postherpetic neuralgia; postradiation plexopathy;
radiculopathy (cervical, thoracic, or lumbosacral); toxic exposure-related neuropathies; tic

douloureux (irigevninal neuralgia); and/or postiraumatic neuralgias.

{6477} In some embodiments, the patient is suffering from central neuropathic pain,
for example, as a result of a disease condition including compressive myelopathy from
spinal stenosis; HIV myelopathy, multiple sclerosis-related pain; Parkinson disease-related
pain; postischemic myelopathy; postradiation myelopathy; poststroke pain; postiraumatic

spinal cord njury pain; and/or syringomyehia.

{66781 The identification and definition of different types of neuropathic pain have
been classified by the International Association for the Study of Pain (IASP) and
International Classification of Diseases (ICD). See, e.g., Finnerup, Eur J Pain 17 (2013)
953956 and references cited therein. In varying embodiments, the subject experiences one
or more symptorns including paresthesia (an abouormal sensation, whether spountaneous or
evoked), dysesthesia (an unpleasant sensation, whether spontaneous or evoked),
hypoesthesia (decreased sensitivity to stimnulation (tactile or thermal; both are frequent),
hyperesthesia (increased sensitivity to stimnulation (tactile or thermal}), hypoalgesia
{dinunished pain response to a normally painful stimulus), hyperalgesia (an increased
response to a sti mulus that is normally painful}, allodynia (pain due to a sti mulus that does

not normally activate the nociceptive system),
a. Cardiac Hypertrophy

{06791 In varying embodiments, the subject has cardiomyopathy or cardiac
arrhythmia. For example, the subject may have hypertrophic cardiomyopathy, e.g., due o
valvular heart disease, famihial hypertrophic cardiomyopathy, dilated cardiomyopathy,
myocardial infarction, or secondary to administration of an anti-cancer drug or exposure {o
a toxic agent. Valvular heart disease can arise from any eticlogy, including, ¢.g., secondary
to rheumatic fever, myxomatous degeneration of the valve, or papillary muscle dysfunction.
In varying embodiments, the subject has cardiac arrthythmia, e.g., due to atrial fibrillation,

ventricular fibrillation, or ventricular tachycardia.
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16080] Cardiomayocytes are terminally differentiated cells. In response to various
extracellular stimuli, cardiomyocytes grow in a hypertrophic manner, an event that is
characterized by enlargement of individual cell size, an increase in the content of contractile
proteins such as myosin heavy chain, and expression of embryonic genes such as atrial
natriuretic factor (ANF). {(Chien et al.,, Faseb J.; 5:3037-46 (1991); Chien, Cardiologia.;
37:93-103 (1992); Chien, J Clin Invest.; 105:1339-42 (2000}) The collective result is
cardiac hypertrophy, which is an adaptive and compensatory response in nature, The initial
or compensated stage of hypertrophy normalizes wall stress per unit of myocardium and is
thus a basic mechanism for maintaining normal chamber function. (Grossman et al, J Clin
Invest.; 56:56-64 (1975)) However, this process 18 a double-edged sword: sustained cardiac

hypertrophy will eventually lead to overt heart failure.

10081} In most instances, heart fatlure is the final consequence of many underlying
disease etiologies such as long-standing hypertension, coronary heart disease, valvular
insufficiency, arrhythmia, viral myocarditis, and mutations in sarcomere-encoding genes. A
compensatory enlargement of the myocardium, or hypertrophy, typically accompanies many
of these predisposing insults and is a leading predictor for the development of more serious
and life-threatening disease. Decompensated hypertrophy occurs if increased cardiac mass
fails to normalize wall stress and the contractile finction is not sufficient to maintain normal

pump function. This is associated with chinical and pathological features of congestion.

10082} Cardiac hypertrophy is characterized by an increase in heart-to-body weight
ratio and an increase in the size of the individual cardiac myocytes, enhanced protein
synthesis, and heightened organization of the sarcomere. Classically, two different
hypertrophic phenotypes can be distinguished: (1) concentric hypertrophy due to pressure
overload, which is characterized by parallel addition of sarcomeres and lateral growth of
individual cardiomyocytes, and (2 eccentric hypertrophy due to volume overload or prior
infarction, characterized by addition of sarcomeres in series and longitudinal cell growth.
{Doru et al., Circ Res.; 92:1171-5 (2003)). At the molecular level, these changes in cellular
phenotype are accompanied by reinduction of the so-called fetal gene program, because
patterns of gene expression mimmc those seen during embryonic development, (Chien et al.,

Faseb J; 5:3037-46 (1991}; Chien K R, Cardiologia.; 37:95-103 (1992)).

{0083} Hypertrophic transtormation of the heart can be divided into three stages: (1)
developing hypertrophy, in which load exceeds output, (2) compensatory hypertrophy, in

which the workload/mass ratio is normalized and resting cardiac output is maintained, and
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{(3) overt heart failure, with ventricular dilation and progressive declines in cardiac ouiput
despite continuous activation of the hypertrophic program. {Meerson F Z, Cor Vasa.; 3:161-
77 (1961)). The late-phase "remodeling” process that leads to fatlure is associated with
functional perturbations of cellular Ca?" homeostasis (Bers D M, Nature.; 415:198-205
{2002); Bers D M, Circ Res.; 90:14-7 (2002)) and 1onic currents, {Ahmmed et al., Circ Res.;
86(5):558-70 (2000); Kaab et al., Circ Res.; 78:262-273 (1996); Kaab et al., Circulation.;
98:1383-93 (1998)) which contribute to an adverse prognosis by predisposing to ventricular
dysfunction and malignant arrhythmia. Significant morphological changes include increased
rates of apoptosis, (Haunstetter A and lzumo S, Circ Res.; 86:371-6 (2000)) fibrosis, and

chamber dilation,

{0084} The dichotomy between adaptive and maladaptive hyperirophy has been
appreciated for some time, and the mechanisms that determine how long-standing
hypertrophy ultimately progresses to overt heart failure are in the process of being
elucidated. One biochemical hallmark of left ventricular hypertrophy induced by pressure
overload is a shift in myosin isoform from .alpha.- to .beta.-myosin heavy chains. (Delcayre
C and Swynghedauw B, Pflugers Arch.; 355:39-47 (1975}). This alteration in myosin
isoform expression result from franscriptionally mediated alteration in gene expression.
{Bochler et al., J Biol. Chem.; 267:12979-12985 (1992)). Various lines of evidence suggest
a decrease in the expression of the sarcoplasmic reticulum Ca’'-cycling protein, Ca®”
ATPase during the development of heart fatlure in several animal models, including humans
with end-stage congestive heart fatlure, even though no changes can be detected during the
compensated hypertrophied stage. (Kiss et al., Circ Res.; 77:759-764 (1995); Feldman et al,,
Circulation.; 75:331-9 (1987); Arai et al, Circ Res.; 72:463-469 {1993}). These changes are
associated with a decrease in sarcoplasmic reticulum Ca™" transport. In addition, there are
alterations in the level of phospholamban, sarcoplasmic reticulum Ca” -release channels and
in Ca”" cycling proteins in the myofibrils and sarcolemma in different animal models with
heart faiture. {de la Bastig et al., Circ Res.; 66:554-564 {1990); Mercadier et al., J Clhin
Invest.; 85:305-309 (1990)). These studies suggest that critical components of the Ca™’
cycling systerns may be responsible, i part, for the transitions between compensated

pressure-overload hypertrophy and congestive heart failure,

{0085} Hypertrophy that occurs as a consequence of pressure overload is termed
"compensatory” on the premise that it facilitates ejection performance by normahizing

systolic wall stress. Recent experimental results, however, call into question the necessity of
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normoalization of wall stress that results from hypertrophic growth of the heart. These
findings, largely from studies in genetically engineered mice, raise the prospect of
modulating hypertrophic growth of the myocardium to afford clinical benefit without
provoking hemodynamic compromise. (Frey et al., supra, Dorn and Molkentin, supra; Frey

et al., Circulation.; 109:1580-9 (2004)).

10086} It is generally accepted that cardiac hypertrophy can be adaptive in some
sttuations, for example, in athletes. However, it is less clear if a hypertrophic response to
pathological situations, such as valvular heart disease, chronic arterial hypertension or a
myocardial infarction, is initially a compensatory response and later becomes maladaptive

or if this type of myocardial growth is detrimental from the outset.

{0087} 1t has been demonstrated that these different types of cardiac hypertrophy
differ both at the morphological as well as the molecular level. Exercise-induced cardiac
hypertrophy 1s generally not accompanied by an accumulation of collagen in the
myocardium and usually does not exceed a modest increase in ventricular wall thickness. In
addition, there are significantly differences in the expression levels for several hypertrophic
genes, such as BNP or ET-1. Further, the 1soform expression of o~/B-MHCs 1s regulated 1o
opposite directions in exercise versus pressure overload-induced cardiac hypertrophy.
However, some hypertrophic pathways, such as calcimeurin-dependent signaling, appear to
be activated in both pathological and physiological exercise-induced hypertrophy, as
demonstrated by the finding that the calcineurin inhibitor can attenuate both phenotypes.
Taken together, these data indicate that exercise-associated (physiologic} versus pathologic
hypertrophy differ at the molecular level, but this does not exclude the possibility that

certain pathways may be involved in all phenotypes of cardiac hypertrophy.

{3088} Since adult cardiomyocytes are terminally differentiated cells, many of the
same int