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Abstract

Epoxyeicosatrienoic acids (EETSs) are synthesized from arachidonic acid and EETs have a number
of beneficial cardiovascular actions. This has led to the concept that EETs and its metabolic
pathway can be therapeutically targeted for hypertension and other cardiovascular diseases. One
approach has been to prevent the conversion of EETS to their inactive diols by inhibiting the
soluble epoxide hydrolase (SEH) enzyme. Inhibition of sEH has been demonstrated to decrease
blood pressure in certain experimental models of hypertension, decrease inflammation, and protect
organs from damage associated with hypertension and other cardiovascular diseases. The
development of SEH inhibitors has reached the point where they are being evaluated in humans. A
second therapeutic approach has been to develop EET agonists. EET agonists have been essential
for determining the structure function relationship for EETs and determining cell-signaling
mechanisms by which EETs exert their cardiovascular actions. More recently, EET agonists have
been administered chronically to experimental animal models of hypertension and metabolic
syndrome and have been demonstrated to decrease blood pressure, improve insulin signaling, and
improve vascular function. These experimental findings provide evidence for sEH inhibitors and
EET agonists as a therapeutic approach for cardiovascular diseases, hypertension, and the
associated end organ damage.

Introduction — Why target epoxyeicosatrienoic acids and soluble epoxide
hydrolase?

Arachidonic acid metabolites, eicosanoids, are formed through three primary enzymatic

pathways. Two of these pathways, the cyclooxygenase (COX) and the lipoxygenase (LOX)
pathways have been successfully targeted for therapeutic applications.}2 The third pathway
is the cytochrome P450 (CYP) pathway consisting of two major enzymatic pathways. CYP
hydroxylase enzymes convert arachidonic acid to the major biologically active metabolite,
20-hydroxysatetraenoic acid (20-HETE).3 Arachidonic acid is also metabolized by CYP
expoygenase enzymes to biologically active epoxyeicsatrienoic acids (EETS) that are
degraded to less active diols by soluble epoxide hydrolase (sEH).#® (Figure 1) In the past
decade there has been extensive investigation as to the therapeutic potential for manipulating
CYP hydroxylase or epoxygenase enzymatic pathways.

CYP epoxygenase metabolites have biological actions that implicate them as important
contributors to cardiovascular function and blood pressure control. The first biological
activity described for EETs was inhibition of renal tubular sodium reabsorption.5.7
Subsequently, EETs were determined to dilate blood vessels and were identified as
endothelium-derived hyperpolarizing factors (EDHF).8:9.10 These biological actions are
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consistent with the idea that EETs would be eicosanoids that contribute to lowering of blood
pressure and prevent salt-sensitive hypertension. This concept was further supported by a
number of experimental studies in rodents demonstrating salt-sensitive hypertension in
conditions where kidney CYP epoxygenase enzyme and EET levels were decreased.11:12.13
There is less evidence to support the concept that epoxygenase metabolites contribute to
hypertension humans. A single nucleotide polymorphism in the CYP2J2 gene has been
demonstrated to be associated with hypertension in Caucasion males and Caucasians without
a family history of hypertension.1# These experimental findings in rodents and humans have
generated interest in targeting the CYP epoxygenase pathway for the treatment of
hypertension.

Even though EETSs have actions on renal tubular transport and vascular function that are
essential for blood pressure regulation it became apparent that additional biological actions
ascribed to EETs made them an excellent therapeutic target for other cardiovascular
diseases.*1® These additional activities demonstrated for EETs included inhibition of
platelet aggregation and anti-inflammation.16:17.18 EETs also have been found to have
effects on vascular migration and proliferation including promoting angiogenesis.1%-23 Thus
EETs have become a therapeutic target for end organ damage associated with cardiovascular
diseases, cardiac ischemic injury, atherosclerosis, and stroke.

One way to increase EET levels is to inhibit their degradation to the less active diols,
dihydroxyeicosatrienoic acids (DHETS), by inhibiting sEH. (Figure 1) This approach to
inhibit SEH has been used successfully in a number of rodent models of hypertension and
other cardiovascular diseases.*15 Pharmacological induction of CYP epoxygenase enzymes
has also been used to elevate EET levels.11:12 Another approach to target EETs has been to
regulate the CYP epoxygenase and SEH enzymes via genetic manipulation in mice.11:24 The
latest approach that has been tested in vivo has been the development of agonistic analogs
for the EETs.2526 (Figure 1) This review article will focus on the therapeutic potential for
targeting the CYP epoxygenase pathway in hypertension and other cardiovascular diseases.

EET Vascular Actions

EETs were first investigated for effects on vascular tone in mesenteric resistance arteries.2’
Vasodilation has been the predominant EET action on blood vessels isolated from a number
of different organs.8:9:10.25.28 | contrast, the DHETS are less active or inactive on vascular
tone when direct comparisons to EETs have been conducted.28-30 EETs are generated by
endothelial cells and relax the vascular smooth muscle cells through the activation of
calcium-activated K* (Kc,) channels.8:9:10.30.31 These findings led to the identification of
EETs as EDHFs and led to evaluation of epoxides for vascular actions beyond vascular tone.

It is now recognized that EETs have numerous vascular actions related to the maintenance
of vascular homeostasis.12:20.26 These vascular actions include anti-inflammatory actions,
vascular cell migration and proliferation, and anti-platelet aggregation actions.1220.26 EETs
prevent leukocyte adhesion to the vascular wall and decrease TNF-a activation of
endothelial VCAM-1 expression.18:32 Several studies have provided evidence that the anti-
inflammatory action of EETs is via inhibiting NFkB activation.18:32:33 Endothelial cell
proliferation is another vascular consequence of increased EETs.22:34:35 Migration of
vascular smooth muscle cells is inhibited by EETs or epoxygenase overexpression.23 5,6-
EET, 11,12-EET, and 14,15-EET inhibit rat aortic smooth muscle cell migration in response
to platelet-derived growth factor.23 The integrated vascular growth response is that EETs are
pro-angiogenic and contribute to vascular endothelial growth factor-induced
angiogensis.21:36 EETs have also been demonstrated to have anti-aggregatory properties in
platelets.16:17:37 Arachidonic acid stimulation of platelet aggregation is inhibited by EETs
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and EETs inhibit platelet adhesion to endothelial cells.3” As a whole, these studies suggest
that EETs can have a variety of vascular actions and that modulation of EETs has
therapeutic potential for end organ damage associated with hypertension.

EET Cellular Mechanisms of Action

Vascular actions described for EETs have greatly expanded over the years and this has been
associated with experimental studies determining cellular signal transduction pathways by
which EETs act. EETs act as EDHFs through endothelial-dependent and —independent cell
signaling mechanisms.38 One of the initial findings was that EETs increased endothelial
Ca?" levels by activating intracellular Ca%* pools.394041 This increase in endothelial Ca2*
has been linked to cell membrane hyperpolarization.38-40 Subsequent studies have provide
evidence that EETs can also increase endothelial Ca2* via activation of vanilloid (TRP)
channels and that the increase in calcium activates small and intermediate Kc, channels to
cause cell membrane hyperpolarization.#243 This endothelial cell hyperpolarization could be
transmitted to smooth muscle cells via the release of K* ions into the subendothelial space or
by gap junctions that are electrically coupled to vascular smooth muscle cells.38 EETs can
also act as a transferrable factor that hyperpolarizes the vascular smooth muscle cell to elicit
relaxation.810:38 Release of EETs from endothelial cells hyperpolarizes vascular smooth
muscle cells through activation of large-conductance K¢, channels.38 Experimental studies
have implicated several cell signaling mechanisms in EET activation of K¢, channel
activation. Although the identity for EET receptors remains elusive, EETs appear to activate
vascular smooth muscle K¢, channels via G protein (Gs) dependent mechanism.8:29.31,38
Other investigations provide evidence for increased cCAMP and protein kinase A as a key
signaling molecules required for K¢, activation and smooth muscle cell
hyperpolarization.31:4445 There are differences in potency and activity of the EET
regioisomers and cell signaling mechanisms utilized among the various vascular tissues.
Many of these apparent differences may be resolved with the identification of endothelial or
vascular smooth muscle cell EET receptors.

There are some commonalities with regard to the cell signaling pathways by which EETs
exert vascular actions other than EDHF-mediated dilation. Cell signaling pathways
implicated in endothelial cell proliferation include the phosphotidyl inositol-3-kinase
(P13K)/Akt pathway.22:34:35 Mitogen-activated protein kinase (MAPK) and CAMP / PKA
pathways also contribute to endothelial cell proliferation.22:34:35 EET anti-migratory actions
in vascular smooth muscle cells are also dependent on cAMP / PKA cell signaling.22:34
EETs also contribute to vascular endothelial growth factor-mediated angiogenesis by
activation Akt and MAPK in endothelial cells.?1:36 Like endothelial and vascular smooth
muscle cells, EETs hyperpolarize platelet cell membranes.1’” EET hyperpolarization of
human platelets is through activation of K¢, channels.1” Overall, these cell-signaling
mechanisms by which EETSs exert vascular actions suggests that EET agonists have the
potential to identify one or more EET binding sites or receptors.

Given the vascular actions attributed to EETs and the cell signaling mechanisms utilized it
has been postulated that modulation of EETs in cardiovascular diseases has potential
therapeutic value to prevent end organ damage. As mentioned previously, there have been
two primary approaches for targeting epoxides therapeutically; sEH inhibition or EET
agonists. Limitations for these approaches need to be taken into consideration. Inhibiting
sEH will result in an overall increase in EET regioisomers and could alter arachidonic acid
metabolism through other enzymatic pathways. The development of EET agonists is limited
by the fact that there are no known receptors and thus it is difficult to determine the
selectivity of EET agonist. Even with these limitations, significant progress has been made
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with these two approaches and the promise for protecting from end organ damage will be
discussed.

Soluble Epoxide Hydrolase Inhibitors

The development of sEH inhibitors (SEHIs) advanced rapidly over the past decade to the
point where they have been tested in human clinical trials. Although there were sEHISs that
were available for many years, these sEHIs had limited use in vitro and were not extensively
evaluated for their effects on vascular function.*® The development carbamate urea SEHIs
and the finding that injection of a single dose of N,N’-dicyclohexylurea (DCU) lowered
blood pressure in spontaneously hypertensive rats (SHR) peaked interest in sEHIs and blood
pressure control.#8 Subsequent formulations improved solubility and bioavailability to the
extent that SEHIs could be administered orally via drinking water over long periods of
time.4#1347 This allowed for preclinical testing in animal models of hypertension and other
cardiovascular diseases. This led to the eventual development of the SEHI, AR9281 that
went through to completion of a Phase lla clinical trial in patients with mild to moderate
hypertension and impaired glucose tolerance
(http://clinicaltrials.gov/ct2/show/NCT00847899). Although this clinical trial has ended, the
final outcomes have not been made publically available.

Interest was generated by numerous experimental hypertension studies that demonstrated
blood pressure lowering when sEHIs were chronically administered. (Figure 2) Blood
pressure lowering was observed in SHR, angiotensin hypertension and deoxycorticosterone
acetate (DOCA) salt hypertension.13:46.:48:49 |n general, these studies demonstrated a
lowering of blood pressure that did not return values down to normal. As additional
experimental studies were reported it became apparent that there was an inability of SEHIs
to lower blood pressure in some animal models of hypertension. Blood pressure was not
decreased by sEHI treatment in various strains of the SHR including the stroke-prone SHR
or in Goto-Kakizaki diabetic rats with angiotensin infused to induce hypertension.>%-52 Mice
with a genetic deficiency in SEH, Ephx2 —/— mice also had variable results when blood
pressure was assessed.?3-2> More recently, SEHI treatment to Ren-2 transgenic rats was
shown to delay the progression of hypertension but did not decrease the maximum increase
in blood pressure.?® An interesting aspect of the hypertension studies is that despite variable
effects on blood pressure, SEHIs or Ephx2 gene deletion was anti-inflammatory and
provided end organ protection,13:48,51,52,54

Administration of SEHIs has consistently been demonstrated to decrease kidney, heart, and
brain damage associated with hypertension and other cardiovascular diseases.*1° (Figure 2)
Renal injury associated with hypertension is greatly attenuated by sEHI treatment.
Glomerular barrier function and renal vascular function were improved in angiotensin and
DOCA-salt hypertension following sEHI administration.13:54 Decreased renal injury was
observed when sEHI administration occurred during the development of hypertension or
after hypertension was established.13:57 Experimental studies in the diabetic Goto-Kakizaki
rats with angiotensin hypertension clearly established that sEHI treatment could provide
renal end organ protection without lowering blood pressure.>! These studies also
demonstrated that sEHIs decreased renal macrophage infiltration associated with
hypertension.13:51.57 Reduced cardiac hypertrophy was also observed following SEHI
treatment in DOCA-salt hypertension.*8 Other studies have demonstrated that SEHIs
decreased cardiac hypertrophy and decreased cardiac ischemia reperfusion injury.58-63
Protection from ischemic reperfusion injury by sEHI administration or in Ephx2 —/— mice is
dependent on EET mediated STAT3 signaling in cardiac myocytes.® Like the kidney and
heart, SEHI administration protects the brain from ischemic damage.52:64 Cerebral ischemic
injury in stroke-prone SHR was greatly attenuated by administration of the sEHI, 12-(3-
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adamantan-1-yl-ureido)dodecanoic acid (AUDA).>2 The ability of SEHIs to protect the brain
from injury in cardiovascular disease is due to its dual action to improve vascular function
and remodeling and by protecting the neurons from cell death.52:64.65 Taken together these
studies demonstrate that SEHI has the ability to protect organs from injury in hypertension
and relates to actions not only on blood vessels but other cell types.

One area that is becoming increasingly controversial is how to determine the selectivity of
sEHIs. Determining selective inhibition for sEHIs is difficult to discern since the proposed
active metabolites, EETs are difficult to measure in plasma and tissue and there are
questions as to which EET regioisomer or other fatty acid epoxide is mediating the
cardiovascular action. Administration of sEHIs such as AUDA results in plasma and tissue
levels that are sufficient to inhibit the enzyme.1352 Experimental studies have also
demonstrated that the plasma and urinary arachidonic acid epoxide to diol ratio increases in
rodents treated with SEHIs.13:33:57 These studies have also demonstrated increases in the
plasma linoleic epoxide to diol ratio.13:33:57 Overall, experimental studies have
demonstrated a trend for 14,15-EET and 14,15-DHET to be the primary arachidonate
epoxide to diol ratio that increases in response to SEHI administration.*1° However many
studies do not report the individual regioisomeric profile since there is large variability from
animal to animal, between different rodent strains, and differences based on diet. Preclinical
studies in rodents have been hampered by the lack of in vivo inhibitors for EETs. This makes
it very difficult to demonstrate that a cardiovascular phenotype in response to sEHI
administration is related to EET biological activity. Measurements in human urine or plasma
have also been very difficult. Although mass spectrometry analysis is becoming more
common, the ability to measure epoxides in human samples is still very difficult and
relatively expensive. Additional issues such as epoxides binding to plasma proteins,
incorporation into cell membranes, and changes in fatty acid profiles depending on dietary
intake provide further difficulties when trying to ensure sufficient dosage following sEHI
therapy. Currently an ex vivo blood assay is used to ensure a proper dosage of an SEHI has
been administered.66:67 |astly, there is also the likelihood that urinary and tissue levels may
not accurately reflex changes in blood vessel and tissue epoxide to diol ratios.

EET Agonists

EET agonists have been used extensively in vitro since 1996; however, their successful use
in vivo has been very recent.2%:26.68.69 The development of EET analogs that mimic the
actions of endogenous EETs has been useful since the synthesis and storage of EETS is less
than ideal for experimental studies. A first generation of EETs was developed to resist -
oxidation, resist esterification, and improve solubility.2526 A subsequent generation of EET
agonistic analogs was designed by modifying the epoxide to resist metabolism by sEH.26
Other EET analog modifications include elongation and shortening of carbon chain length
and removal of olefin bonds.2>:26 Agonistic analogs have been generated for all four EET
regioisomers and these have provided valuable information on structure activity
relationships for biological actions.

EET agonistic analogs of 14,15-EET have been demonstrated to dilate coronary
arteries.’0."1 Coronary artery dilation in response to 14,15-EET agonists is dependent on
vascular smooth muscle cell K* channel activation and the same cell signaling pathways that
are utilized by endogenous 14,15-EET.2571 Development of 14,15-EET agonists led to the
discovery of EET antagonists. 14,15-epoxyeicosa-5(Z)-enoic acid (14,15-EEZE and 14,15-
EEZE methylsulfonamide (14,15-EEZE-SI) were determined to antagonize EET-induced
biological actions.”2:73 14,15-EEZE inhibits the relaxation to all regioisomeric EETs
whereas 14,15-EEZE-SI inhibits the actions of 14,15-EET and 5,6-EET.”2 The use of 14,15-
EET agonists and EET antagonists has been limited to in vitro experimental settings. On the
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other hand, agonistic analogs of 11,12-EET have been developed further and have been
successfully employed for in vivo experiments with chronic administration.68:69 (Figure 3)
11,12-EET analogs have been demonstrated to have vasodilatory properties and inhibit
TNF-a induced vascular VCAM-1 expression.3244.74 ike 14,15-EET agonists, 11,12-EET
agonistic analogs have biological actions through the same cell signaling mechanisms as
11,12-EET.#* More recently, the actions of 11,12-EET agonists in hypertension and
cardiometabolic syndrome have been explored.

The first demonstration that an 11,12-EET agonists could improve vascular function in
hypertension was the demonstration that 11,12-EET-SI reversed the enhanced vascular
reactivity to angiotensin in hypertension.”® 11,12-EET-SI does not resist metabolism by SEH
and would not be useful for chronic administration. Several 11,12-EET agonistic analogs
were generated with better solubility that resisted B-oxidation and SEH metabolism.28 These
agonists were variations on the 11-nonyloxy-undec-8(Z)-enoic acid structure. Although
many of these 11,12-EET agonistic analogs failed to alter the progression of hypertension in
SHR or angiotensin dependent hypertension, there were a couple of 11,12-EET agonists that
did ameliorate the progression of hypertension.8:69 Amidation of the carboxylic group on
11-nonyloxy-undec-8(Z)-enoic acid structure with aspartic acid provided the most promising
11,12-EET agonist (NUDSA). (Figure 3) This 11,12-EET agonist lowers blood pressure in
SHR and angiotensin dependent hypertension.89 NUDSA has also been demonstrated to
reverse the metabolic syndrome phenotype observed in heme-oxygenase 2 (HO-2) gene
deficient mice. HO-2 —/— mice have increased body weight, hypertension, and elevated
blood glucose levels.®® These metabolic syndrome phenotypes in HO-2 mice are associated
with decreased EET levels and impaired vascular function. HO-2 —/— mice administered
NUDSA for two weeks decreased body weight, decreased blood pressure, decreased blood
glucose, and improved endothelial dependent dilation.®® One interesting finding in this study
was that NUDSA increased renal Cyp2c44 epoxygenase expression.88 This raises the
possibility that regulation of epoxygenase enzymes could contribute to the biological actions
of EET agonists during chronic administration. Overall, the findings with EET agonists such
as NUDSA suggest that EET agonists have potential therapeutic benefit for the treatment of
hypertension and other cardiovascular diseases.

Selectivity will be a significant hurdle to overcome for EET agonists since EET antagonists
have not been developed to the point where they can be administered chronically. EET
antagonists if developed could be used to demonstrate that the EET agonists are acting in a
manner similar to endogenous EETs. EET agonists and antagonists have been used to
determine structure activity relationships and provided clues to the identity of EET
receptors.32:44.75 |dentification of EET of EET receptors would allow for screening of
compounds that could act on the different receptors. There is experimental evidence that the
discovery of EET receptors is on the horizon but until that occurs it will be very difficult to
demonstrate selectivity for EET agonistic analogs. On the other hand, biochemical analysis
methods have been developed to measure EET agonists in biological fluids.”® These
methods have determined that intraperitoneal injection of NUDSA results in sufficient
plasma NUDSA to exert a biological action.”® Future experimental studies will have to
evaluate EET agonist plasma levels as well as evaluate the many cardiovascular actions
attributed to EETSs as a means to demonstrate proper selectivity for this therapeutic.

Conclusions

Mounting evidence gathered in experimental animal models of hypertension and
cardiovascular diseases suggests that SEHIs or EET agonists have potential therapeutic
benefits. There are therapeutic areas still to be explored for SEHIs and EET agonists. The
fact that SEHIs can synergize with COX-2 inhibitors could potentially be used for anti-
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hyperalgesic and anti-inflammatory actions without the cardiotoxicity associated with
COX-2 inhibitors.”” EET agonists and sEHIs have the potential to be used in combination
with anti-diabetics, anti-hypertensives, and hypolipidemic therapies. Additionally, the
combination of a 20-HETE inhibitor and sEHI or EET agonist is a possibility in
hypertension. A recently published study demonstrated that combined inhibition of 20-
HETE formation and sEHI decreased blood pressure and protected the heart and kidney
from hypertension-induced injury in Ren-2 transgenic rats.>® Future exploration is required
to determine the therapeutic potential for SEHIs and EET agonists alone or in combination in
cardiovascular diseases and hypertension.

It does appear as if some of the EET agonists like NUDSA may also inhibit sEH and
increase CYP2C epoxygenase expression.®8 This type of combinational activity described
for NUDSA could provide added beneficial effects. On the other hand, there is also potential
for unwanted side effects with chronic sEHI or EET agonist administration. Angiogenesis is
a potential consequence of chronic sEHI or EET agonist administration through activation of
vascular endothelial growth factor.2! Promotion of angiogenesis could promote
vascularization and tumor growth. In contrast, there are cardiovascular diseases where
angiogenesis would be beneficial.

The therapeutic potential for EET agonists and sEHIs could extend beyond hypertension and
cardiovascular diseases. Neural protection from ischemic injury has been attributed to sEHI
actions on blood vessels and neurons.>2:64 There is growing evidence that SEHIs provide
protection from ischemic damage in the brain and heart through effects on apoptotic
signaling cascades.*52:64 EET agonists and SEHIs have also been demonstrated to modulate
pain in various experimental animal models.”87® Other possible therapeutic applications for
EET agonists and sEHIs are sure to be discovered when these agents are tested in other
disease models.
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Figure 1.

Therapeutic targeting for the epoxygenase pathway: Epoxyeicosatrienoic acids (EETS) are
generated from arachidonic acid by cytochrome P450 (CYP2C) enzymes. EETs are
converted to dihydroxyeicosatrienoic acids (DHETS) by the soluble epoxide hydrolase
(sEH) enzyme. EET agonists and sEH inhibitors are two therapeutic targets for hypertension
and cardiovascular diseases.
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Figure 2.

Blood pressure and cardiovascular protective actions for soluble epoxide hydrolase
inhibition (sEHI): Panel A.) chemical structure for 12-(3-adamantan-1-yl-ureido)dodecanoic
acid (AUDA); Panel B.) sEHI decreases blood pressure in angiotensin salt-sensitive
hypertension; Panel C.) sEHI decreases renal injury in hypertensive and diabetic Goto-
Kakizaki rats (GK-HT); Panel D.) sEHI decreases cerebral ischemic injury in Wistar-Kyoto
rats (WKY); Panel E.) sEHI decreases the cerebral artery wall to lumen ratio and collagen
deposition in stroke-prone spontaneously hypertensive rats (SHR-SP). Figure adapted from
references 13 51, 52,
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Vascular and blood pressure responses to EET agonists: Panel A.) chemical structure for 11-
nonyloxy-undec-8(Z)-enoic acid and afferent arteriolar dilation; Panel B.) chemical structure
for 11-nonyloxy-undec-8(Z)-enoic acid structure with aspartic acid amidation (NUDSA) and
time course for decrease in blood pressure to an NUDSA i.p. injection (1 mg, n=1) to an

angiotensin hypertension rat. Figure adapted from references 44: 69.
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