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Abstract

Soluble epoxide hydrolase (SEH) inhibitors have been demonstrated to have cardiovascular
protective actions. This hydrolase enzyme converts fatty acid epoxides to their corresponding diols,
and this conversion can alter the biologic activity of these metabolites. We hypothesized that 12-(3-
adamantan-1-yl-ureido)dodecanoic acid (AUDA), a sEH inhibitor, would protect stroke-prone
spontaneously hypertensive rats from cerebral ischemia. AUDA was administered to 6-week-old
male rats for 6 weeks, during which blood pressure was measured by telemetry. Cerebral ischemia
was induced by middle cerebral artery occlusion, the size of the cerebral infarct was assessed after
6 hours of ischemia, and the results were expressed as a percentage of the hemisphere infarcted (%
HI). Vascular structure and function were assessed using a pressurized arteriograph. Plasma levels
of AUDA at the end of the treatment period averaged 5.0 + 0.4 ng/mL, and the urinary excretion rate
was 99 + 21 ng/d. AUDA-treated rats had significantly smaller cerebral infarcts than control rats (36
+ 4% vs 53 + 4% HI, treated versus control, P < 0.05, n = 6). This difference occurred independently
of changes in blood pressure. AUDA treatment increased the passive compliance of the cerebral
vessels but had no effect on vascular structure. The results of this study provide novel evidence
suggesting that the sEH inhibitor AUDA is a possible therapeutic agent for ischemic stroke.
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Eighty-eight percent of strokes occurring in the population are ischemic in nature, and
hypertension exacerbates the damage caused by ischemic stroke. When cerebral ischemia is
induced by middle cerebral artery (MCA) occlusion, the volume of the resultant infarct is
greater in stroke-prone spontaneously hypertensive rats (SHRSP) than in Wistar Kyoto (WKY)
rats.L This may be because of differences in cerebral blood vessel structure and function

Reprints: Anne M. Dorrance, Department of Physiology, Medical College of Georgia (CA2092), 1120 15th Street, Augusta GA 30912
(e-mail: adorrance@mail.mcg.edu)..

IThiswork was supported by National Institutes of Health grants HL-59699, DK-38226, HL-074167 (J.D.I.), R37 ES02710, P42 ES04699
(B.D.H.), and HL077385 (A.M.D.). Support also came from an American Heart Association Established Investigator Award (J.D.1.) and
a Scientist Development Grant 0130364N (A.M.D.).



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Dorrance et al.

Page 2

between the 2 strains. In WKY rats, when an occlusion occurs, the collateral vessels around it
dilate to facilitate perfusion of the brain to prevent a large infarct. This increase in collateral
blood flow does not occur in SHRSP. SHRSP vessels have smaller vessel diameters before an
ischemic insult and an impaired ability to dilate in response to ischemia.2 Therefore, when an
occlusion occurs, there is insufficient tissue perfusion, and a large cerebral infarct is produced.
Accordingly, treatment of SHRSP with compounds that alter the vasculature to improve blood
flow should also reduce cerebral infract size.

Soluble epoxide hydrolase (sEH) inhibitors have been demonstrated to reduce blood pressure
in hypertension, decrease hypertension-induced renal damage, attenuate vascular smooth
muscle cell proliferation, and decrease tissue injury associated with lipopolysaccharide-
induced systemic inflammation.3-6 In rats and humans, SEH is involved in the metabolism of
arachidonic acid and linoleic acid epoxides to their corresponding diols.”"9 Likewise, the
arachidonic acid epoxides, epoxyeicosatrienoic acids (EETSs), are excellent therapeutic
candidates for hypertensive ischemic cerebrovascular disease.10-14 EETs dilate cerebral blood
vessels and are metabolized to dihydroxyeicosatrienoic acids (DHETS) by sEH, and DHETS
have significantly less activity than EETs.10.11.13 1he development of potent and stable urea-
based inhibitors of sEH has facilitated long-term in vivo studies.1:16 These SEH inhibitors
are competitive, tight-binding inhibitors with namomolar K; values that efficiently reduce
epoxide hydrolysis in several in vivo and in vitro models.1®:16 Recent modifications to the
urea-based inhibitors have resulted in potent SEH inhibitors with favorable solubility properties
that allow for oral administration.16 2-(3-Adamantan-1-yl-ureido)-dodecanoic acid (AUDA)
is an N'-carboxylic acid substitution that increases water solubility without an appreciable
reduction in the potency of sEH inhibition.16 we hypothesized that the SEH inhibitor, AUDA,
would reduce the size of the cerebral infarct produced after induction of ischemia in SHRSP.
We further hypothesized that AUDA would have this effect by altering the structure of the
cerebral blood vessels or increasing the vasodilator capacity of these vessels.

MATERIALS AND METHODS

Animals

Male SHRSP obtained from the colony at the Medical College of Georgia were maintained on
a 12-hour light-dark cycle and allowed access to food and water ad libitum. These studies
complied with the protocols for animal use outlined by the American Physiological Society
and were approved by the institutional animal care and use committee. AUDA (25 mg/L) was
dissolved in a drinking water solution containing Bcyclodextrin (0.5 g/L) and ethanol (0.05%)
that was sonicated for 1 hour. Rats from 6 to 12 weeks of age were treated with AUDA or
vehicle. Vascular structure and the effects of cerebral ischemia were assessed in 12-week-old
rats.

Measurement of Oxylipid and AUDA Levels

The levels of the arachidonic acid metabolites, EETs and DHETS, and the linoleic acid
metabolites, epoxyoctadecanoic acid (EPOME) and dihydroxyoctadecanoic acid (DHOME),
were measured in the plasma and urine as described previously.17 Rats were housed in
metabolic cages that separated urine from food and feces, and urine was collected for a 24-
hour period. At the end of the experimental period, a plasma sample was also obtained. AUDA
and 4-(3-adamantan-1-yl-ureido)-butanoic acid (AUBA), an inactive metabolite of AUDA,
were measured as described Ereviously using high-performance liquid chromatography with
tandem mass spectrometry.1
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Measurement of Blood Pressure

Telemetry transmitters (Data Sciences, St. Paul, MN) were implanted, and mean arterial
pressure (MAP) and heart rate data were collected as described prevmusly Baseline
measurements were obtained for 5 days before beginning the treatment.

MCA Occlusion

At 12 weeks of age, after 6 weeks of treatment with AUDA or vehicle, cerebral ischemia was
induced. Rats were anesthetized with sodium pentobarbital (50 mg/kg IP), and body
temperature was maintained at 37°C during anesthesia. The MCA was permanently occluded
by use of the intralumenal thread occlusion technique. 19 Briefly, the common carotid artery
was exposed by a midline incision, and the branches of the external carotid artery were
cauterized. A 3-0 monofilament thread with a rounded tip was introduced into the external
carotid artery in a retrograde fashion. This was advanced cranially into the internal carotid
artery over a distance of exactly 19 mm, measured from the bifurcation of the common carotid
artery. The thread was left in place, and the rats were allowed to recover. Because SHRSP have
very large cerebral infarcts that can result in significant mortality, we used a 6-hour period of
ischemia that causes significant ischemic damage. Postocclusion, the rats were anesthetized
and decapitated, and the brains were carefully removed. The area of the infarction was
quantified using 2,3,5-triphenyltetrazolium (TTC) staining as described preV|oust 0 Blood
flow to the region surrounding the MCA was measured using a laser Doppler flow probe placed
5 mm lateral and 1 mm posterior to the bregma to confirm MCA occlusion.

MCA Function and Structure

Statistics

The structure and function of the MCA was assessed in 12-week-old rats after 6 weeks of
treatment with AUDA or vehicle. MCAs were isolated and placed in cold physiological salt
solution (PSS) (in mM: 141.9 NaCl, 4.7 KCI, 1.7 MgSQy, 0.5 EDTA, 2.8 CaCl,, 10.0 HEPES,
1.2 KH,POy, and 5.0 glucose). The first branch-free segment of the MCA most proximal to
the Circle of Willis was mounted on 2 glass micropipettes in an arteriograph (Living Systems
Instrumentation, Burlington, VT). Vessels were bathed with warm oxygenated PSS.
Videomicroscopy and a calibrated video dimension analyzer were used to measure lumen
diameter and wall thickness. The intraluminal pressure was set at 75 mm Hg. Cumulative dose-
response curves were generated for bradykinin and serotonin (10-°-10° M). Lumen diameter
was measured after a 5-minute equilibration with each dose of agonist, and results were
expressed as a percentage of the maximum dilation obtained with sodium nitroprusside (10
M). The percentage myogenic tone was calculated at intraluminal pressures of 75 and 125 mm
Hg using the following formula: 1 - (active diameter/passive diameter) x 100.21 These 2
pressures were selected because they fall within the range of autoregulatory pressures for the
MCA.

The MCAs were then bathed in calcium-free PSS containing 2 mM EGTA, and the intraluminal
pressure was increased from 0 to 180 mm Hg in 20 mm Hg increments; measurements of lumen
diameter and wall thickness were taken at each pressure after a 5-minute equilibration. The
external diameter, wall/lumen ratio, and circumferential wall stress and strain were calculated
using the method of Baumbach and Hadju.22 The B-coefficient, a measure of wall stiffness,
was calculated from the exponential curve fit for each individual stress-strain curve.

All results are represented as a mean + SEM. Blood pressure and cerebral vascular data were
analyzed using an ANOVA. The cerebral infarct size, B-coefficients, and oxylipid levels were
compared using an unpaired t test. A P value < 0.05 was considered significant.
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MAP and heart rate were continuously monitored for the duration of the study using telemetry
(Fig. 1). There was no difference in the MAP or heart rate between the SHRSP treated with
AUDA and the control rats.

To investigate the effect of SEH inhibition on the outcome of cerebral ischemia, the MCA was
occluded, and infarct size measured in 12-week-old rats after 6 weeks of treatment with AUDA
or vehicle. Treatment of SHRSP with AUDA caused a marked reduction in percentage of the
hemisphere damaged by ischemia (36 = 4% vs 53 + 4% AUDA versus vehicle, P < 0.05, n =
6) (Fig. 2). The infarct was limited to the cortex and the basal ganglia. The percentage drop in
cerebral blood flow at the time of occlusion, assessed by laser Doppler, was similar in both
groups (68% for the AUDA treated and 69% for the control group).

A pressurized arteriograph was used to study the function and the structure of the MCA after
AUDA treatment. The responsiveness of the MCA to bradykinin and serotonin was evaluated.
AUDA treatment did not affect the responsiveness of the MCA to either agonist; both the EC50
and the maximal response were similar between the groups (Fig. 3). Similarly, the treatment
of the SHRSP with AUDA had no effect on the vessels’ ability to generate tone. The percentage
tone at 75 mm Hg was 12.5 + 3.1% for the AUDA-treated group and 9.2 + 5.1% for the control
group, and at 125 mm Hg the percentage tone was 18.6 + 4.8 and 13.0 + 4.8 for the AUDA-
treated and control groups, respectively. The structure of the MCA was assessed under calcium-
free conditions to eliminate the effects of myogenic tone. Lumen diameter and wall/lumen ratio
of the MCA were similar in the rats treated with AUDA compared with control (Fig. 4). There
was no difference in external vessel diameter at any intraluminal pressure between the 2 groups
(at 120 mm Hg intraluminal pressure, 274 + 14 um control and 279 £ 7 um AUDA). Wall
thickness was also measured, and it did not differ between the groups (at 120 mm Hg
intraluminal pressure, 38.1 + 3.1 um control and 38.8 £ 5.5 um AUDA). When wall stress was
plotted against wall strain, the curve produced for the vessels from AUDA-treated rats was
shifted to the right when compared with the curve produced for the vessels from control rats
(Fig. 5), indicating that the passive compliance was increased in the AUDA-treated vessels.
The Bcoefficient was calculated from the exponential curve fit for each individual stress-strain
curve to produce a measure of vessel stiffness. The B-coefficient was greater for the vessels
from the control rats, indicating that these vessels were stiffer than those from the AUDA-
treated group.

Analysis of urinary and plasma levels of AUDA and AUBA and epoxide metabolites was
carried out at the end of the treatment period. The concentrations of AUDA in the plasma and
urine were 5.0 £ 0.4 ng/mL and 99.3 £ 21.1 ng/d, respectively, and confirm that AUDA reached
the systemic circulation. AUBA is a terminal -oxidation metabolite lacking biologic activity.
AUBA levels were measured to determine the importance of the p-oxidation pathway in the
degradation of AUDA. AUBA levels were found at significant levels in the plasma, and it is
the only AUDA metabolite detected at high levels in the urine. The levels of AUBA in the
plasma and the urine were 7.2 £ 0.6 ng/mL and 2617 + 1008 ng/d (plasma n =5, urine n = 7).
We also observed small measurable amounts of AUDA (0.4 + 0.1 nmol/L) in the cerebral spinal
fluid. The levels of the arachidonic and linoleic acid metabolites in the urine and plasma are
shown in Table 1. AUDA treatment had little effect on the plasma levels of the fatty acid
metabolites. AUDA did result in changes in the urinary epoxides and diols of arachidonic and
linoleic acid. The urinary EPOME:DHOME ratio was increased by 32% in the AUDA-treated
rats, and the EET:DHET ratio was increased by 75%. The change in the urinary epoxide to
diol ratio results from a decrease in diol levels with maintained epoxide levels.
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DISCUSSION

Recent evidence suggests that administering SEH inhibitors during disease states will have
cardiovascular protective actions.3-6:23 In the current study we demonstrate that the SEH
inhibitor, AUDA, reduces the damage caused by MCA occlusion in SHRSP. Interestingly, the
cerebral protection provided by sEH inhibition in the SHRSP was independent of any effect
on blood pressure.

As expected, blood pressure increased and heart rate decreased in the SHRSP over the duration
of the study. The absence of an effect of AUDA on blood pressure was intriguing because
previous studies suggest that epoxide hydrolase is an important modulator of blood pressure
inangiotensin Il-dependent hypertension3v23 and SHR.4 On the other hand, other studies using
SHR showed that there is variability in the blood pressure response to sEH inhibition that is
dependent on the substrain of SHR used and that a polymorphism in the SEH gene exists.
Activity of the SEH enzyme is greater in rats carrying the variant allele; however, inheritance
of this allele does not correlate with blood pressure in the F» progeny of a cross between this
SHR substrain and WKY rats.24 It has not yet been determined if the SHRSP used in the current
study also express the variant allele of the SEH gene. Another possibility is the low dose of the
sEH inhibitor used in the current study. We have previously reported that the sEH inhibitor 1-
cyclohexyl-3-dodecylurea (CDU) reached plasma levels of 23 ng/mL and lowered blood
pressure in chronic angiotensin Il-induced hypertension.3 Likewise, AUDA at a plasma
concentration of 15 ng/mL lowers blood pressure in angiotensin Il-induced hypertension.25
These concentrations are considerably higher than the circulating SEH inhibitor levels attained
in the current study. On the other hand, decreased urinary diol levels and increased epoxide to
diol ratios suggest that the sEH enzyme is being inhibited. In any case, it would appear from
our studies that despite not lowering blood pressure, AUDA had beneficial cerebral effects in
the SHRSP, suggesting that these beneficial effects occur via a blood pressure-independent
mechanism.

One possible explanation for the cerebral protective actions of AUDA is that long-term sEH
inhibition reduces the structural alterations in cerebral blood vessels that are normally observed
in hypertensive rats. Nevertheless, we did not observe changes in the diameter or wall thickness
of the MCAs from the rats treated for 6 weeks with AUDA. Vascular smooth muscle cell
proliferation in cultured human aortic cells is reduced by sEH inhibition.® Under these
conditions, any effects of flow, pressure, or circulating factors are lost. Although we did not
measure smooth muscle cell proliferation directly, we did not observe changes in the structure
or contractile function of the MCA, two smooth muscle cell-driven events. Interestingly, we
did observe a change in the passive compliance or stiffness of the blood vessels between the
2 groups. AUDA treatment causes the vessels from the SHRSP to be less stiff or more
compliant. The mechanism for this change is not clear; normally changes in compliance result
from alterations in collagen and elastin synthesis or deposition in the vessels. In the absence
of marked changes in vascular structure and function, it seems likely that this is the case.
Interestingly, we have previously reported decreased kidney collagen levels in SEH inhibitor-
treated angiotensin-hypertensive rats.3 A similar change in the cerebral vasculature collagen
levels could be occurring in the SHRSP. Thus, it is possible that an increase in compliance in
the vessels around the ischemic blockade could allow for enhanced perfusion of the area and
thus a smaller area of neuronal damage.

Current evidence in the literature also suggests that a cerebral vascular or direct neuroprotective
action could explain the decreased neuronal dama% in the SHRSP. Arachidonic acid epoxides
are effective dilators of the cerebral vasculature.10:11 They are also produced in the brain by
astrocytes%'27 and are present in cerebrospinal fluid in micromolar concentrations.14 In

addition, astrocytes are unique cells that play an important role in regulating neuronal function.
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28,29 Because small but measurable amounts of AUDA were present in the cerebral spinal
fluid, it is possible that SEH inhibition could be acting directly on the astrocytes. This cell type
has been proposed to form the communication between neurons and the cerebral
microvasculature, and EETs may be the signaling molecules responsible for matching blood
flow to neuronal metabolic activity.14 When glutamate is infused into the subdural space, a
reactive hi, eremia occurs that is blunted when the production of EETSs is pharmacologically
inhibited. Interestlngly a recent study demonstrated enhanced postischemic recovery in
mouse hearts that overexpressed the CYP2J2 epoxygenase enzyme in cardiom 3)/ocytes 1 This
protection of the heart involved the mitochondrial ATP-sensitive K* channel.®+ It is therefore
possible that greater availability of cerebral EETs during SEH inhibition will increase cerebral
blood flow and therefore reduce ischemic damage. On the other hand, Sellers et al32 recently
reported that intracerebroventricular delivery of AUDA actually increased blood pressure in
the SHR. Thus, it is more likely that the protection from ischemic damage resulted from the
changes in the cerebral vasculature in AUDA treated animals.

Although greater availability of cerebral EETs during AUDA treatment could explain the
protection of the cerebral vasculature from ischemic damage, the lack of an increase in plasma
or urinary EET levels would suggest that other mechanisms could contribute to the vascular
protective effect of the SEH inhibitor. Other consequences that have been attributed to sEH
inhibition mclude increased cellular incorporation and retention of EETs into endothelial
ghosphollplds 3 Likewise, endothelium- -dependent relaxation is enhanced by sEH inhibition;

3 however, the present study failed to demonstrate an enhanced dilation of cerebral vessels
in response to bradykinin. Inhibitors of SEH also enhance the flux of EETSs into alternative B-
oxidation and chain elongation metabolic pathways. 34,35 The possible contribution of
incorporation of EETSs into endothelial phospholipids or metabolism of EETSs by other
metabolic pathways to the protection of the cerebral vasculature in AUDA-treated SHRSP
remains unknown. Last, the N'-carboxylic acid substitution that increases water solubility of
sEH inhibitors has also been demonstrated to confer peroxisome proliferator-activated receptor
a (PPAR-a) activity to AUDA. AUDA at the high doses of 3 and 10 uM produced 1.5- and 3-
fold increases in PPAR-q activation.36 Interestingly, the PPAR-o. activator fenofibrate has
been demonstrated to reduce the susceptibility to stroke in 7polipoprotein E-deficient mice as
well as decrease the cerebral infarct size in wild-type mice.®! Thus, AUDA could be providing
protection from ischemic damage by mechanisms other than increasing circulating EET
bioavailability in the SHRSP.

CONCLUSIONS

These studies add to the growing list of cardiovascular benefits imparted by sEH inhibitors.
The present study provides novel and exciting data demonstrating the possible therapeutic use
for sEH inhibitors as preventative therapies to provide neuronal protection from cerebral
ischemia. We show that AUDA treatment reduces cerebral infarct size in the absence of
changes in blood pressure. We propose that AUDA has this effect by enhancing the matching
of blood flow to metabolic needs of the brain or protecting the neurons directly from ischemic
damage. Thus, it may be possible to use SEH inhibitor treatment in patients at risk for ischemic
stroke.
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FIGURE 1.

A, Mean arterial pressure measured by radiotelemetry in the AUDA-treated and control rats.
The average 12-hour day and night pressures are shown for the 5 days before and for the
duration of the treatment. B, Heart rate over the same time (n = 6 in each group).
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FIGURE 2.

The upper panel shows representative cerebral infarcts for AUDA-treated and control rats; the
gray area is viable tissue; and the white area is tissue damaged by ischemia. The lower panel
shows the percentage of the hemisphere infarcted (n = 6 in each group *P < 0.05).
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FIGURE 3.

A, Relaxation of the MCA in response to bradykinin (10-9-10-> M); the results are expressed
as a percentage of the maximum dilation otained in response to SNP (10> M). B, Constriction
of the MCA in response to serotonin (10-2-10-2 M); the results are expressed as a percentage
of the maximum lumen diameter as described above (n = 10 for AUDA and 8 for control).
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FIGURE 4.

A, Lumen diameter in micrometerss of the MCA over a range of intraluminal pressures (0-180
mm Hg) for the AUDA-treated and the control rats. B, Wall/lumen ratio (n = 10 for AUDA
and 8 for control).
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FIGURE 5.

A, Average stress-strain curves generated for the MCAs from AUDA-treated and control
SHRSP (n = 8). B, B-Coefficients calculated from the individual stress-strain curves for the
MCAs from AUDA-treated and control SHRSP.
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.Plasma and Urine CYP450 Metabolites in AUDA-Treated Rats
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Oxylipid Metabolites Control Plasma AUDA Plasma Control Urine AUDA Urine
EPOMEs (pmol/mL) 292.5+26.2 290.7+14.4 2568 + 625 2090 + 131
DHOMES (pmol/mL) 56.7+5.7 529+6.9 1,170 £ 33 722 £52
EPOME:DHOME ratio 5.2 55 2.2 29
EETSs (pmol/mL) 95.0+20.7 729+211 25.7+1.12 28.7+3.91
DHETSs (pmol/mL) 30.0+1.8 239+21 30.8+9.1 20.9+0.8
EET:DHET ratio 3.2 3.1 0.8 14
12,13-EPOME 89 + 2% 91+ 1% 75+ 1% 76 £ 1%
9,10-EPOME 11+2% 9+ 1% 25+ 1% 24+ 1%
12,13-DHOME 58 + 3% 46 + 1% 74 2% 72+ 1%
9,10,-DHOME 42+ 3% 54 + 1% 26 £ 2% 28+ 1%
14,15-EET 39+ 7% 40 + 4% 57+ 1% 55 + 2%
11,12-EET 14+ 1% 16 £ 1% 43+ 1% 45 + 3%
8,9-EET 24+ 8% 17 £ 6% 0+0% 0+0%
5,6—EETJr 24+ 1% 27 2% ND ND
14,15-DHET 8+1% 10+ 1% 14 £ 2% 12+ 1%
11,12-DHET 7+2% 8+1% 0+0% 0+ 0%
8,9-DHET 6+1% 6+1% 0+0% 0+0%
5,6-DHET 79+ 3% 76 £ 1% 86 + 2% 88+ 1%

Values are mean + SE.

Abbreviations: SHRSP, stroke-prone spontaneously hypertensive rats; EET, epoxyeicosatrienoic acid; DHET, dihydroxyeicosatrienoic acids; AUDA,

adamantyl dodecanoic acid; EPOME, epoxyoctadecanoic acid; DHOME, dihydroxyoctadecanoic acid.

#

5,6-EET recoveries with the implemented procedure are roughly 25%. Loss of this compound is apparently through internal cyclization to the 5,6-delta

lactone, not hydrolysis to the 5,6-DHET (29). “%” indicates the percentage of specific EFOMEs, DHOMEs, EETs, and DHETSs in total EPOMEs,

DHOMEs, EETs, and DHETS respectively.
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