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ALEXIS NETIS SIMPKINS 
Soluble Epoxide Hydrolase Inhibition Attenuates Vascular Remodeling and 
Protects Against Cerebral Ischemia 
(Under the direction of JOHN I MIG and EDWARD INSCHO) 

Hypertension is linked to the incidence of cardiovascular events such as 

ischemic stroke due to several mechanisms, including vascular remodeling. The 

progression of vascular remodeling leads to increased arterial stiffness, plaque 

formation and rupture, and thrombosis, culminating in blockage of the arterial 

supply to the brain. A strategy to confer protection from hypertension linked 

cardiovascular events is inhibition of pathological remodeling. Notably, 

epoxyeicosatrienoic acids (EETs) modulate vascular smooth muscle cell (VSMC) 

proliferation and migration and vascular tone. However, their conversion by 

soluble epoxide hydrolase (SEH) enzyme to less active dials attenuates their 

protective properties. As a result, an ·alternative strategy to confer protection 

from the sequela of hypertension is SEH inhibition. Here we show that SEH 

inhibition and deletion of the gene responsible for the production of the SEH 

enzyme protects against pathological vascular remodeling in a model in which 

the endothelium is preserved via left carotid ligation. Interestingly, this protection 

was not observed in a model of arterial injury in which the femoral artery is 

denuded. This demonstrates that SEH antagonism has potential for protecting 

against pathological remodeling by an endothelium dependent mechanism. In 



line with this finding, we demonstrated that SEH inhibition restored the plasticity 

of carotid arteries in hypertensive rats with impaired respons~s to increases or 

decreases in flow. Importantly, we demonstrated that these protective 

properties of SEH inhibition were translatable to vascular protection from cerebral 

ischemia in an animal model of essential hypertension. Chronic SEH inhibition 

protected against cerebral ischemia in hypertensive rats by inhibiting vascular 

remodeling of the middle cerebral artery and increasing microvessel density. 

Interestingly, we also show that SEH inhibition is able to protect against cerebral 

ischemia without changing the structure of the vasculature of normotensive 

animals. In fact, we found that a potential for protection could be afforded by 

changes in the expression profile of genes involved in apoptosis, neurogenesis, 

and reactive oxygen species antagonism in models both of hypertension and 

normotension. The sum of these findings indicates that SEH inhibition has broad 

pharmacological potential for protecting against the occurrence and severity of 

ischemic stroke by mechanisms that are attributed to blocking the sequela of 

hypertension and neuroprotection. 
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I. INTRODUCTION 

A. Statement of the Problem 

Hypertension is linked to the incidence of cardiovascular events such as 

ischemic stroke due to several mechanisms, including vascular remodeling. The 

progression of vascular remodeling leads to increased arterial stiffness, plaque 

formation and rupture, and thrombosis, culminating in blockage of the arterial 

supply to the brain. As a result, finding ways to treat or prevent the progression 

of the cardiovascular dysfunction associated with hypertension is of extreme 

importance. In 2008, 1 out of 3 adults in the population are projected to have co

morbid hypertension, and hypertension is present in 77% of patients afflicted with 

their first stroke.1 Stroke has remained the 3'd leading cause of death over the 

past 3 decades, and 87% of strokes are ischemic strokes. 1
·
2 Even though a 

treatment for ischemic stroke has been developed, the risk of intracerebral 

hemorrhage makes this treatment inappropriate for most presenting 

patients,1
•
3

•
4 and only approximately 10%-19% of patients are actually treated.5 

As a result, an alternative approach to managing high risk patients has been to 

prevent or protect against damage using drugs such as antihypertensives, 

since hypertension is one of the main risk factors for stroke.1
•
3

•
6

•
7 

One strategy to confer protection from hypertension linked cardiovascular 

events such as ischemic stroke is inhibition of pathological remodeling. 

Atherosclerosis, peripheral artery disease, and hypertension are all risk 
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factors for ischemic stroke.8 A novel mediator of both vascular function and 

cerebrovascular blood flow9 are the CYP450 metabolites epoxyeicosatrienoic 

acids (EETs), endothelial derived hyperpolarizing factors produced by the 

endothelium 10.15and neuronal cells. EETs have been shown to restrain vascular 

smooth muscle cell (VSMC) proliferation and migration,1s-19 modulate vascular 

tone,10-15 respond to changes in flow,20.22 match cerebrovascular blood flow to 

metabolic demand and high neuronal activity,9·23.30 promote angiogenesis,9·25·30. 

39 and promote cell survival.4047 However, their conversion by soluble epoxide 

hydrolase (SEH) enzyme to less active dials attenuates their protective 

properties.48·49 As a result, an alternative strategy to confer protection from the 

sequela of hypertension, pathologi~al vascular remodeling, and cerebral 

ischemia is SEH inhibition. SEH inhibition has already been shown to be anti

hypertensive50 and prevent art~riosclerosis.51 ·52 In addition, we have previously 

shown that SEH inhibition can reduce cerebral infarct size without reducing blood 

pressure in a model of hypertension associated with an increase in middle 

cerebral artery (MCA) compliance. Therefore, the overall goals of the studies 

conducted here were to test the hypothesis that SEH inhibition can prevent the 

vascular remodeling associated with increasing risk for ischemic stroke and 

protect the brain from ischemic insult in the event of ischemia (Figure 1 ). 

Specific Aim 1: To Determine if SEH Inhibition and Ephx2 Gene Deletion 

Antagonizes Vascular Remodeling 

Specific Aim 2: To Determine if SEH Inhibition Protects Against Cerebral 

Ischemia 

2 



CVD: Hypertension, 
Atherosclerosis, Vascular Injury 

l 
Vascular Remodeling I 

1 
Drop In Blood Flow 

To Brain Parenchyma 

Figure 1. Overall hypothesis of dissertation. Stroke is a major debilitating 

disease in the U.S. and is closely linked to the occurrence of cardiovascular 

diseases such as hypertension. Ischemic strokes occur when blood flow is 

decreased to the brain by a blockage such as a blood clot or ruptured 

atherosclerotic plaque. As a result of the drop in blood flow to brain parenchyma, 

neurons die rapidly. The results can be devastating- ranging from death to 

severe debilitation and excessive medical costs. The purpose of this work is to 

determine if SEH inhibition (SEHi) can decrease the severity of damage resulting 

from cerebral ischemia by preventing vascular remodeling and improving the 

neuron's ability to survive cerebral ischemia. Effective reduction in infarct size 

can decrease mortality rate, disability and cost associated with ischemic stroke, 

improving the long-term outcome and quality of life of those afflicted. 
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C. Review of Related Literature 

EETs 

Epoxyeicosatrienoic acids (EETs), lipid metabolites produced from 

arachidonic acid by CYP450 enzymes, are novel mediators that antagonize the 

sequela of hypertension,50
·
51

•
53 match cerebral blood flow to increased neural 

activity and metabolic demand,9
·
24

"
30 promote angiogenesis,9

•
25

·
30

"
39 and protect 

against ischemia.41
·
54

•
55 EETs are produced by endothelial cells, astrocytes, 

epithelial cells and vascular smooth muscle cells (VSMCs).15 Due to the 

protective properties of EETs, modulation of epoxide degradation has potential 

in managing ischemic stroke. Unfortunately, the pharmacological utility of 

exogenous EETs is impractical because the epoxides are rapidly degraded by 

the soluble epoxide hydrolase (SEH) into their less active dial, 

dihydroxyeicosatrienoic acids (DHETs) (Figure 2).31
•
48

•
56

•
59 

SEH 

Characteristics of Soluble Epoxide Hydrolase 

The gene responsible for SEH is the Eph:X2 gene located on 

chromosome 8 in humans. 5° SEH is a homodimer enzyme that hydrolyzes 

epoxides via the hydrolase activity found in the C-terminal domain. SEH is 

present in many tissues and cell types including the ones focused on in this body 

of work, which are the endothelium, VSMC61 and brain.62
•
63 The main substrates 

of SEH are EETs, and SEH is also the main enzyme responsible for their 

degradation. SEH hydrolyzes the EETs (8,9-, 11,12-, and 14,15 EET) rapidly 

(low Km, high Vmax) leading to loss of intracellular EETs.48 Since the conversion 

4 
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Figure 2. Action and inhibition of SEH. Epoxyeicosatrienoic acids (EET) are lipid 

metabolites derived from arachidonic acid produced by the CYP450 enzymes. 

EETs are rapidly degraded by soluble epoxide hydrolase (SEH) enzyme into less 

active dials, dihydroxyeicosatrienoic acids (DHETs) (A). SEH inhibitors have 

been used to inhibit EET degradation and increase the EET to DHET ratio (A). 

(B) The basic structure of SEH inhibitors is composed of a central 

pharmacophore (urea most effective) flanked by two hydrophobic H groups 

(modified from Chiamvimonvat et al). 64 The SEH inhibitors are mimetics of the 

transitional state ofSubstrates. They competitively bind to SEH and inhibit its 

action by forming salt bridges with key amino acids in the catalytic site. 
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of EETs to DHETs by SEH attenuates the cardioprotectiveproperties of EETs, 

studies have been conducted to investigate the link between SEH activity and 

cardiovascular disease and the potential for cardioprotection by SEH 

inhibition. 64 

Epoxide Hydrolase (Ephx2j Human Genetic Polymorphism and 

Cardiovascular Disease 

Worthy of note, in humans. several genetic polymorph isms in the SEH 

enzyme,65 which can alter SEH activity, 56 have been linked to the incidence of 

cardiovascular disease, and this association could be related to modifications in 

SEH activity, and thus epoxide catabolism.6s.67 In the Caucasian subpopulation 

of the Atherosclerosis Risk in Communities (ARIC) study, the K55R, which 

increases SEH activity, results in an increase in the risk for incidence of 

symptomatic coronary artery disease, i.e. myocardial infarction, death or 

requirement for an intravascular procedure. 58 Alternatively, in the African 

American subpopulation of the Coronary Artery Risk Development in young 

Adults (CARDIA) study, having one allele that results in the Arg287Gin 

substitution increased the risk for the presence of coronary calcification.69 This 

finding is quite interesting because the Arg287Gin substitution results in a 

reduction in SEH activity in vitro.69 In line with its effect on SEH activity, this 

association did not increase the risk for symptomatic coronary artery disease. 58 

This could be explained by the findings that acute cardiovascular events are 

most commonly triggered by an unstable plaque. Calcified plaques are less 

prone to rupture.67
•
70 As a result, these findings suggest that reduction in SEH 
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activity could result in plaque stabilization and decreased incidence of acute 

cardiovascular events resulting from atherosclerosis. In fact, further supporting 

evidence of this hypothesis was provided by the discovery that the haplotype of 

SEH polymorph isms in the CARDIA study that was strongly associated with bOth 

prevalence of coronary artery calcification and decreased SEH activity was also 

associated with a decreased risk of ischemic stroke.67 In addition, Arg287Gin 

was also found to be protective against incidence of ischemic stroke in the 

Chinese population.71 

SEH Inhibitors 

SEH inhibitors have been in development for several decades. SEH 

inhibitors were designed to be mimetics of the natural substrate in the transitional 

state. These inhibitors are competitively bound to the catalytic site and form salt 

bridges (Figure 2B). 64
•
72

•
73 The basic structure of SEH inhibitors consists of the 

central pharmacophore, with a carbonyl group flanked by two hydrogen donors. 

Urea has been found to be the most effective central pharmacophore.73
•
74 To the 

left of the central pharmocophore is a hydrophobic R group. To the right are two 

lipophilic linkers connected by·a polar group (Figure 2B64 and Figure 364
). 

Although the first inhibitpr N,N',dicyclohexylurea (bCU) was shown to decrease 

blood pressure· in .. SHR,49 this compound was very insoluble. Since'then, 
' 

modulation to the basic backbone structure of SEH inhibitors has resulted in 

compounds with increased bioavailability, potency, and solubility. 64
•
75 
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Figure 3. SEH inhibitors AUDA and tAUGB (modified from Chiamvimonvat 

et.al.). 64 The following figure gives the chemica/structure of the SEH inhibitors 

used in the experiments. (A) AUDA is an adamantanyl inhibitor with a fatty acid 

like acyl chain. It is a potent inhibitor of SEH in several species, as indicated by 

the nanomolar range /G50• However, this inhibitor is subject to metabolism and 

does not have good bioavailability as indicated by the area under the curve 

(AUG) (x 1 cf nM Minlmg!kg). (B) SEH inhibitor tAUGB has a polar group and 

.sterically hindering cyclic lipophilic groups (Linker 1 and Unker 2). These 

substitutes do not dramatically change to potency of tAUGB. Instead, they make 

tAUGB more water soluble and less susceptible to beta oxidation. As a result, 

tAUGB has greater bioavailability than AUDA. -
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The SEH inhibitors used in this body of work are 12-(3-adamantan-1-yl

ureido) dodecanoic acid (AUDA) and trans-4-[4-(3-adamantan-1-yl-ureido)

cyclohexyloxy]-benzoic acid (tAUCB) (Figure 364
). Additions of adamantine and 

alkyl groups increased solubility and potenc/4 of the early SEH inhibitors 

allowing for in vivo experiments via AUDA (Figure 3 A64
). Yet still, AUDA 

requires careful solubilization with hydroxypropylj3-cyclodextrin. Additional 

modifications created tAUCB. This compound, has greater solubility and 

bioavailability due to the addition of cyclohexyl group (stabilizer), oxygen group 

(increase solubilit/6
) and the benzoic-C20H (decrease metabolism and increase 

solubility) (Figure 38).75 As far as potency in experimental models, both AUDA 

and tAUCB have similar potencies in mice {IC50 10nM and 8nM respectively) and 

rat SEH (11 and 8 respectively) in vitro. Since AUDA is a decreased 

bioavailability in comparison to tAUCB, tAUCB has greater efficacy that AUDA in 

LPS challenge studies in mice?5 In addition, the in vitro studies showed that 

both are more potent against human SEH {IC50: 3nM AUDA and 2nM tAUCB)?5 

This may be related to the subtle differences in the catalytic site that occur in 

comparison between humans and rodents. It is known that the Met337 present in 

human SEH orients the inhibitors differently than in mouse SEH.74
•
75 The inhibitor 

tAUCB is also less potent in canines and felines.64
•
75 

SEH Inhibitors Protect Against Cardiovascular Disease 

Over the years, the SEH inhibitors have afforded protection in various 

models of cardiovascular disease. To date, SEH inhibitors have been shown 

to protect from ischemic reperfusion injury in heart and brain,55
•
77

-
79 decrease 
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blood pressure 50
•
51 decrease pain 80

·
81 inflammation 77

•
80 renal disease 50

•
51 

I I I I 

VSMC proliferation and migration, and promote cell survival.40 Most of the 

protective properties of SEH inhibition have been attributed to the increased 

bioavailability of EETs.64 As a result, SEH inhibition is an accepted strategy to 

increase EETs systemically.64 In fact, our lab has found that SEH inhibition 

raises EET levels, 52 prevents inflammation induced renal arteriosclerosis,50
•
51 

and protects against cerebral ischemia. 52 

The studies previously presented in the introduction indicate that SEH 

inhibition has multiple avenues that could protect against cardiovascular 

disease including vascular remodeling and ischemic stroke. The studies 

proposed in this dissertation will determine the mechanism by which SEH 

inhibition protects against pathological vascular remodeling and cerebral 

ischemic injury. 

Specific Aim 1: To determine if SEH Inhibition and Ephx2 Gene Deletion 

Antagonize Vascular Remodeling (Figure 4) 

Glagov's Phenomenon. 

Vascular remodeling is a physiological process that can be triggered by 

changes in hemodynamics, pressure, and other factors which culminate in the 

reorganization of the vessel around a larger or smaller lumen.82
•
83 The focus of 

the research here is vascular remodeling that occurs with hypertension, arterial 

stenosis/atherosclerosis, and vascular injury, all of which are processes of 

10 



Impaired Response to Changes 
In Flow In Hypertension 

Promotion of Normal Physiological 
Responses to Changes In Flow and 
lnhi:Jitlon of Neolntlmal Formation 

Intimal 
Hyperplasia 
In Absence of 
Endothelium 

Figure 4 Schematic of specific aim 1. With specific aim one, we will test the 

hypothesis that SEH inhibition and Ephx2 gene deletion (Ephx2-/-) can prevent 

vascular remodeling associated with intimal hyperplasia in the presence or 

absence of the endothelium and determine if SEH inhibition can restore the 

plasticity of the vasculature in the disease state of hypertension. We expect 

that SEH inhibition will promote normal physiological vascular remodeling 

during hypertension. We also expect that SEH inhibtion and Ephx2 gene 

deletion will inhibit hyperplasia and stenosis induced by flow reduction and 

vascular injury. 
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remodeling that mimic the Glagov's Phenomenon.84
•
85 Glagov's Phenomenon 

is the process of outward remodeling that occurs in the vasculature in response 

to reductions in lumen diameter.84 This outward (positive) remodeling occurs to 

maintain the lumen diameter of the vasculature in the face of lumen 

encroachment. In humans this process is successful at maintaining lumen 

diameter until the stenosis becomes greater than 40%. After this point, the 

vasculature is no longer able to compensate for the lumen encroachment, and 

blood flow to end organs becomes compromised.84
·
85 

Arterial Disease 

In hypertension, the large vessels, such as the middle cerebral artery 

(MCA) of spontaneously hypertensive stroke prone (SHRSP) rats, exhibit 

hypertrophic outward remodeling (increases in lumen diameter, external elastic 

diameter (EEL) diameter and wall thickness).85
-
88 In addition to these effects, 

chronic hypertension leads to hyperplasia of VSMCs and neointimal 

formation.85 Neointimal formation occurs when VSMCs change phenotypes to 

the proliferative/synthetic phenotype and invade and proliferate in the 

intima.82
•
83

•
85

·
89 VSMC hyperplasia also occurs with arterial stenosis/ 

atherosclerotic plaque progression, and vascular injury.85
•
89 To treat arterial 

stenosis, intravascular interventions such as balloon angioplasty and stents are 

used to restore lumen diameter.85
·
89 It is projected that approximately 1.3 million 

percutaneous coronary interventions will be performed in 2008.1 However, a 

consequence of these interventions is denudation and .vascular injury. Loss of 

the endothelium and over expansion of vessel wall causes intimal hyperplasia 

12 



and/or thrombosis which can result in restenosis of the vessel.85
·
89 All of the 

previously mentioned causes of vascular remodeling also increase the risk for 

ischemic stroke. As a result, it is important to elucidate key mediators of 

pathological vascular remodeling to develop new targets for therapeutics. 

SEH Inhibition and Potential for Effects on Vascular Remodeling 

Several in vitro and in vivo studies indicate that SEH could be a mediator 

of pathological remodeling. As a result, SEH inhibition has potential for 

protecting against pathological remodeling. The studies that have been 

conducted can be categorized into those that investigate endothelium dependent 

flow induced vasodilation and studies that investigate direct effects on the 

VSMCs. Organ perfusion studies demonstrated that increased shear stress 

causes EET release from the endothelium, which facilitates20 in flow induced 

vasodilation.20 It was also determined that EETs may have a more predominant 

role in flow mediated vasopilation under the conditions of NO deficiency.20
•
90

•
91 

In addition to the more acute vasodilator responses, EETs have also been shown 

to enhance intracellular signaling pathways, leading to ERK and MAPK activation 

and inhibition of inflammation.22
•
39 In response to laminar flow, it was also shown 

in vitro that the increase in EET production from the endothelial cells was 

accompanied by a decrease in SEH enzyme.22 Moreover, SEH overexpression 

in vitro in endothelial cells decreases the anti-inflammatory properties of shear 

induced EET production.22 SEH expression in the vasculature has been shown 

to be increased in disease states such as hypertension.92
·
93 Notably, SEH 

inhibition via AUDA enhanced the intracellular response to laminar flow.22 
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Investigations of the effects of SEH inhibition on vasculature were not 

limited to endothelium. Exogenous EETs and inhibition of SEH, namely via 

AUOA, have been shown to decrease platelet derived growth factor (POGF) 

stimulated proliferation of VSMCs in cell culture by down regulation of cyclin 

01.19 Also, SEH inhibition has been shown to inhibit VSMC proliferation by 

several investigators.16
-
18 In addition EETs and SEH inhibition have been shown 

to block POGF stimulated proliferation offibroblasts·via cyclin 01 downregulation 

and inducing apoptosis.94 Exogenous EET and CYP450 overexpression also 

decrease VSMC migration stimulated by POGF via the cAMP/Protien kinase A 

pathway.95 Since SEH inhibition in human saphenous veins and coronary 

arteries decrease the conversion of EETs to the less active OHETs,96 it is 

feasible that SEH inhibition can increase EETs in the vasculature and possibly 

block hypertension induced proliferative and migratory stimuli in VSMCs and 

fibroblasts in vivo. In fact, it has previously been shown that SEH inhibition with 

1-cyclohexyl-3-dodecyl-urea (COU) decreased collagen deposition in kidneys of 

angiotensin-infused hypertensive rats and decreased renal vascular 

remodeling.51 Furthermore, the compliance of the MCA was increased in 

SHRSP rats chronically treated with AUOA.52 In addition, the epidemiological 

studies also indicate that reduced SEH activity is associated with atherosclerotic 

plaque stabilization, and haplotypes that result in atherosclerotic plaque 

stabilization also reduce risk for ischemic stroke in certain subpopulations.67
•
69 
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Lack of Direct Evidence for Effects on Vascular Remodeling via SEH 

Inhibition 

Although these studies give indications for the potential utility of SEH 

inhibition in the management of vascular remodeling, the effect of SEH 

inhibition in vascular remodeling in vivo has not been fully characterized. In 

addition, the mechanisms behind these potential effects have not been 

deciphered. The in vitro studies indicate that the anti-migratory and anti

proliferative properties of SEH inhibition on VSMCs may be due to PPAR-a. 

properties and not SEH inhibition, albeit at high micromolar concentrations.1e-19 

Other reports indicate that EETs and SEH modulate responses to changes in 

flow by mechanisms that are mediated by the endothelium.20
•
22 As a result, 

current reports do not resolve whether the actions of EETs or SEH inhibition 

reflect paracrine release of vasoactive mediators from the endothelium or direct 

actions on the VSMCs. To determine if SEH inhibition can prevent vascular 

remodeling and determine mechanistically how this would occur, models of 

vascular remodeling and a model of vascular injury were employed. 

In Vivo Models of Vascular Remodeling and Vascular injury 

Carotid Ligation Model. 

Carotid ligation is a well characterized model for investigation of mediators 

involved in vascular remodeling.97
•
98 Methods for carotid ligation include ligation 

of the left common carotid artery near the point of its bifurcation into the external 

carotid and internal carotid.97
·
98 It has been reported that the reduction in blood 

flow in the left common carotid artery can result in an inward remodeling 99
•
100 
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and/or hyperplasia of the intimal layer, mimicking the Glagov's 

phenomenon.101·102 The response of blood vessels to flow reductions in rats and 

mice is partly genetically predetermined.85·99·101 As a result, vascular remodeling 

is often induced in genetically altered strains to investigate specific mediators 

involved in the development of vascular remodeling in vivo. 97 

Femoral Artery Injury. 

Another model for investigating the effects of vascular remodeling is 

arterial wire injury.97·103·104 This well characterized model is a more appropriate 

model for investigating mediators involved in restenosis of vessels 

after balloon injury or stent placement.89·97·104 In order to mimic the restenosis, 

initiated by intravascular procedures, a large guidewire is passed into the lumen 

of the artery repeatedly. The resulting response to the endothelial denudation 

and outward pressure on vascular wall (mimics the circumferential wall stress 

induced by balloon injury) resulting in a reduction in medial area and formation 

of neointima.ss.s7,103,104 

Investigating vascular remodeling/SEH antagonism with these models 

will further explain why the SEH polymorphisms associated with decreased 

cardiovascular events are associated with decreased plaque stability/increased 

plaque calcification.67•69·70 We will also be able determine the potential for risk 

reduction from cardiovascular disease events. Since risk factors for ischemic 

stroke include hypertension and vascular disease, protection from pathological 

vascular remodeling may also afford protection from the incidence and severity 

of damage resulting from ischemic stroke. 
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B. Specific Aim 2: To Determine if SEH Inhibition Protects Against 

Cerebral Ischemia (Figure 5) 

Vascular Protection from Ischemic Stroke 

Several reports have shown that epoxides are protective during cerebral 

ischemia,41
•
52

·
54

•
77

•
78

•
10s-107 and their protection may involve astrocytes, the 

vascular bed, and other neurons. The most investigated function of EET in 

brain is functional hyperemia.9
·
23

•
25

·
30 The accepted paradigm is that astrocytes, 

which express the CYP 450 enzyme CYP2C11, produce EETs when stimulated 

by excess glutamate resulting from increased neuronal activity. The EETs then 

are able to diffuse to VSMCs and cause dilation of arterioles increasing blood 

flow to match the metabolic demand of the surrounding neural tissue.9
•
23

•
25

•
30 

Several studies have been conducted that support this paradigm. For one, 

EETs have been shown to cause dilation of cerebral arteries.58
•
108 In addition, 

blocking EET production with epoxygenase inhibitors also decreases the basal 

cerebral blood flow.109 Moreover, glutamate is able to stimulate upregulation of 

CYP2C11 and increase the activity of CYP2C11. As a result, glutamate 

increases EET production.109 Furthermore, epoxgenase inhibition or CYP2C11 

prevents the increase in cerebral blood flow stimulated by glutamate.9
•
23

•
24 25 

Inhibition of whisker stimulation27 and forepaw stimulation26 studies with 

epoxygenase inhibition confirms that EETs play an important role in matching 

cerebral blood flow to neuronal activity and metabolic demand. The 

vasodilation triggered by glutamate induced EET release from astrocytes has 

two phases. The first phase of vasodilation results from EETs released 
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oH OH DHETs 

Figure 5. Schematic of specific aim 2. We will test the hypothesis that inhibiting 

SEH will result in protection from cerebral ischemia during hypertension and 

normotension via vascular and neuroprotection. Picture adapted from "Effects of 

Bea Amyloid (All) created by Dr. Douglas Ethel/, University of California 

Riversid, http://neuro. ucr. edu/ index.php ?content=people/faculty/ethe/1_ douglas/e 

the//_ douglas.htm.l 

18 



from stores. The second phase sustains the vasodilation and is induced by 

EETs produced de novo by CYP2C11.28 Hypoxia has also been reported to be 

a stimulus for upregulation of CYP2C11 in astrocytes and EET production.29 In 

addition to modulation of cerebral blood flow, EETs also promote long term 

changes in the cerebral vasculature.38 As reported by Harder and Munzemaier, 

tube formation by endothelial cells is promoted by co-culture with astrocytes, 

and EETs were thought to be responsible for the formation of these capillary 

like tubes.32 Since then, other reports of angiogenic effects of EETs have been 

reported in other in vivo models including, EET-impregnated Matrigel plugs,33 

ischemic limb model,35 and chorioallantoic membrane.34 These studies have 

shown that EETs are thought to promote angiogenesis via several intracellular 

pathways, such as PI3K and MAPK pathways,35
-3

7 which can be enhanced by 

hypoxia. 9,25,30·32 

These vascular protective properties of EETs have also translated to 

protect from cerebral ischemia in experimental models of ischemic stroke. In 

rats, 14,15-EET administered by mini-pump for 24 hours resulted in a decrease 

in infarct size resulting from cerebral ischemia reperfusion injury.41 This 

protection was also associated with an increase in cerebral blood flow detected 

. by laser Doppler flowmetry.41 Moreover, deletion of the gene responsible for 

SEH production protected mice from cerebral ischemia reperfusion injury.78 

Here the protection was also associated with an increase in cerebral blood flow 

detected by autoradiography in the cerebral cortex and striatum.78 
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Based on these preceding studies, we previously investigated the 

potential for vascular protection from cerebral ischemia via SEH inhibition. In 

our studies, we also sought to account for the co-morbidity of hypertension. 

Since ischemic stroke occurs with loss of cerebral blood flow and is strongly 

associated with hypertension, modulation of epoxide degradation has potential 

in managing ischemic stroke in hypertension. The SEH inhibitor, AUDA, 

protected against cerebral ischemia in SHRSP, an animal model of essential 

hypertension. 52 Interestingly, chronic AUDA treatment in SHRSP rats 

effectively decreased infarct size induced by six hours of permanent middle 

cerebral artery occlusion (MCAO) without decreasing blood pressure. 52 

Although blood pressure is an important variable in controlling infarct size in the 

SHRSP, the cerebrovasculature is also a key determinant of increased 

sensitivity to cerebral ischemia and thus infarct size.110
•
111 Our study provided 

preliminary evidence that AUDA protection in the SHRSP involved changes in 

vascular structure. 52 

The SHRSP rats are an appropriate experimental model of stroke 

because they mimic the essential hypertension that occurs in humans. Focal 

permanent ischemia can be surgically induced by occluding the MCA, which 

results in a consistently large infarct size. 111
-
113 Interestingly, several studies 

using the SHRSP have shown that the severity of damage resulting from 

cerebral ischemia can be therapeutically reduced independent of lowering 
; ' . . 

blocid pressure.52
•
114

-
116 MCAO in young SHRSP that have not developed 

hypertension still leads to larger infarcts than the Wistar Kyoto rats (WKY). 111 
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Carswell reported that infarct size and blood pressure are inversely related in 

F1 WKY SHRSP crossed animals. 113 Others also state that large infarct sizes 

of SHRSP rats are genetically predetermined.112
•
117 In addition, induced 

hypertension in normotensive rats does not result in infarct sizes equivalent to 

SHRSP rats.118 

Although mechanisms for protection independent of lowering blood 

pressure in SHRSP rats are not clear, some possible explanations could be 

improved microvessel density and cerebral blood flow, 119
•
120 improved 

compensatory dilation of cerebral collateral vessels 110
·
121 and decreased arterial 

stiffness86
·
122 with improved vascular dilation 123 of larger cerebral blood vessels. 

It has been reported that juvenile SHRSP rats have decreased microvessel 

density (-30%) in comparison to age-matched WKY rats in the cortex detected 

by immunohistochemically labeling lectin.119
•
120 In addition, several angiogenic 

factors such as VEGF and eNOS were found to be decreased.119
•
120 The 

reduction in the angiogenic factors and microvessel density correlated with a 

35% reduction in regional cortical cerebral blood flow. 119
·
120 

Collateralization is important in determining the development and size of 

a cerebral infarct. The initial rapid tissue loss during ischemia occurs in the 

immediate vicinity of the blocked blood flow, creating a necrotic core. Tissue 

surrounding the necrotic core is still viable, although under perfused. If cerebral 

blood flow is maintained through dilation of collaterals and/or thrombolysis, the 

dormant cells surrounding the core can be saved, decreasing infarct size.112 

The vasculature of SHRSP rats is genetically altered such that all of the 
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cerebral vessels, particularly the vessels that anastomose with the MCA, the 

anterior and posterior cerebral arteries, have a decreased lumen size and 

increased resistance to flow. Normally, blood flow can be maintained in the 

area of the brain perfused by an occluded MCAO through the anastomosis with 

these vessels. SHR-SP rats cannot maintain perfusion upon MCAO due to 

arterial stiffness 122 and impaired vasodilation, resulting in large 

infarcts.110.111.11a.121 

The conduit cerebral arteries of SHRSP rats display hypertrophic 

remodeling and increased stiffness, which could also. contribute to large infarct 

sizes upon MCA0.87 Although the VSMC hypertrophy that occurs in these 

animals decreases the lumen size of the vessels and most probably contributes 
'· -

to.the arterial stiffness and impaired vasodilation, 124 another contributing factor 

could be excessive fibrosis. SHRSP exhibit severe vascular fibrosis in the 

kidney.125 SHRSP also exhibit increased fibrosis with high and low flow studies 

in the carotid artery in comparison to genetically hypertensive rats.99 As a 

result, although fibrosis is normally associated with increased pressure and 

hypertension, SHRSP may have other abnormalities in addition to hypertension 

that contributes to the excessive fibrosis. 

Neuroprotection in Ischemic Stroke 

In addition to the reports indicating that EETs and SEH inhibition may 

provide vascular protection, several other reports suggest that modulation of 

epoxide degradation may also have protective effects during cerebral ischemia 

due to non-vascular mediated mechanisms. Initial studies showed that 
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transient ischemic events (preconditioning) results in a protection from cerebral 

ischemia by upregulation of CYP2C11.54
·
105 Although the previous reports 

indicated that EETs modulate cerebral blood flow and were associated with 

increased blood flow in ischemia, in this instance blood flow was unchanged.105 

Instead of vascular protection, ischemic preconditioning increased CYP2C11 

enzyme expression via HIF-1a in cultured astrocytes, and this CYP upregulation 

protected aga~nst.oxygen-glucose-deprivation (OGD).54 1n addition .to astrocytes, 

14, 15-EET was shown to increase survival of cortical neurons from OGD in a 

dose de'pendent manner starting ~t the·nanomolar range.41 
· 

Studies also indicate that SEH inhibition could cause neuroprotection. 

As previously stated, SEH is a key regulator of EET levels, and it has recently 

been shown to be expressed in neurons and oligodendrocytes and more 

infrequently in astrocytes.63 In line with this, a recent report suggested that 

acute administration of AUDA-butyl ester protects against cerebral ischemic 

reperfusion injury in normotensive mice by mechanisms that may involve neural 

protection rather than vascular protection.106 Infarct size was reduced even 

though blood flow was not altered during the 2 hours of MCA0.106 

In vitro studies have also been conducted to more directly assess the 

effects of SEH activity on increasing neurons ability to survive under OGD. To 

conduct these studies, neurons from normotensive rodents were transfected with 

genes encoding forms of the SEH gene encoded by human SEH polymorph isms 

previously described. Overexpression of SEH and SEH encoded by human 
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polymorph isms associated with variations in SEH activity can increase cell death 

induced by OGD.40 

A prelimil)ary study conducted by Peng et al. gives an indication for the 

neuroprotetive effects of EETs and SEH inhibition.107 In their study, the 

protective effects of preconditioning were associated with an increase in Akt 

phosphorylation, and the protection from cerebral ischemic reperfusion injury 

achieved with SEH inhibition was abrogated with the phosphoinositide-3 kinase 

(PI3K) inhibitor, Wortmannin.107 This suggests that the neuroprotective effects of 

SEH inhibition and EETs may result from activation of the P13K/Akt pathway. 

Other studies have also shown protective effects. of SEH via the PI3K 

pathway in other cell types. EETs anti-apoptotic effects are, in fact, linked to 

PI3K/Akt pathway activation in endothelial cells and renal epithelial cells.42 Pre

treating human pulmonary and coronary endothelial cells with EETs promoted 

cell survival under serum deprivation and ahti-Fas antibody via PI3K pathway.43 

In addition, pre-treatment of human carcinoma cells with exogenous EET or 

increasing EET production via CYP2J2 enzyme overexpression in human 

carcinoma cells blocked apoptosis induced by tumor necrosis factor (TN F)-a via 

activation of PI3K pathway, resulting upregulation of Bcl-2 and Bcl-xL 

accompanied by downregulation of Bax.44 In addition, pretreatment of renal 

epithelial cells with 14,15 EET or expression of CYP450 promotes cell survival 

against apoptosis induced by serum deprivation, H202, etoposide, and 

arachidonic acid42 via PI3K/Akt activation, which occurred within 10 minutes. In 

addition, over expression· of CYP enzyme protected against TN F-a induced 
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apoptosis via upregulation of Bcl-2 via the PI3K pathway.45 Yang et al. also 

showed that expression of Bcl-2 is significantly increased with GYP enzyme over 

expression.45 EETs have also been shown to stimulate Akt-mediated 

phosphorylation and inactivation of Forkhead transcription factors in addition to 

increasing cyclin 01 expression and decreasing expression of p27KiP1
.
46 In 

addition, EETs protected myocytes from ischemia reperfusion injury by 

upregulating protective members of the Bel family and down regulating pro

apoptotic Bel Family members and capase 9 and 3 activity through increased 

activity of the PI3K pathway (increased Akt phosphorylation).47 

Based on these findings and our previous findings of protection from 

cerebral ischemia without blood pressure lowering, neuroprotection should be 

evident in normotension and in particular hypertension. SHRSP rats have 

altered expression 126
•
127 and activation 128 of mediators of cell survival and 

increased sensitivity to oxygen glucose deprivation~ 129 Still, the contribution of 

vascular and neural protection to the cerebral protective effects of SEH 

inhibition during states of hypertension and normotension are unclear and 

require further investigation. The present study tested the hypothesis that SEH 

inhibition provides cerebral protection via different mechanisms in normotensive 

WKY and hypertensive SHRSP rats. 
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II. MATERIALS AND METHODS 

A. Specific Aim 1: To Determine if SEH Inhibition and Ephx2 Gene Deletion 

Antagonizes Vascular Remodeling. (Figure 6) 

Animals. All animals were housed and fed a normal rat chow in the 

animal care facility at the Medical College of Georgia approved by the American 

Association for the Accreditation of Laboratory Animal Care and all protocols 

were approved by the Institutional Animal Care and Use Committee at this 

institution. The following male rat strains were used in the flow reduction studies: 

6-7 week old SHRSP rats (Charles River, Wilmington, MA), 6-7 week old WKY 

rats (Harlan, Indianapolis, IN). The following strains of mice were included in the 

dual injury flow dependent vascular remodeling and femoral artery catheter injury 

model: 9 week old wild type (WT) C57BU6J mice (Jackson Laboratory, 

Sacramento, CA), and 9 week old homozygous Ephx2 gene deleted mice 

(Ephx2-/-)130 from Jackson Laboratories that were backcrossed with C57BI/6J 

mice for 10 generations. 

Blood Pressure. Blood pressure was monitored by tail plethysmography 

(I lTC Life Science, Woodland Hills, California) during the experimental period in 

acclimatized conscious rats. Animals were placed in the chamber and allowed 

to warm up (32°C rats and 34°C mice). Three blood pressure measurements 

were averaged per animal. 
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Specific Aim 1: Soluble Epoxid~ Hydrqlase 
'Inhibition and Gene Deletion Antagonizes 
Vascular Remodeling 

Carotid Ligatien 
6 week old WKY 
and SHRSP 

5weeks.of2mg/day AUDA. 

Collection of. 
Arteries 

6 weeks of 0.25mg/day tAUCB (Wronly) 

Carotid Ligation and 
Catheter InjurY 
9 week old Ephx2-1- and WT 

Morphometiy 
PCNA 

Morphometiy 
BRDU . 

Figure. 6. Methods for specific aim. 1. This figure gives the schematic for the 

experiments conducted to answer specific aim 1. See text for abbreviations. 
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Left Carotid Ligation Femoral Artery Catheter Injury (Figure 7). Left 

common carotid ligation was conducted in the rats and mice as previously 

described by Rudie et al.99
•
131

•
132 Mice were anesthetized with intraperiotoneal 

injections of 0.2ml/25mg of a cocktail of ketamine 30mg/ml and xylazine 4mg/ml, 

and rats were anesthetized with 50mg/kg of pentobarbital. For both mice and 

rats, a longitudinal midline incision into the neck and blunt dissection revealed 

the musculature overlying the common carotid. Careful dissection was used to 

reveal the bifurcation of the common carotid artery. At the point most proximal to 

the bifurcation of the external and internal common carotid arteries, the left 

common carotid artery was ligated using 8-0 suture (S& T, Neuhausen, 

Switzerland) in mice and 6-0 suture (Surgical Specialties, Reading PA) in the 

rats. Suture was gently inserted under the left common carotid artery to prevent 

disruption of surrounding tissue and then tied with triple knot. The surgical 

incision was closed with 5-0 suture. 

Femoral Artery Catheter Injury (Figure 8). After performing the left 

common carotid artery ligation in the mice only, wire injury of the femoral arteries 

was also performed.103
•
104 To conduct the femoral artery injury, an incision into 

left thigh exposed the femoral artery. To induce femoral artery injury, a wire 

(0.38mm in diameter, No. C-SF-15, Cook Inc., Bloomington, IN.) was inserted 

and withdrawn into the left femoral artery 5-7 times. The vessel was then closed, 

and reflow of blood through the vessels was observed. The incision was closed 

with 5-0 suture. All animal were allowed to recover after surgery. 
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Figure 7. Diagram of carotid ligation model. The carotid ligation technique is a 

method that allows for the investigation of factors involved in the progression of 

pathological remodeling. The carotid ligation technique is induced by ligating the 

left common carotid artery proximal to the bifurcation of the common carotid 

artery. After ligation, flow is reduced in the left common carotid artery. The 

physiological response to the chronic reduction in flow is inward remodeling. 

Alternatively, a hyperplastic response can also occur, resulting in neointima 

formation and allows for the investigation of the remodeling that occurs with 

atherosclerosis, Glagov's phenomenon, and restenosis. 
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Remove the 
Endothelium 

Figure 8. Diagram of femoral artery technique. To induce wire injury, the artery 

is denuded via a wire. In response to the injury, a hyperplasia occurs resulting in 

neointimal formation. 
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SEH Inhibitor Treatment. After surgery, rats and mice were placed in the 

following experimental groups and on drug regimens. SHRSP rats and WK:Y rats 

were treated with 2mg/day 12-(3-adamantan-1-yl-ureido) dodecanoic acid AUDA 

for 5 weeks prepared in drinking water using vehicle to aid in solublization 

(500mg/L of (2-hydroxypropyl)-p-cyclodextrin (Sigma Aldrich, St. Louis, MO) and 

0.075% of ethanol) or vehicle. 

Mice were separated into three experimental groups including: WT

control, Ephx2-/- mice, and WT mice treated with SEH inhibitor trans-4-[4-(3-

adamantan-1-yl-ureido)-cyclohexyloxy]-benzoic acid (tAUCB) (0.25mg/day) in 

butterscotch pudding for 6 weeks. The SEH inhibitor tAUCB lacks potential for 

PPAR-a activation. 

At the end of the experiment, all animals (rats 11-12 weeks old, mice 15 

weeks old) were anesthetized with pentobarbital (50mg/kg) for plasma and 

tissue collection. 

Plasma AUBA and tAUCB Measurements. SEH inhibitor tAUCB and 

12-(3-adamantyl-ureido)-butyl acid (AUBA), an AUDA metabolite, were 

assessed in plasma samples by reverse phase HPLC followed by positive 

mode electron spray ionization and tandem mass spectroscopy (MS-HPLC) as 

previously described.106 An aliquot of 501JL is diluted with 501JL of distilled 

water. Next 101JL surrogate 869 (1-(5-butoxypentyl)-3-adamantylurea at 250 

ng/ml in methanol) was added (final concentration 50ng/ml). After two organic 

extractions with 2001JL of ethyl acetate (vigorous mix for 30 seconds, 

centrifugation at 12,000 g for 5 minutes and collection of organic layer) the 
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sample was evaporated under dry N2 gas and then reconstituted in 501-JL of 

methanol with internal standard 790 (1-adamantylo-3-decyl urea 1 OOng/mL, 

final concentration 50ng/ml). An aliquot of 51JL was analyzed.106 

Tissue Collection and Morphometric AnaiY,sis. Tissue was collected at 

the end of the treatment period. Animals were perfused with a vasodilator 

cocktail (papaverine 0.3mM/L, adenosine 0.2mM/L, diltiazem 0.2mM/L) prepared 

in phosphate buffered saline (PBS). Parallel sections of the right and left 

common carotid artery were embedded in optimal temperature cutting media 

(OTC) (Tissue Tek, Torrance CA). For morphometric analysis and VSMC counts 

in the rats, serial sections of 51Jm thickness were taken along 250 IJm of vessel 

length (-5mm from point of ligation) totaling 16 measurements per vessel. In 

mice, morphometric analysis and nucleic count were assessed in serial sections 

of 51Jm thickness in a proximal section (-4mm from point of ligation) and a distal 

section (-8mm from point of ligation) of the carotid taken along 50 IJm of vessel 

length, (vessels with thrombus formation were excluded). Serial sections of 

mouse femoral arteries 51Jm thickness were taken along 100 iJm of vessel. 

Photographs of the hematoxylin and eosin (H&E) stained rat carotid, mouse 

carotid, and mouse femoral arteries were taken with a light microscope. External 

elastic lamina (EEL), internal elastic lamina, and luminal perimeters were 

measured by a blinded reviewer in the H&E stained vessels via Axiovision 4.0 

software (Carl Zeiss Axio Vision Rel.4.6.3, Thornwood, NY). Wall thickness, wall 

to lumen {W/L) ratio, and neointimal area to medial area ratio were calculated 

using the equation of a circle. VSMC counts were· assessed by counting nuclei in 
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the media of H&E stained common carotid artery cross sections using the 

Axiovision 4.0 software. 

Immunohistochemical Staining for PCNA. After fixation with 1 0% 

formalin and blocking in 10% normal goat serum, frozen 5J,Jm serial sections of 

left and right common carotid arteries of rats were incubated overnight with 

proliferating cellular nuclear antigen (PCNA) (1 :2000, ab29, Abeam, Cambridge, 

MA) at 4°C. After washing with PBS 3 X for 5 minutes each time, slides were 

incubated with secondary antibody, FITC goat anti-rabbit lgG conjugate (1 :200) 

(Zymed, South San Francisco, CA) for 1 hour. Next slides were washed again 

with PBS 3 X for 5 minutes each time. Slides were then incubated with 

diamidino-2-phenylindole (DAPI) (Molecular Probes) (1 OOnM) for 1 minute to 

allow visualization of nuclei. Slides were then mounted with a coverslip using 

Prolong Antifade Reagent Mounting Media (Molecular Probes, Carlsbad, CA). 

Fluorescence was visualized with a Zeiss AXIOPHOT upright microscope. 

PCNA positive labeled cells were counted in 4 pictures taken along 650J.lm of the 

vessel length in both the rat left and right common carotid arteries. 

Immunohistochemical Staining for BrDU. To detect proliferating cells 

in the common carotid and femoral arteries of the mice, animals of each of the 
. 

three groups were injected with 5-bromo-2-deoxyuridine (BrDU) (Sigma Aldrich) 

solubilized in saline. Animals were injected intraperiotoneally with 1 OOmg/kg of 

BrDU 24hours before tissue collection and again 12 hours before tissue 

collection. BrDU labeling was detected using a kit (Becton Dickison, Franklin 

Lakes, NJ), substituting the secondary an~ibody FITC goat anti-rabbit lgG 
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conjugate (Zymed). After fixation with fixation buffer, the frozen 51Jm serial 

sections were steamed in antigen retrieval solution for 20 minutes followed by a 

40 minute cool down period at room temperature. Following a series 3 X 5 . 

minute washes in PBS, slides were incubated with mouse anti-BrDU antibody for 

1 hour at room temperature diluted 1:10 with the diluent provided with the kit. 

Slides were then washed again with PBS 2x 2 minutes. Detection was achieved 

with a hour incubation with the secondary antibody FITC goat anti-rabbit lgG 

conjugate (1 :200) (Zymed). Slides were then incubated with DAPI (1 OOnM) 

(Molecular Probes) for 1 minute to allow visualization of nuclei. After one 5 

minute wash in PBS, slides were mounted with a coverslip using Prolong 

Antifade Reagent Mounting Media (Molecular Probes). Fluorescence was 

visualized with a Zeiss AXIOPHOT upright microscope. BrDU positive labeled 

cells were counted in 4 pictures along 1001-Jm per in the distal and proximal 

segments of the left common carotid, right common carotid, left femoral, and right 

femoral arteries. 

Statistics. All data are expressed as mean ± standard error of the mean 

(SEM). Differences were assessed using analysis of variance (ANOVA) and 

student's t-tests with p-values < 0.05 being statistically significant (Graph Pad 

Prism 4, GraphPad Software, Inc.) 
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B. Specific Aim 2: To Determine if SEH Inhibition Protects Against 

Cerebral Ischemia (Figure 9) _ 

Animals. All male animals were housed and fed a normal rat chow 

Teklads 8604 (Harlan Indianapolis, IN) in the animal care facility at the Medical 

College of Georgia approved by the American Association for the Accreditation of 

Laboratory Animal Care and all protocols were approved by the Institutional 

Animal Care and Use Committee at this institution. All drug treatments were 

administered via drinking water. Six to seven-week old SHRSP rats (Charles 

River, Wilmington, MA) were divided into 4 treatment groups as follows: six 

weeks of vehicle (500mg/L of (2-hydroxypropyl)-p-cyclodextrin and 0.075% of 

ethanol), six weeks of 12-(3-adamantan-1-yl-ureido) dodecanoic acid (AUDA) 

2mg/day via drinking water (50mg/L) dissolved using vehicle to aid in 

solubilization, six weeks of enalapril (Sigma Aldrich) 2.5mg/day via drinking 

water dissolved in vehicle, and 5 weeks of AUDA 2mg/day via drinking water 

dissolved via vehicle followed by a 7-12 day washout period. In addition, a group 

of 12-13 week old SHRSPs was treated with trans-4-[4-(3-adamantan-1-yl

ureido)-cyclohexyloxy]-benzoic acid (tAUCB), an SEH inhibitor,64
•
75 2mg/day for 

7-12 days via drinking water (50mg/L) prepared using vehicle to aid in 

solubulization. Six to seven week old WKY (Harlan, Indianapolis, IN) were 

treated with either 6 weeks of vehicle or 6 weeks of AUDA 2mg/day. Blood 

pressure was monitored by tail cuff plethysmography (I lTC Life Science) during 

the experimental period in acclimatized conscious rats. Animals were placed in 
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Specific Aim 2: SEH Inhibition Protects 
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Figure 9. Methods for specific aim 2 . This figure gives a schematic for the 

experiments used to answer specific aim two. 
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the chamber and allowed to warm up (32°C rats). Three blood pressure 

measurements were averaged per animal. 

Brain AUDA and Plasma AUBA Measurements. SEH inhibitor AUDA 

and 12-(3-adamantyl-ureido)-butyl acid (AUBA, an AUDA metabolite, were 

assessed in 1 OOmg of homogenized brain and plasma samples respectively by 

reverse phase HPLC followed by positive mode electron spray ionization and 

tandem mass spectroscopy (MS-HPLC) as previously described.106 An aliquot 

of 501JL is diluted with 501JL of distilled water. Next 1 01JL surrogate 869 (1-(5-

butoxypentyl)-3-adamantylurea at 250 ng/ml in methanol) was added (final 

concentration 50ng/ml). After two organic extractions with 2001JL of ethyl 

acetate (vigorous mix for 30 seconds, centrifugation at 12,000 g for 5 minutes 

and collection of organic layer) the sample was evaporated under dry N2 gas 

and then reconstituted in 501JL of methanol with internal standard 790 (1-

adamantylo-3-decyl urea 100ng/ml, final concentration 50ng/ml). An aliquot of 

51JL was analyzed.106 

Middle Cerebral Artery Occlusion (MCAO). MCAO was conducted as 

previously described by Zea Longa et al.133 Rats were anesthetized with 

pentobarbital 50mg/kg and their body temperature was maintained at 37"C 

during surgery and recovery. A midline incision into the neck and blunt was used 

to reveal the common carotid artery and its branches. Both the lingual and 

thyroid arteries were cauterized and the external carotid and pteryogopalantice 

arteries were ligated. Next, a 3-0 dermalon monofilament with a rounded tip 

inserted cranially until a drop in the Laser Doppler (Perimed, North Royalton, 
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Ohio) attached to the skull 2mm caudal and 5mm lateral to bregma confirmed 

MCA occlusion (-19mm).52 Surgical incisions were sutured and the animals 

were allowed to recover. Physiological parameters (P02, PC02, hematocrit, and 

blood glucose) were measured via blood sampling with a femoral arterial line 

using a blood gas analyzer (Gem Premier 3000, Instrumentation Laboratory, 

Lexington, MA). There were no differences in physiological parameters 

measured during the MCAO at baseline between vehicle and AUDA treatment 

(Table 1). 

Six hours post MCAO, neurodeficit was assessed using a combination of 

a modified form of the Bederson score 134 and an abbreviated adaptation of the 

modified Neurological Severity Score described by Chen et. al.135 The 

neurodeficit score for WK:Y animals consisted of a tail suspension test (score 

range 1-4) to assess postural reflexes and a pad walk to assess motility (range 

1-3) that were combined for an overall neurodeticit score. SHRSP neurodeficit 

score also included an additional spontaneous activity score (1-4) to assess the 

more dramatic deficits displayed in the SHRSP rats, assessing their general 

condition (calm to aggressive) and abnormal movements (curvilinear walk to 

seizure like activity). 

Next, brains were collected and sliced into 2mm sections coronally from 

the frontal pole. Animals were anesthetized with 50mg/kg of pentobarbital. 

Blood was then collected by ventricular heart puncture. Afterwards, brains 

were collected. Slices were placed in 2% triphenyltetrazolium chloride (TTC) for 

20 minutes. Then the slices were placed in 2% paraformaldehyde for overnight 
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'Riiysiological · 
Group Baseline-

.Parameier 
... SHRSP:'Colitrol 7:35 ::!:.0.02 

SHRSPAUDA 7.35'::!:0.01': 
pH SHRSP-Enalapril: 7.38 :!:0.02 

WKYControl -?.35::!:0.01 
'WKY:AUDA 7.36'::!:0.01· 

SH RSP.C ontrol 34 ::!:'3 

PC02 SHRSPAUDA .32 :1:2 

(mmHg) SHRSP'Enafabril 34 ':1:3 
WKY.Ciihtro'l 39 £2 
WKY:AUDA ·39::!:-2. 

·sHRSPControl ·85'::!:6' 

P02 . SHRSPAODA 81 ::!:5 
SHRSF' Enalapril 85 ::!:8 .(mmHg) 

·WI<:'{ Contro I .90£8 
WKYAUDA .82 ::!:6 

·sHRSPCoritrol 39::!:2 

.Hematocrit SHRSPAUDA' 36-::!:•2' 

.(%) SHRSP Enalapril _35 ::!:.1 
WKY Control .34 :!:.1 
WKYAUDA 35:!: .1 

.SHRSP'C'ontrol 63::!:1 

Glucose 
SHRSP.AUDA 61:i:9 

SHRSP Enalacril 92 ::!:3 (mg/dL) 
WKY: c oniro I 81 ::1:4 
WKYAUDA 70 ::!:2. 

Table 1. Physiological parameters during MCAO. No differences were found in 

the physiological parameters were measured in arterial blood at baseline. 
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fixation at 4°C. Non-infarcted hemisphere, infarcted hemisphere, and infarct 

were measured using the NIH Image software on digitized images of the 

slices. Percent hemisphere infarct was calculated using the Swanson equation 

to account for swelling. 136 

Vc= SUM (contralateral hemisphere area) X 0.2mm 

VI= SUM (non-infarcted tissue in ipsilateral hemisphere) X 0.2mm 

Percent Hemispheric Infarct= [(Vc- VI)/ Vc] X 100 

Histology of MCA. Animals were perfused with a vasodilator cocktail 

(papaverine 0.3mM/L, adenosine 0.2mM/L, diltiazem 0.2mM/L) prepared in PBS. 

A section of the MCA, 4mm away from the Circle of Willis, was embedded. 

Serial sections of 5j.Jm thickness were taken equidistantly along 650 j.Jm, totaling 

16 measurements per vessel. Outer and inner perimeters were measured via 

blinded reviewer using Axiovision 4.0 software (Carl Zeiss Axio Vision Rel.4.6.3, 

Thornwood, NY). These measurements were used to calculate wall thickness 

and wall to lumen (W/L) ratio using the equation of a circle. The MCA was also 

stained for collagen with the Masson's trichrome stain and picrosirus red stain 

and scored by blinded observer. 

Microvessel Density. Since the reduction in infarct size evident in 

Ephx2-/- mice was associated with increased perfusion in the cortex and striatum 

during MCA occlusion and early reperfusion 137 and we previously found that 

AUDA treatment reduced infarcted tissue in cortex and striatum,52
•
78 we 

measured microvessel density in the cortex and the striatum of treated and 

control rats. To measure the microvessel density, the brains were collected and 
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sliced into five 2mm slices in the same fashion used for TTC staining and infarct 

quantification. The slices are flash frozen in a methylbutane dry ice bath. Serial 

sections 5~m thick were cut of each slice. After fixation with 10% formalin and 

blocking in 10% normal goat serum, frozen 5~m serial sections of brain were 

incubated overnight with von Willebrand factor antibody (1 :250, F3520, Sigma) at 

4°C, totaling 5 sections per animal. After washing with PBS and incubating with 

secondary antibody, Cy3 goat anti-rabbit lgG conjugate (1 :200, Zymed), slides 

were mounted with a coverslip using Prolong Antifade Reagent Mounting Media 

(Molecular Probes). Fluorescence was visualized with a Zeiss LSM 510 Meta 

Confocal Laser Scanning microscope (543nm). Twenty five pictures of the 

cortex and striatum per animal at 200X magnification were analyzed using 

Axiovision 5.2 (Carl Zeiss Thornwood, NY)) by two-blinded reviewers. Data were 

reported as area (mm2
) of fluorescence per area of field (mm2

). 

RNA Extraction. Total RNA was extracted from 50mg whole brain using 

the RNeasy® Lipid Mini kit (Qiagen, CA, USA) according to the manufacturer's 

protocol and RNA concentrations were determined using absorbance at 260nm. 

Liquid nitrogen frozen samples were ,crushed with a hammer and anvil. Next, the 

samples were homogenized in 1.0ml of Qiazol via pipetting up and down 10 

times in a syringe with a 27 gauge needle. After sitting on the benchtop for 5 

minutes, 200)ll of chloroform was added, and the samples were shaken for 

approximately 15 seconds. Samples were then left on the benchtop again for 3 

minutes. Samples were then spun for 15 minutes at 4°C. Next, 600 )ll of the 

aqueous (upper) phase were combined and vortex with equal parts of 70% 
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ethanol. Half of the solution was added to an RNeasy Mini spin column 12,000g 

for 30 seconds at room temperature. After repeating the previous step with the 

remaining solution, DNAse digestion was performed using kit (Qiagen). After 

washing and drying the membrane with a series of buffer additions and 

centrifugations (30 seconds, 12,000g), the RNA was eluted with 50!-lL of RNAse 

free water. RNA concentration and purity was determined by diluted the 

extracted RNA 1:10 in with RNAse free DEPC treated water using UV 

spectrophotometry. 

RNA Concentration (ug/ml) = (dilution factor X OD X (A.260nm-blank)) 

RNA Purity = A.260nm/A.280nm 

Real-time Polymerase Chain Reaction (PCR) Apoptosis Array Gene 

Expression. As previously described, 138 using RT2 PCR Array First Strand Kit 

(SuperArray Bioscience, MD, USA), 1 iJg of RNA was converted to eDNA. The 

eDNA was then incubated with RT2 Real-Time SYBR Green PCR Mastermix 

(SuperArray Bioscience, MD, USA) into a 96-well PCR Array plate, one sample 

per plate (3 samples per experimental group). Thermal cycling and real-time 

detection via a Bio-Rad iCycler (Bio-Rad Laboratories, Hercules, CA) was 

conducted following the instructions of apoptosis array (Superarray Bioscience, 

MD, USA). Threshold cycle (C1) values were normalized to 13-actin. The 

Significance Analysis of Microarrays (SAM) software (Stanford University, 

California) was used to determine the significance of changes in gene expression 

in the apoptosis microarray139 with a median false discovery rate of 17% and q

value (comparable top- value) of 10%. 
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Statistics. All data are expressed as mean ± SEM. Differences were 

assessed using 2-way ANOVA, or 1-way ANOVA with Bonferroni post hoc test, 

and student's !-tests with p-values < 0.05 being statistically significant (Graph 

Pad Prism 4, Graph Pad Software, Inc.). 
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Ill. RESULTS 

A. Specific Aim 1: Soluble Epoxide Inhibition and Gene Deletion 

Antagonizes Vascular Remodeling 

Body Weight and Blood Pressure The body weight and systolic blood 

pressure were measured in the animals at baseline and at the end of the study (5 

weeks in rats and 6 weeks in mice, post-remodeling/injury) (Table 1 ). In rats, the 

body weight did not differ between the groups at baseline or the end of the study. 

However, the systolic blood pressure of the SHRSP rats was higher than the 

WKY animals at baseline and at the end ofthe study. AUDA treatment did not 

alter blood pressure in either rat strain. As for the mice, body weight was not 

different at the end of the study. At baseline, there were no differences in 

systolic blood pressure of three experimental mice groups (1 09±3mmHg WT

control, 1 04±2mmHg WT-tAUCB, and 104 ± 3 Ephx24-). At the end of the study, 

the systolic blood pressure of the WT-control mice (117±1 mmHg) was increased 

in comparison to WT-tAUCB mice (103±3 mmHg) and Ephx2-/- mice (103±3 

mmHg). 
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Baseline End of Study 

Group of Systolic Systolic 

Animals Body Weight Blood Body Weight Blood 
(grams) Pressure (grams) Pressure 

(mmHg) (mmHg) 

WKY 155.2 ± 2 119 ± 11 264.0 ± 7 146 ± 2 
WKYAUDA 149.1 .+ 3 125 + 5 248.9 ± 7 149 ± 6 

SHRSP 155.5 + 5 139 + 3A 258.1 + 8 194 + 5A 

SHRSPAUDA 155.1 ± 11 137 ± 2A 264.3 ± 4 183 ± 3A 

WT-control 22.0 ± 0.5 109 ± 3 27.0 ± 1.0 117 ± 1c 

WT-tAUCB 22.5 + 0.6 104 + 2 25.2 + 0.4 103 ± 3 
Ephx2-/- 25.4 + 0.58 104 + 3 26.0 ± 0.5 100 + 3 

Table 2 Body weight and systolic blood pressure of animals in vascular 

remodeling study. The body weight and systolic blood pressure were measured 

in the animals before vascular remodeling studies and before tissue collection (5 

weeks after carotid ligation in rats and 6 weeks after carotid ligation and femoral 

artery wire injury in mice). In rats, the body weight did not differ between the 

groups at either time point. On the other hand, blood pressure of the SHRSP 

rats was significantly higher than the WKY rats at both time points (AP<0.05). In 

the mice, the Ephx2-/- mice weight was higher than the WT and WT treated with 

tAUCB (3P<0.05), but no differences in body weight were detected at the end of 

the study. The systolic blood pressure of the WT mice was increased at the end 

of the study in comparison to both the WT treated with tA UCB and Ephx2-/-

(P<0.05 W7). 
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Plasma AUDA Metabolite Levels. Since AUDA reversibly and 

competitively inhibits the SEH enzyme, measuring levels of SEH activity in the 

tissue to determine the degree of SEH inhibition is not feasible 64
·
140

•
141

. As a 

result, we have previously used SEH inhibitor metabolite levels to indicate 

inhibitor exposure and SEH inhibitor levels to indicate that the concentrations of 

inhibitor are sufficient to inhibit enzymatic activity 52
•
75

. The SEH inhibitor AUDA 

is metabolized by beta oxidation into an inactive metabolite 12-(3-adamantyl

ureido)-butyl acid (AUBA). AUBA levels are used as an indication of previous 

AUDA exposure. We have previously demonstrated that these levels of AUBA 

correlate with an increase in the epoxide to diol ratio 52
. The AUBA plasma levels 

reached 11 ng/ml in the SHRSP rats and 7ng/ml in the WKY rats treated for five 

weeks. These levels were similar to levels we reported previously with AUDA 

treatment. Plasma levels of tAUCB, a potent SEH inhibitor with increased 

bioavailability and greater metabolic stability 75
, reached 131 ng/ml in the tAUCB 

treated WT mice (WT-tAUCB). These inhibitor levels should be sufficient to 

inhibit SEH activity based on the IC50 of these inhibitors (Figure 3), and the doses 

required for efficacy in LPS challenge studies in mice.75 

SEH Inhibition Normalized Remodeling in Response to Changes in 

Flow in SHRSP Rats. To study vascular remodeling, we implemented the 

common carotid artery ligation model, which preserves the integrity of the 

endothelium. As expected, left common carotid artery (LC) ligation caused 

inward remodeling manifest as reductions of both the EEL and lumenal 
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Figure 10. SEH inhibition normalized remodeling in response to changes in flow 

in SHRSP rats. AUDA treatment did not alter remodeling of the left and right 

common carotid induced by ligation in the WKY (vehicle n=5 and n=l AUDA 

treated) (graph A and images C-F). AUDA (n=4) was effective at increasing the 

response to left common carotid ligation (LC) in the left and right common 

carotids (RC) in the SHRSP (n=4) (Band G-J). * P<0.05 SHRSP right common 

carotid vs. AUDA, ## P<0.05 SHRSP LC versus AUDA. Pictures of H&E stained 

carotids were taken at SOX magnification. The black line demarcates 200J1m. 

White columns and black columns represent vehicle and AUDA treated animals 

respectively. EEL (external elastic lamina). 
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diameters. Though there was no difference in the remodeling of the left and right 

common carotid arteries in the WKY with AUDA treatment post ligation (Figure 

1 0 A and B and pictures C-F), the increment of inward remodeling was reduced 

in the SHRSP rats relative to the WKY rats (Figure 10 A, B, D, and Hand Figure 

11). In WKY, EEL narrowed by 21±2% and lumen diameter by 24±2% relative to 

the right contralateral arteries (RC) (Figure 11 ). In contrast, the percent 

reduction of EEL and lumen diameter in the LC versus RC of SHRSP was 

blunted to only 11±1% and 12±1% respectively (Figure 11 ). AUDA treatment 

increased the adaptive response to LC ligation in the SHRSP, making the 

percent change in EEL (20±2%) and lumen (22±1 %) diameter more similar to 

that of a WKY rat (Figure 10 A, B, D, and J and Figure 11 A and B). In addition, 

the RC of SHRSP rats administered AUDA had an increased EEL and lumenal 

diameter in comparison to untreated SHRSP (Figure 10 A, B, G, 1). Thus, AUDA 

treatment normalizes the response to common carotid artery ligation. 

SEH Inhibition Induces Cell Proliferation in the Left Carotid of SHRSP 

Rats. We next quantified cell number by counting cells in cross sections since 

previous reports indicated that SEH inhibitors decrease vascular smooth muscle 

cell proliferation in vitro. 11 There was no significant difference in the total nuclei 

count per cross section detected between treated and untreated WKY and 

SHRSP rats by ANOVA (Figure 12). However, the number of cells positively 

stained for PCNA and ratio of PCNA positive cells to total nuclei count was 

significantly greater in the LC of the AUDA treated SHRSP rats in comparison to 
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Figure11. Percent change in EEL normalized in SHRSP rats. The percent 

change of EEL (A) and lumen diameter (B) are an index of the responsiveness of 

the vessels to the change in flow due to LC ligation. The percent change in the 

SHRSP (n=4) was significantly lower than the WKY (n=5) (* P<0.05). While the 

AUDA (n=7) did not alter the percent change in WKY; AUDA increased the 

percent change in. the SHRSP left' common carotid artery (P<0.05 SHRSP, n=4 

versus SHRSP AUDA, n=4). White bar, black bar, gray bar, and_ striped bar 

represent the WKY, AUDA treated WKY, SHRSP and AUDA treated SHRSP 

respectively. · 
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Figure 12. VSMC count in cross sections of rat carotids. The VSMC count did 

not differ between the WKY (n=5), the AUDA treated WKY (n=7), SHRSP (n=4), 

and AUDA treated SHRSP. White columns and black columns represent vehicle 

and AUDA treated animals respectively. 
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Figure 13 PCNA count and index are increased in left common carotid artery of 

SHRSP rats. Although the PCNA count did not change with AUDA treatment in 

the WKY, AUDA increased the PCNA count in the SHRSP (A * P<0:05 LC AUDA 

treated SHRSP versus LC of WKY, ## P<0.05 LC AUDA treated SHRSP versus 

LC of vehicle treated SHRSP). In addition, this increase was sustained when 

total nuclei was taken into account (B * P<0.05 LC AUDA treated SHRSP versus 

LC of WKY, ## P<0.05 LC AUDA treated SHRSP versus LC of vehicle treated 

SHRSP). White columns and black columns represent vehicle and AUDA 

treated animals respectively. 
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Figure 15. Presence of PCNA positive cells increased in the left common carotid 

artery of SHRSP rats. The following pictures are of common carotid arteries 

immunofluorescently labeled for PCNA and DAPI a nuclear stain (blue). A, 8 , C, 

0 represent LC SHRSP, LC SHRSP AUDA, RC SHRSP, and RC SHRSP AUDA 

respectively taken and 1 OOX magnification. White circle identifies a PCNA 

positive cell (green). 
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the LC in the WKY and SHRSP controls by ANOVA (Figure 13 A and 8, Figure 

14 A-D, and Figure 15 A-D). 

SEH Inhibition and Ephx2 Gene Deletion (Ephx2-/-) Reduces Vascular 

Remodeling. We also conducted experimental studies to assess vascular 

remodeling in mice where EET metabolism and subsequent inactivation is 

inhibited either by pharmacologic inhibition of soluble epoxide hydroxylase (SEH) 

using the tAUC8 compound (WT-tAUC8) or in mice with genetic disruption of 

SEH (Ephx2-/-). Since there is some variation in the development of neointima 

with this rodent model, we assessed remodeling in two areas, proximal and distal 

to the point of ligation. 101
•
103 Proximal to the ligation, neointimal area was -4 fold 

greater in the WT-control in comparison to the Ephx2-/- mice (Figure 16 and 

Figure 17). The neointimal to media ratio was 3 fold greater in the WT-control in 

comparison to the WT-tAUC8 and Ephx2-/- mice (Figure 16 A-1 and Figure 17 B). 

Lumen diameter was decreased in all groups in the LC in comparison to the RC 

(Figure 16 A-1 and Figure 17 A). Inward remodeling was enhanced in response to 

LC ligation in Ephx2-/- mice relative to WT-control as shown by the significant 

reductions in the EEL and lumenal diameter in the proximal segment (Figure 18 

A and Band Figure 16 A-1). In the distal segment of the LC, the EEL was also 

significantly reduced in the Ephx2-/- mice (Figure 14 A). Distal to the ligation, 

there were no statistically significant differences in the EEL diameter, neointimal 

to media area, or neointimal ratio by ANOVA (Figure 18 8-D). 
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Figure 16. Images of common carotid arteries depicting vascular protection with 

Ephx2 gene deletion and tAUCB. The following pictures are of mouse carotids 

immunofluorescently labeled for BrDU and DAPI, a nuclear stain (blue) 6 weeks 

after ligation. Neointimal formation (N) was greater in the WT-control mice (A) in 

comparison to WT-tAUCB (B) and Ephx2-l - mice (C) in the proximal segment. 

However, neointima was small in the distal portions of the WT-control (D), WT

tAUCB (E), and Ephx2-/ - (F). The wall structure (W) and luminal diameter (L) 

were largely unchanged in the RC of the WT-control (G), WT-tAUCB, and Ephx2-

/ -(l). The white lines delineate the neointima, wall, and lumen. 

55 



Figure 17. Neointimal formation was reduced in Ephx2-l- and WT- tAUCB mice 

proximal to ligation. The lumen diameter decreased significantly in all of the 

strains after 6 weeks of ligation in the proximal portion of the LC in comparison to 

the RC (A, * P<0.05). However, EEL diameter decreases significantly only in the 

Ephx2-l- mice (8, P<0.05). Neointimal formation was significantly higher only in 

the WT-control in comparison to the RC (§ P <0.05), and the neointimal area was 

significantly lower in the Ephx2-l- in comparison to the WT-control (C, * P<0.05). 

Both the WT-tAUCB and Ephx2-/- had significantly less remodeling as indicated 

by the neointimal to medial ratio (D, * P<0.05). The white columns, gray columns, 

and black columns represent WT-control (n=5), WT-tAUCB (n=5), and Ephx2-l

(n=8) mice respectively. 
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To further quantify the hyperplastic response, total nuclei and BrDU 

positive cells were counted proximal (Figure 19 A, C, and E and Figure 20 A, D, 

G) and distal (Figure 19 B, D, and F and Figure 20 B, E, and H) to the point of 

ligation. The hyperplastic response of the WT-control mice resulted in an 

increase in total nuclei count proximal to the ligation. Ephx2 gene deletion 

dampens this response, reducing total nuclei count -40%. The hyperplastic 

response correlated with an increase in cell proliferation as indicated by the 

increase in the number of BrDU positive nuclei and corresponding BrDU index 

(BrDU positive cells/total nuclei count)*1 00) in WT-control. In the Ephx2-/- mice, 

the reduction in cellular count also corresponded with a dramatic reduction in 

BrDU count and index, indicating that the reduction in neointimal formation 

resulted from mechanisms that restrained cell proliferation. There were no 

differences in cellularity or proliferation distal to the point of ligation (Figure 19 B, 

D, and F and Figure 20 B, E, H). 

In addition, there was a trend for a reduced incidence of LC thrombosis in 

the Ephx2-/- mice and WT-tAUCB treated versus the WT-control mice (Figure 

21 ). In our study, 6 out of 11 WT-control, 5 out of 10 WT-tAUCB, and 4 of 12 

Ephx2-/- mice developed thrombosis (vessels with thrombus were excluded from 

the study). 

SEH Inhibition and Ephx2 Gene Deletion Does Not Protect Against 

Vascular Injury. Though the hyperplastic response was restrained by tAUCB 

and Ephx2 gene deletion in mice undergoing LC ligation, the response to 

vascular injury induced by mechanical denudation of the vascular endothelium of 
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Figure 18. Neointimal formation distal to ligation was small and unchanged by 

Ephx2 gene deletion or tAUCB. The lumen diameter decreased significantly 

only in the Ephx2-l- mice common carotid artery in the distal portion of the LC in 

comparison to the RC after 6 weeks of ligation (A, P<0.05). EEL diameter (B), 

neointimal area (C), and nepintimal to medial ratio was unchanged in all strains 

(D). The white columns, gray columns, and black columns represent WT-control, 

WT- tAUCB, and Ephx2-/- mice respectively .. 
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Figure 19. Proliferation was dampened in the Ephx2-/- mice. WT-control mice 

had an aggressive hyperplastic response to LC ligation as demonstrated by the 

increase in total nuclei count proximal to the ligation. Ephx2 gene deletion 

dampens this response (A). The hyperplastic response correlated with an 

increase in cell proliferation as indicated by the increase in the number of BrDU 

positive nuclei and corresponding BrDU index in WT-control (C and E). Cell 

proliferation was dampened in the Ephx2-l- mice (C and E). There was also a 

trend for reduction BrDU positive cells from WT- tAUCB (P=O.OB) (C). There 

were no differences in cellularity or proliferation distal to the point of ligation (B, 

D, and F). § P<0.05 WT-control LC versus WT-control RC. * P<0.05 WT-control 

LC versus Ephx2-/- LC. White, gray, and black columns represent WT-control, 

WT- tAUCB, and Ephx2-l- respectively. 
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Figure 20. BrDU positive cells were more prevalent in proximal WT-controlleft 

common carotid artery. The following pictures are of mouse carotids 

immunofluorescently labeled for BrDU and DAPI, a nuclear stain (blue). A-Care 

the proximal LC, distal LC, and RC of WT-control mice. 0-E are the proximal LC, 

distal LC, and RC of WT-tAUCB mice. G-H are the proximal LC, distal LC, and 

RC of Ephx2-/- mice. Images were taken and 1 OOX magnification. White circle 

identifies a BrOU positive cell (green). 
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Figure 21. Incidence of thrombosis mice. The trend for incidence of thrombosis 

was increased in the WT-control versus Ephx2-/- (WT-controi>WT-tAUCB treated 

WT-tAUCB> Ephx2-/- mice). P-value 0.3 by Chi squared analysis. White, gray, 

and black columns represent WT-control, WT-tAUCB, and Ephx2-/- respectively. 
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Figure 22. Ephx2 gene deletion and tAUCB do not prevent hyperplastic response 

to vascular injury. Lumen diameter (A), neointimal area (8), and neointimal to 

medial ratio was unchanged in femoral arteries following catheter injury in all 

strains (C). The white columns, gray columns, and black columns represent WT-

control (n=10), WT- tAUCB (n=l), and Ephx2-/ - (n=10) mice respectively. 

Images D-E represent femoral arteries after wire injury and G-1 are right femoral 

arteries fluorescently labeled for BrDU (green) and DAPI, a nuclear stain (blue) 

taken at 1 OOX magnification, and show that none of the vessels were populated 

with significant amounts of proliferating cell 
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Figure 23. Rates of proliferation were unchanged in femoral arteries. Here we 

demonstrate that WT-control (n=3), WT- tAUCB (n=3) and Ephx2-/- mice all 

hyperplastic response to femoral wire injury as demonstrated by the similar total 

nuclei count in the left femoral (A). This increase in nuclei count did not result in 

significant increase in BrDU positive cells (A) or BrDU index (C) in either 

experimental group. For comparison, the proliferation data from proximal 

carotids are reshown (B,D,and F) for comparative purposes. White, gray, and 

black columns represent WT-control, WT-tAUCB, and Ephx2-/- respectively. 
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the femoral artery was unaffected by SEH inhibition or Ephx2 gene deletion 

(Figure 6 and Figure 22 D-1), resulting in similar lumenal diameters, neointimal 

area, and intimal to media ratios (Figure 22A-F). This may reflect the impact and 

importance of the vascular endothelium, whereby the endothelium remains intact 

during common carotid artery ligation, but· is damaged by wire injury. In addition, 

as shown by the images in Figure 23 A, there was no difference in the cellularity 

of the injured left femoral artery. Unlike the remodeled common carotid arteries, • 
there was no difference detected in the count of BrDU positive cells or BrDU 

index (Figure 23 A-F). 

B. Specific Aim 2: SEH Inhibition Protects Against Cerebral Ischemia 

Brain AUDA and Plasma AUDA Metabolite Levels. AUDA is 

metabolized by beta oxidation into an inactive metabolite 12-(3-adamantyl-

ureido)-butyl acid (AUBA). AUBA levels are used as an indication of AUDA 

exposure. Since AUDA reversibly and competitively inhibits the SEH enzyme, 

measuring SEH activity in the tissue to determine the degree of SEH inhibition is 

not feasible.64
·
140

•
141 Plasma levels of AUBA reached 4 ng/mL in the SHRSP rats 

and 13 ng/mL in the WKY rats after six weeks of SEH inhibition. In the brain, 

AUDA levels reached 21-1mole/g in the SHRSP rats and 31-lmole/g in the WKY 

rats. These levels suggest that treatment was sufficient to inhibit SEH enzymatic 

activity. 

AUDA Decreases Infarct Size Without Preventing Hypertension. 

AUDA treatment in the SHRSP rats did not prevent the development of 
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Fiqure24. AUDA decreases infarct without preventing hypertension. AUDA 

decreases infarct size after 6 hours of MCAO and neurodeficit without preventing 

hypertension in SHRSP (A, t P<O.OS relative to SHRSP, * P<O.OS relative to 

AUDA) as demonstrated by the representative TTC stained coronal slices 

arranged caudally starting at the frontal pole from each treatment group (black 

line delineates infarct from viable tissue) (B). Quantification of percent 

hemispheric infarct size (C, * P<O.OS relative to SHRSP) and neurodeficit show 

AUDA's protection (0, * P<O.OS relative to SHRSP). SHRSP n=16, AUDA n=16, 

Enalapril n=14. 
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hypertension in the 12 week old SHRSP rats (Figure 24) consistent with our 

previous findings. 52 As expected, administration of the angiotensin converting 

enzyme inhibitor enalapril (2.5mg/day) for six weeks was effective at preventing 

the development of hypertension in the SHRSP rats. Despite the absence of an 

effect on blood pressure, the reduction in infarct size and neurodeficit achieved 

with AUDA was similar to that achieved by 6 weeks enalapril treatment (Figure 

24). 

Previous studies have suggested that high concentrations of AUDA 

activate the orphan nuclear receptor PPAR-a.16
•
19

•
142 Thus, we treated a 

separate set of SHRSP rats with tAUCB, a potent SEH inhibitor64
•
75 that lacks 

potential for PPAR agonistic activity. As expected, tAUCB protected against 

cerebral ischemia in the SHRSP rats, reducing infarct size to 43±3 % P<0.05 

hemispheric infarct size and neurodeficit score to 6.3±0.7, n=9 P<0.05. These 

results indicate that the protective properties of AUDA are not solely due to 

PPAR agonistic activity but are the result of SEH inhibition. 

Like the SHRSP rats, AUDA treatment in the WKY did not alter blood 

pressure in the 12 week old WKY rats (143± 1 mmHg vs 141± 3 mmHg). 

However, we still found a protective effect against cerebral ischemia in the WKY 

animals treated with AUDA. SEH inhibition significantly reduced percent infarct 

size 40% and neurodeficit 13% (Figure 25 A-C). 

AUDA Provides Vascular Protection in the SHRSP Rats. Previous 

studies have suggested that AUDA may mediate cerebral protection by 

increasing MCA compliance. 52 However, direct evidence implicating AUDA in 
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Figure 25. AUDA protects against cerebral ischemia in WKY rats. AUDA (n=12) 

decreased infarct size (A) in the WKY (n= 11) as depicted by the representative 

TTC stained coronal slices arranged caudally starting at the frontal pole and the 

quantification of the percent hemispheric infarcts (black line delineates infarct 

from viable tissue) (B). Neurodeficit was also reduced (C). * P<0.05 relative to 

AUOA. 
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Figure 26. AUDA prevents vascular remodeling of middle cerebral artery. AUDA 

(n=6) attenuates the increase in wall to lumen ratio and increase in wall thickness 

in the SHRSP (n=6) vs WKY (n=S), but has AUDA has no effect on WKYs (n=4). 

Staining the MCAs for collagen (pointed to by the black arrow head) via 

masson's trichrome stain (collagen blue, C-F) and the picrosirus red stain 

(collagen red, G-J) shows that AUDA attenuates the increase in collagen 

deposition around the MCA as depicted by representative images taken at 200X 

magnification. WKY (C and G), AUDA treated WKY (0 and H), SHRSP (E and 1), 

AUDA treated SHRSP (F and J). ## P<O.OS relative to WKY, * P<O.OS relative 

to AUDA. 
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vascular structure and remodeling is lacking. Thus, we analyzed blood vessel 

structure in the MCA in the SHRSP and W'r<:f rats. Consistent with prior 

observations, the wall thickness and W/L ratio,143 two measures of vascular 

remodeling, and collagen deposition around the MCA 144 were increased in the 

adult SHRSP in comparison to the adult WKY animals. Treatment with AUDA 

attenuated remodeling of MCA in SHRSP rats, manifest as a reduction in wall 

thickness (26%) and the W/L ratio (27%) (Figure 26A and B). In addition, there 

was an appreciable reduction in collagen deposition around the MCA of SHRSP 

AUDA treated animals as determined by the Masson's trichrome stain and 

picrosirius red staining (Figure 26 C-J). In contrast, we found that MCA wall 

thickness and W/L ratio of the W'r<:f rats treated with AUDA was not altered 

(Figure 26 A and B). There was also no noticeable reduction in collagen 

deposition around the MCAs of AUDA treated W'r<:f rats as determined by 

blinded review (Figure 26 C-J). 

To further investigate the impact of AUDA on the vasculature, we 

assessed cerebral microvessel density. Assessment of immunofluorescently 

labeled von Willebrand's factor in the brain parenchyma of SHRSP and W'r<:f rats 

at the end of the treatment period revealed that the area of microvessel density in 

the adult SHRSP was 33% lower than the adult W'r<:f rats (see Figure 27 A, B, 

and D). This decrease in SHRSP microvascular density was similar to findings 

previously reported in juvenile SHRSP rats.119
•
120 AUDA was again protective by 

increasing the microvessel density by 20% in the SHRSP rats (Figure 27 A, D, 

E). This supports the notion that SEH inhibition could be providing cerebral 
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Figure 27. AUDA increases microvessel density in SHRSP rats. AUDA (n=5) 

increase the deficiency in microvessel density in SHRSP (n=3) vs WKY (n=4), 

but does not alter microvessel density in AUDA treated WKY (n=4) (A) as shown 

by the representative von Willebrand's factor labeled immunofluorescent images 

(red) (B-E) taken at 200X magnification. Data are reported as area (mrrr) of 

fluorescence per area of field (mrrr). ## P<0.05 relative to WKY, * P<0.05 

relative to AUDA. 
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protection by reducing the area at risk to ischemia in the SHRSP rats. WKY rats 

did not exhibit any change in cerebral microvessel density in the WKY animals 

treated with AUDA (Figure 27 A, B, C). 

To determine if the protection achieved by chronic AUDA treatment could 

be sustained after discontinuation of treatment, a separate group of SHRSP rats 

were treated with AU DA 2mg/day for 5 weeks followed by 7-12 days of AU DA 

withdrawal. The area under the curve (AUC) of orally administered AUDA is 0.4 

X 1 04nM·Min?5 As a result, the withdrawal period should be sufficient to exclude 

the effects of the plasma presence of the drug AUDA. As anticipated, a trend for 

protection was still evident after the withdrawal period (46±9% hemispheric 

infarct, n=5, P<0.26 and 7.6±0.8 neurodeficit, n=5, P<0.20). This finding further 

supports the notion that chronic AUDA treatment protection from ischemic 

damage was in part due to structural changes in th~ SHRSP cerebrovasculature. 

Apoptosis. EETs and CYP overexpression reportedly antagonize 

intrinsic and extrinsic apoptosis.4245 Also, EETs and SEH inhibition have been 

shown to promote cell survival during hypoxic reperfusion injury?9 As a result, 

we undertook a global approach to assess expression of apoptotic genes (Table 

4 in the appendix entails gene description for the 84 genes analyzed in the PCR 

plate) in brain samples collected from controls and AUDA treated SHRSP and 

WKY rats using an apoptosis PCR microarray (Figure 28 and Table 3). We have 

identified 57 genes upregulated ~ 1.5 fold and 25 ~ 2 fold in the SHRSP in 

comparison to the WKY encoding tumor necrosis factor (TNF) ligands and 

receptors, members of the Bcl-2 family, caspases, nuclear factor kappa B1 
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(NFkB1 ), and factors involved in DNA damage-induced apoptosis (see Table 3 

and Figure 28A and E). In contrast, AUDA treated SHRSP had only 1 gene 

upregulated 2: 2 fold and 11<: 1.5 fold in comparison to WKY (Figure 28 C and E 

see Table 3). Furthermore, AUDA reduced gene expression of 39 apoptotic 

factors <:1.5 fold and 32 2: 2 fold versus SHRSP vehicle treated rats (Figure 28 B 

and E). AUDA down regulated genes in the SHRSP rats encoding NFkB1, 

sphingosine kinase 2 (Sphk2), TNF ligands (CD40L, Lta, Lbtr, Tnf, Fasl) and 

TNF receptors (1a, 1b, and 11b), mediators of DNA-damage induced apoptosis 

(Dad1, Cidea, Cideb, Dffb, Dffa, TP53, Trp53bp2, Trp63, and Trp73), members 

of the Bcl-2 family (Bcl2, Bid3, Bax, Bcl2111, Mcl1, and Bik), caspases, and 

additional mediators listed in Table 3. In the WKY, AUDA upregulated 7 genes 

<:1.5 fold as listed in Table 3 (Figure 28 D and E). Interestingly, AUDA increased 

anti-apopotic mediators that have also been shown to be neurotrophic and/or 

neuroprotective, including mitog~?n activated protein kinase 8 interacting protein 

(Mapk8ip),14s-148 Fas apoptotic inhibitory molecule (Faim),149
·
150 caspase 8 and 

FADD-Iike apoptosis regulator/Fas-associated death domain-like. interleukin-1 ~

converting enzyme inhibitory protein (Cflar/Fiip),151
•
152 myeloid cell leukemia 

sequence 1 (Mcl-1) 153 and an antioxidant peroxiredoxin 2 (Prdx2) in the WKY 

animals (Table 3 and Figure 30E). 
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Figure 28. AUDA changes apoptosis gene expression profile of SHRSP and 

WKY rats. We compared expression of apoptotic genes in neural tissue with 

mRNA PCR microarray (n=3 per group). Gene expression of 25 apoptotic 

factors increased~ 2 fold in SHRSP control versus WKY (A). AUDA 

downregulated 32 apoptotic factors ~2 fold in SHRSP, including nuclear factor 

kappa beta (NFkB1) and sphingosine kinase 2 (Sphk2). (B). This dampening 

decreased the difference in gene expression in AUDA treated SHRSP versus 

WKY (C). Gene expression of7 apoptotic factors increased ~1.5 fold in AUDA 

treated WKY versus WKY. Other genes that were upregulated > 1 fold included 

mitogen activated protein kinase 8 interacting protein (Mapk8ip), Fas apoptotic 

inhibitory molecule (Faim), caspase 8 and FADD-like apoptosis regulator!Fas

associated death domain-like interleukin-1{3-converting enzyme inhibitory protein 

(Cflar/Fiip), myeloid eel/leukemia sequence f (Mc/-1) and an antioxidant 

peroxiredoxin 2 (Prdx2). E depicts a heat map of gene expression profiles of 

each treatment group (light gray low expression to black high expression). 
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Table 3. Fold upregulation and down regulation of genes with AUDA treatment. 

Using PCR microarray were determined differential mRNA expression of genes 

encoding mediators involved in the apoptotic pathway. Fold up or down 

regulation is given. Factors significantly upregulated are in bold print. 



Fold Up- or Down-Regulation Apoptotic Genes 

WJ<:f SHRSP SHRSP WKY SHRSP SHRSP 

Gene SHRSP/WJ<:f AUDA AUDA AUDA Gene SHRSP/WJ<:f AUDA AUDA AUDA 

/WI<:{ /WKY /SHRSP /WI<:{ /WKY /SHRSP 
Apaf1 1.5 1.0 1.1 -1.1 Dad1 1.4 1.2 1.0 -1.2 

Apl5 2.3 1.5 1.7 -1.1 Dapk1 1.3 -1.2 -1.1 -1.3 

Aven 1.4 -1.2 -1.0 1.1 Dffa 2.5 -1.0 1.2 -1.7 

Bad 1.4 1.0 -1.1 -1.1 Dffb 3.5 1.1 1.3 -2.1 

Bag1 2.2 1.1 1.5 -1.1 Fadd 1.8 2.2 1.5 -1.1 

Bak1 1.4 1.0 1.7 1.3 Faim 2.4 1.5 1.6 -1.1 

Bax 3.8 1.2 1.4 -2.1 Gadd45a 1.2 -1.2 -1.4 -1.2 

Bcl10 -2.9 -1.0 -1.4 1.4 1110 3.8 1.2 1.4 -2.1 

Bcl2 1.8 -1.1 1.1 -1.3 Lhx4 2.9 -1.1 1.1 -2.1 

Bcl2a1 1.8 1.1 1.0 -1.3 Lta 3.8 1.2 1.4 -2.1 

Bcl211 1.6 1.2 1.4 1.1 Llbr 3.6 1.1 1.3 -2.1 

Bcl2111 3.8 1.2 1.4 -2.1 Mapk8ip 2.1 1.4 1.5 1.0 

Bcl212 1.5 1.2 -1.3 -1.2 - Mc11 3.8 1.2 1.4 -2.1 

Bclaf1 1.7 1.2 1.3 -1.1 Nfkb1 3.3 -1.0 1.3 -1.5 

Bid 1.9 1.3 1.5 1.1 Nol3 2.7 1.0 1.4 -1.1 

Bid3 1.9 -1.2 -1.1 -1.8 Poib 1.3 1.1 1.4 1.1 

Bik 2.6 -1.1 1.0 -2.0 Prdx2 1.2 1.1 1.1 1.1 

Birc1b 1.1 -1.2 -2.4 -2.2 Prlr 3.8 1.1 -1.0 -1.6 

Birc3 3.5 1.1 1.3 -2.1 Prok2 2.5 1.3 1.5 -1.3 

Birc4 1.7 1.0 1.4 1.0 Pycard 3.2 1.5 2.0 -1.2 

Birc5 3.5 1.1 1.3 -2.1 Ripk2 1.6 1.1 1.1 -1.3 

Bnip1 2.4 1.3 1.5 -1.1 Sphk2 2.1 -1.1 1.1 -2.3 

Bnlp2 1.9 1.5 1.5 -1.0 Tnt 3.6 1.1 1.3 -2.1 

Bnip3 -1.0 -1.1 -1.0 1.1 Tnfrsf10b 3.8 1.2 1.4 -2.1 

Bok 1.2 1.4 -1.0 1.0 Tnfrsf11b 1.8 1.5 -1.1 -1.7 

Card10 2.1 1.1 1.2 -1.4 Tnfrsf1a 2.3 -1.4 -1.1 -2.1 

CardS 2.6 -1.2 1.2 -1.8 Tnfrsf1b 2.1 1.0 1.2 -1.7 

Casp1 -1.5 -1.0 -1.2 1.5 Tnfrsf5 3.2 1.1 1.2 -2.2 

Casp4 -2.3 1.2 -2.1 1.1 Tnfrsf6 1.9 1.1 1.3 -1.0 

Casp12 3.8 1.3 1.4 -2.1 Tnfsf10 2.4 1.1 1.1 -1.9 

Casp14 1.3 1.2 1.1 -1.3 Tnfsf12 3.8 1.2 1.4 -2.1 

Casp2 2.2 1.2 1.8 1.2 Cd401g 3.8 1.2 1.4 -2.1 

Casp3 1.7 1.2 1.4 -1.4 Fasig 3.2 1.0 -1.1 -2.3 

Casp6 3.1 1.6 1.1 -2.0 Tp53 1.6 -1.2 -1.3 -1.3 

Casp7 2.8 1.2 1.3 -1.8 Tradd 1.7 -1.5 -1.2 -2.0 

Casp8 3.7 1.1 1.1 -2.0 Traf1 3.3 1.1 1.2 -2.1 

Casp8ap2 1.7 1.2 1.9 1.0 Traf2 1.3 1.0 1.2 1.1 

Casp9 -1.0 1.3 1.2 1.2 Traf3 3.2 1.1 1.2 -2.1 

Cfiar 2.2 1.4 1.8 -1.1 Traf4 3.8 1.2 1.4 -2.1 

Cidea 2.2 1.3 -1.4 -2.0 Trp53bp2 3.8 1.2 1.4 -2.1 

Cldeb 3.8 1.2 1.4 -2.1 Trp63 3.8 1.2 1.4 -2.1 

Cradd -1.3 1.2 -1.2 1.4 Trp73 3.8 1.2 1.4 -2.1 
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IV. DISCUSSION 
A. Specific Aim 1: To Determine if SEH Inhibition and Gene Deletion 

Antagonizes Vascular Remodeling 

Studies were conducted to determine the effect of SEH inhibition and 

Ephx2 gene deletion on vascular remodeling in vivo and the mechanisms behind 

these effects. While SEH inhibition and Ephx2 deletion decreased the 

hyperplastic response to left common carotid artery ligation, neither abrogated 

the response to wire-induced vascular injury. These results indicate that SEH 

inhibition and Ephx2 gene deletion restrains pathological vascular remodeling in 

an endothelium dependent manner. In contrast, our studies suggest that the anti-

hyperplastic properties of SEH inhibition and Ephx2 gene deletion are not 

attributed to direct actions of the SEH inhibitors on the VSMCs, but depend 

instead upon actions on the endothelium. In addition, we also found that SEH 

inhibition normalized the response to changes in blood flow in hypertensive rats. 

Herein, we found that in activation of SEH either by tAUCB in WT or 

Ephx2 gene deletion inhibited the hyperplastic response to left common carotid 

ligation in the murine model when the endothelium was intact. The endothelium 

has been deemed the sensor of changes in hemodynamics of the vasculature 154 

and could allow for the integration of these inputs, resulting in varying responses 

tailored to the changes in the environment. The finding that vascular protection 

by SEH inhibition and Ephx2 gene deletion was dependent upon the presence 

the endothelium is in line with previous reports on the role of the epoxygenase 

pathway, endothelium, and vascular smooth muscle. For example, organ 
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perfusion studies demonstrated that increased shear stress causes EET release 

from the endothelium, which then aids in flow induced vasodilation 20
• It was also 

determined that EETs have a more predominate role in flow mediated 

vasodilation in the occurrence of nitric oxide deficiency in female eNOS-knockout 

mice90 and male ERa. knockout mice 91
• In addition, laminar flow has been 

shown to mediate signaling in endothelial cells by EET release and decreased 

SEH expression in vitro. These effects are augmented with AUDA and 

decreased with increased endothelial cell SEH expression via transfection 22
• 

Although SEH inhibitors reportedly inhibit human VSMC proliferation in 

vitro, we did not see differences in the hyperplastic response to endothelial 

denudation of the femoral artery. Th!s suggests that the protective effects of the 

SEH inhibitors, under our experimental conditions, were not solely due to direct 

actions on VSMCs. We speculate that the endothelium may play an important 

role in the protective effects of SEH inhibition by preventing the degradation of 

EETs and increasing epoxide bioavailability from the endothelium for paracrine 

actions on the VSMCs. 

Also, we found that SEH inhibition was able to normalize the ability of the 

SHRSP rat vasculature to respond to changes in flow. SHRSP rats have a 

decreased ability to respond to blood flow changes by mechanisms that are not 

directly related to hypertension, but may be attributed to endothelial dysfunction 

99
• As previously stated, the epoxygenase pathway as been shown to play a role 

in the vasculatures response to flow in nitric oxide deficiency 90
•
91

• SEH 

inhibition via AUDA enhanced the inward remodeling response, making it more 
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like a normotensive WKY. In the like, the Ephx2-/- mice also exhibited a robust 

inward remodeling response to common carotid artery ligation relative to WT

control. However, unlike the Ephx2 gene deleted mice and the normotensive 

WKY rats, SEH inhibition in the SHRSP rats resulted in an increase in cell 

proliferation in the ligated left common carotid artery of the SHRSP rats. Indeed, 

the SHRSP is known to exhibit profound endothelial dysfunction in comparison to 

WKY rats 15
5-

158
, while we have found that the.Ephx2 mice have enhanced 

endothelial responses to acetylcholine 159
• Furthermore, consistent with the 

importance of the endothelium in mediating EET responses, we have found that 

the wire injury response was not affected by pharmacologic inhibition of SEH. 

We also found that SEH inhibition prevented the hyperplastic response 

stimulated by flow reduction in Ephx2-/- and WT-tAUCB mice in a model where 

the endothelium remains intact. Ephx2-/- mice exhibited a robust inward 

remodeling response to common carotid artery ligation relative to WT-control and 

WT-tAUCB mice. SEH inhibition was able to normalize the ability of the SHRSP 

rat to inward remodel in this model of severe flow reduction. Indeed, SHRSP rats 

have a decreased ability to respond to blood flow changes by mechanisms that 

are not directly related to hypertension, but may be attributed to endothelial 

dysfunction 99
• As previously stated, the epoxygenase pathway plays a role in 

the vasculature's response to flow in nitric oxide deficiency 21 Therefore, 

preventing the degradation of EETs in these animals may result in an increase in 

epoxide bioavailability for paracrine actions on the VSMCs. 
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Noteworthy, was the lack of an anti-hypertensive effect in the SHRSP rats 

with AUDA treatment, which is consistent with prior observations from our 

laborator/2 • This may be due to the genetic variation in SEH expression and 

activity, which may influence the contribution of SEH on blood pressure 

regulation in the SHRSP rats. Indeed, reports have indicated that there are 

polymorphisms in the Ephx2 gene in some spontaneously hypertensive rat 

strains 93
•
160

. Studies investigating the genetic and strain influences over SEH 

protein levels and activity indicate that the SEH abundance and activity vary 

among rat strains, particularly WKY, SHR 93
, SHRSP, and stroke resistant SHR 

160
. However, these changes in abundance of protein or activity of SEH do not 

positively correlate with regulation of blood pressure 93 or risk for vascular 

disease 160
• In fact, even though SHRSP rats demonstrate a decrease in SEH 

protein and SEH activity in comparison to stroke resistant SHR, plasma EET 

levels are still similar between groups, and the risk for stroke is still higher in the 

SHRSP rats 160
. These varying effects of Ephx2 polymorphisms may partially 

explain the complexity of the response and resistance to blood pressure 

reduction by SEH inhibitors. 

Previous reports indicate alkanoic acid SEH inhibitors, including AUDA, 

stimulates PPAR-a activity at high micromolar concentrations 17 most probably 

due to its long alkyl fatty acid like chain 16
•
19

• Although we cannot exclude the 

possibility that AUDA acts to stimulate PPAR-a in our studies, the AUBA levels 

achieved in the present study were in the nanomolar range and are not 

sufficiently high enough to induce PPAR-a activity. Moreover, we also found 
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protection with the SEH inhibitor tAUCB, which is not an alkanoic acid. We have 

also shown in hypertensive studies that tAUCB does not lower blood pressure 

further in deoxycorticosterone salt hypertension or suggesting that tAUCB effects 

are mediated by SEH inhibition 159
. Furthermore, we also found that the Ephx2 

gene deleted mice were protected against hyperplastic remo.deling induced by 

common carotid artery ligation. These results suggest, that loss or reduction of 

SEH activity protects from pathological vascular remodeling. 

The overall findings of our experimental studies suggest that SEH 

inhibition may have clinical relevance. Epidemiological studies give evidence 

that the human SEH polymorphism that decreased SEH activity in vitro 65 

correlated with increased incidence of the stabilized form of atherosclerosis 

(coronary artery calcification) 70
. This single nucleotide polymorphism was also 

shown to decrease the risk for ischemic stroke in the Chinese population 71
• A 

correlation between decreased incidence of ischemic stroke and aortic 

calcification was also noted with a SEH polymorphism in the Caucasian 

population 67
•
69

• The polymorphism associated with increased SEH activity is 

associated with an increase in coronary artery disease events 68
. In fact, in our 

study, the degree of stenosis induced by carotid ligation was less than the WT

control by 32% in Ephx2 gene deleted mice and 49% in WT-tAUCB. Moreover, 

the normalization of remodeling in the SHRSP rats provides further evidence for 

the potential for managing vascular disease with SEH inhibition. 

Also there was a trend for a decrease in the incidence of thrombosis, 

indicating that the anticoagulative properties of SEH inhibition may also decrease 
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the incidence of thrombolic events, such as myocardial infarction and ischemic 

stroke, in addition to decreasing vascular remodeling. 

The clinical relevance of SEH inhibition is further shown by the increased 

risk of coronary artery disease with the K55R polymorphism, which is also 

associated with increased SEH activity.68 Smoking, a risk factor for 

cardiovascular events, enhances this association. 58 This indicates that the 

patient population most likely afflicted with these vascular diseases and 

increased risk for a cardiovascular event could benefit from SEH inhibitors. 

Although we did not find a protective effect with vascular injury, these studies 

suggest that protection may still be conferred by incorporating epoxide mimetics 

into drug eluting stents to prevent restenosis from intravascular procedures. 

Overall, this study provides evidE;lnce that SEH inhibition may be useful for 

managing vascular disease such as atherosclerosis and hypertension. It also 

indicates that SEH inhibition may result in a decreased risk for and severity of 

acute cardiovascular events such as ischemic stroke. 

B. Specific Aim 2: To Determine if SEH Inhibition Protects Against 

Cerebral Ischemia 

In this study, investigation of vascular and non-vascular mechanisms by 

which AUDA can protect against cerebral ischemia in normotension and 

hypertension was conducted. While chronic SEH inhibition via AUDA protects 

SHRSP rats via vascular and neural protection, only neural protection was 

observed in WKY rats. 
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Chronic AUDA treatment of SHRSP rats decreased infarct size through 

vascular protection by attenuating the hypertrophic remodeling and collagen 

deposition that occurs in the large cerebral vessel of the SHRSP rats.87
·
110

•
111 

Several reports suggest that EETs and SEH inhibition may attenuate vascular 

remodeling by modulating intracellular signaling pathways in VSMCs 18 and 

fibroblasts.94 It has previously been shown that SEH inhibition with 1-cyclohexyl-

3-dodecyl-urea (CDU) decreased collagen deposition in kidneys of angiotensin

infused hypertensive rats and decreased renal vascular remodeling. 51 

Furthermore, it has previously been found that increased MCA compliance in 

SHRSP rats chronically treated with AUDA.52 This corroborates current findings 

of reduced W/L ratio, wall thickness, and collagen deposition in the SHRSP. 

In addition to its effects on the MCA, AUDA treatment increased cerebral 

microvessel density in the SHRSP rats. Jesmin et al. reported that SHRSP rats 

have reduced regional cerebral blood flow, angiogenic factors,119
·
120 and cerebral 

microvessel density in the cerebral cortex at 6 weeks of age in comparison to 

age-matched WKY rats.120 In this study, vehicle treated SHRSP rats also 

demonstrated reduced cerebral microvessel density at 12 weeks of age, the time 

of occlusion, in comparison to the WKY rats to a degree similar to the previous 

report. EETs have been shown to induce angiogenesis in several in vivo 

models39 and upon co-culture of astrocytes and endothelial cells.31 Since hypoxia 

and increased metabolic demand are potential triggers for astrocyte EEl

mediated angiogenesis,9
•
23

'
32 it can be speculated that SEH inhibition resulted in 

increased cerebral microvessel density by countering the deficiencies present in 
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the SHRSP rats. Interestingly, there was a trend for maintenance of the cerebral 

protection in SHRSP rats after AUDA was withdrawn for 7-12 days. Taken 

together, these results suggest that cerebral protective effects of AUDA in 
I 

SHRSP rats were in part due to structural changes in the va~culature. Although 

we did not investigate effects on arterioles directly, the findings of increased 

microvessel density in the SHRSP rats indicate that SEH inhibition may have had 

positive effects on the arterioles. Also, others report that SEH is highly 

expressed in the VSMCs of arterioles in humans. 61 Since the deformation of the 

collaterals in the SHRSP rats contributes to the development of their 

characteristically large infarct sizes, we can not exclude the possibility of 

protective effects of the structure or reactivity of these vessels with the chronic 

SEH inhibition. The comparative alterations in vasculature between the SHRSP 

and WK:Y rats treated with AUDA suggest that the resulting increase in lipid 

epoxides increases cerebral microvessel density in animals with deficient but not 

normal vasculature. 

Unlike the effects of AUDA on vascular remodeling and microvessel 

density, SEH inhibition provided neural protection in both normotensive and 

hypertensive rat strains by modulating gene expression of mediators involved in 

the regulation of apoptosis in the brain tissue of both WK:Y and SHRSP rats. We 

propose that the upregulation of the anti-apoptotic mediators and 

neuroprotectants in the WK:Y and dampening of overexpression of pro-apoptotic 

mediators in the SHRSP rats sets the stage for increased tolerance of cellular 

stress. Although the studies conducted here were on tissue pre-ischemic insult 
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and therefore do not allow for the determination of the specific genes that may be 

involved in providing protection from cerebral ischemia, they do show that SEH 

inhibition causes a global change in the expression of mediators involved in the 

apoptotic pathway. The range of fold changes we detected are in accordance 

with prior reports45 of apoptotic gene expression and protein expression pre

insult,45 which report smaller inductions pre-insult that prime the cells for a 

dramatic upregulation upon induction of apoptosis, and thus promotion of cell 

survival.45 

The changes that we report occur with SEH inhibition corroborate previous 

findings of the anti-apoptotic properties of EETs, CYP overexpression and SEH 

inhibition. EETs and CYPs reportedly inhibit apoptosis induced by Fas ligand,43 

TNF-a induced,44·45 serum deprivation,43 etoposide, and arachidonic acid by 

mechanisms that involve Bcl-2 upregulation, inhibition of ceramide production, 

and inhibition of reactive oxygen species.42 

In addition, SEH inhibition was also shown to reduce cell death induced by 

hypoxic reperfusion possibly by antagonizing reactive oxygen species.79 In this 

study, SEH inhibition dampens the overexpression of Fas and TNF ligands, TNF 

receptors, and Sphk2 in SHRSP rats while increasing the gene expression of 

several anti-apoptotic members of the Bcl-2 family, inhibitors of Fas induced 

apoptosis (Cflar151·152 and Faim 149), and the anti-oxidant Prdx2 in the WKY rats. 

In particular, MapkBip, also known as c-Jun N-terminal kinase-interacting protein 

(JIP), was upregulated by AUDA treatment in the WKY. JIP has been shown to 

promote tolerance to ischemia and cellular stress in neuronal cells by several 
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Figure 29. Changes in expression profile mav be mediated bv intracellular 

signaling pathwavs. The results of the apoptosis array indicate that the changes 

in the expression profile with SEH inhibition could be mediated by the MAPK 

pathway and Pl3k/Akt signaling pathways. 
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investigators, 14
5-

148 and its effects have been attributed to its ability to sequester 

JNK proteins in the cytoplasm,161
•
162 preventing gene transcription, and thus 

apoptosis. Similar to what we report, increased JIP mRNA expression in the 

brain has been associated with increased tolerance to cerebral hypoxia in rats.147 

In this case, the increased JIP expression is associated with SEH inhibition. 

Based on previous reports, we speculate that the changes in the expression 

profile with SEH inhibition could be mediated by the MAPK pathway and 

PI3K!Akt signaling pathways (Figure 29). These effects are supported by the 

effects of EETs and SEH inhibition in vitro studies previously mentioned. For 

example, MAPK kinases reportedly are involved in the pro survival effects of 

EETs seen in endothelial cells and in the postischemic heart.163 Mapk8ip may 

contribute to this process by binding to a MAPK kinase. 164 This complex can 

then bind to JNK inactivating it164
:
165 and decreasing the expression of cells 

involved in mediating apoptosis such as Bim,166 Fas Ligand, TNF-a, and 

p53
.
167

•
168 In addition, the reduction in the Sphk2 could afford protection from 

ceramide induced apoptosis.169
•
170 In vitro studies indicate that this protection 

occurs via the and PI3K/Akt pathway via epoxides42 but can also be linked to the 

MAPK signally pathway.171
·
172 Moreover, the PI3K/Akt p·athway has also been 

shown to lead to protection from apoptosis via epoxides by inhibition of forkhead 

transcription factors (FOX0).173 In our study we see evidence for reduced 

FOXO activity by the trend for negative fold changes in growth arrest and DNA

damage inducible protein 45a (GADD45a), which is one of its down stream 

effectors.174 This pathway reportedly also results in downregulation of pro-
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apoptotic Bcl-2 genes and Fas ligand.167
•
175 In addition, the PI3K/Akt pathway 

also mediates expression of factors mediating cell survival Cflar176
·
177 and Mcl-

1.178 As a result, our data corroborates the previous reports that SEH inhibition 

and epoxides promote cell survival via the MAPK pathway and PI3K!Akt 

pathway. 

More closely related to cerebral protection, it has been reported that 

protection afforded by CYP upregulation induced by preconditioning is mediated 

in part by increased Akt phosphorylation.107 In addition, PI3K inhibitor 

Wortmann in abbrogates the protective effect of SEH inhibition during cerebral 

ischemic reperfusion injury.77
•
107 Moreover, a recent study linked human SEH 

polymorphisms to cortical neuronal sensitivity to OGD. Overexpression of SEH 

and human polymorph isms associated with variations in SEH activity increased 

cell death induced by OGD.40 To the best of our knowledge, this study is the first 

to link the neuroprotection achieved via SEH inhibition with AUDA in 

hypertension and normotension with a shift in the balance in the gene expression 

of pro- and anti-apoptotic mediators, producing possible ischemic tolerance. 

Previous reports indicate that AUDA has PPAR-a activity at high 

concentrations most probably due to its long alkyl chain.16
•
19 Its structural 

similarity to fatty acids makes the compound lipophilic, which increases its ability 

to bind to the hydrophobic ligand binding domain of PPAR- a.16
•
19 Although we 

can not exclude the possibility of PPAR-a, the AUBA levels achieved in the 

present study were in the nanomolar range, which would indicate that AUDA 

levels were not sufficient to induce PPAR-a activity. We also found protection 
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with a non-alkanoic acid SEH inhibitor, tAUCB. Not only does tAUCB lack the 

long fatty acid chain required for PPAR-u binding, tAUCB is more polar than 

AUDA.64
·
75 As a result, tAUCB lacks potential for binding to the hydrophobic 

PPAR-u binding domain.179
•
180 Moreover, mice that had the gene responsible for 

SEH production deleted also were protected from cerebral ischemic reperfusion 

injury. 78 Based on our current findings and published findings in the Ephx2 -/

mice, we conclude that the protection from cerebral ischemia with AUDA 

treatment is most likely to be due to SEH inhibition. 

In the present study, we evaluated. the cerebral protective effects of 

SEH inhibition in normotensive and hypertensive animals because it is clinically 

relevant. Conducting these studies in an animal model with hypertension is 

essential for addressing the main patient population affected by ischemic 

stroke?·181
·
182 Based on the Trial of ORG 10172 in Acute Stroke Treatment 

(TOAST} study subclassifications, 36-56.6% of ischemic strokes are reportedly 

related to vascular disease associated with hypertension such as large vessel 

atherosclerosis and small artery disease.183
-
187 Moreover, human SEH 

polymorph isms have been found to alter SEH activity65
•
66 and not only affect the 

incidence of ischemic stroke67 but also hypertension and atherosclerosis.68
·
69

•
18a-

191 Smoking, another risk factor for ischemic stroke, 182 synergistically increases 

the prevalence of hypertension and atherosclerotic disease with the SEH 

polymorphisms.189
•
191 Since SEH polymorphisms are linked to both ischemic 

stroke and its modifiable risk factors,67 modulating SEH enzymatic activity may 

be beneficial in decreasing the incidence and severity of ischemic stroke in high 
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risk patients. It is also important to address the non-hypertensive population and 

the patients without evidence of vascular disease that have cerebral ischemic 

events. The ability of SEH inhibition to protect in the absence of hypertension 

and vascular disease implicates that SEH inhibition may also be beneficial in 

treating the non-traditional ischemic stroke patients. 

88 



V. SUMMARY 
In summary, we show that chronic SEH inhibition protects against 

vascular remodeling by mechanisms that are dependent on the endothelium. In 

addition, these effects have been able to alleviate "vascular failure"85
•
192 in the 

SHRSP rats, indicating the vascular protective effects could translate to vascular 

protection from cerebral ischemia in a model of hypertension. The cerebral 

ischemia studies also echo this finding. But in addition to protection from 

cerebral ischemia in the hypertensive rats, protection was also found from 

cerebral ischemia in non-hypertensive rats, SEH inhibition normalized 

cerebrovascular structure in hypertensive animals and provided neural protection 

in normotensive and hypertensive rats. Overall, the ability of AUDA to provide 

protection in the presence or absence of hypertension is clinically relevant 

because ischemic stroke occurs in hypertensive and non-hypertensive 

patients.181 The TOAST subclassifications demonstrate the heterogeneity of the 

ischemic stroke patient population,183
-
187 and as a result, using a treatment that 

can act through multiple mechanisms of protection under varying clinical 

presentations further increases the patient population that can be effectively 

treated. As a result, SEH inhibition has broad pharmacological potential for 

prevention of pathological vascular remodeling and ischemic stroke management 

and, its utility should be further investigated. 
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VI. PERSPECTIVES 
Although the research here focuses mainly on protection from pathological 

remodeling and ischemic stroke, these results also have broader implications for 

SEH inhibition for the management of cardiovascular disease in general. It has 

already been shown that SEH gene deletion protects against ischemic 

reperfusion injury in the heart55 and brain,78 and our studies suggest that SEH 

inhibition may also p·rotect against other cardiovascular diseases caused by 

pathological remodeling. We find that these vascular protective effects could be 

due to actions mediated by the endothelium. As a result, we speCulate that this 

mechanistically occurs in part by the anti-inflammatory properties procured by 

increasing EETs and SEH inhibition. This is a promising area of future 

investigation. 

The neuroprotective properties of SEH inhibition also could lead to future 

areas of research in other central nervous diseases, such as Alzheimer's 

disease, attention-deficit-disorder, and others. The pathogenesis of Alzheimer's 

disease is associated hypertension, lipid dysregulation, and inflammation.193 All 

of these are factors that are modulated by SEH either in human genetic studies 

or experimental animal models. Also, the decrease in microvessel density of the 

SHRSP is thought to contribute to abnormal neuronal development. As a result, 

the SHRSP rats are also used as a model of ADHD.119 We speculate that the 

increase in microvessel density and change in the gene expression profile of the 

SHRSP rats indicates that SEH inhibition may also provide potential use in other 

neurological disorders involving neuronal development or maintenance. 
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In the future, research should be conducted not only. to further explore 

other diseases that may be treated with SEH inhibition, but to optimize drug 

delivery systems for each disease. In addition, more research needs to be 

conducted to determine risk for side effects with treatment alone and in 

combination with other medications and in different sub populations. Patients ttiat 

may benefit from SEH inhibitors could range from children to the elderly. In 

terms of treating cardiovascular disease, ideally, SEH inhibition could be used as 

an anti-hypertensive treatment possibly in combination with other medications. 

However, other methods for utilizing the epoxides as treatments may also be 

useful in drug eluting stents, in acute treatments of myocardial infarction, or 

chronic treatment of neurological disorders such as Alzheimer's disease. To 

conclude, this body of work indicates that SEH inhibitors may be useful in 

providing protection against cardiovascular disease and neurodegenerative 

diseases (Figure 30). 
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Figure 30. Overall conclusion of dissertation. Here we show in the body of work 

that SEH inhibition and or EET mimetics have potential for antagonizing the 

sequela of hypertension, vascular remodeling, and decreasing the severity of and 

protecting during an cardiovascular event namely ischemic stroke. In addition, 

SEH inhibition has potential for protecting against diseases of the central nervous 

system (CNS). 
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Table 4. Apoptosis Gene Identification. The apoptosis gene identification table is 

modified from the Unigene identification number, description and gene name are 

given of the genes in the microarray plate as described by Superarray 

Biosciences, MD. 
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Table 4. Apoptosis Gene Identification Continued. The apoptosis gene 

identification table is modified from the Unigene identification number, description 

and gene name are given of the genes in the microarray plate as described by 

Superarray Biosciences, MD. 
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List of Abbreviations 

ARIC: Atherosclerosis Risk in Communities study, 

AUBA: 12-(3-Adamantyl-ureido )-Butyl Acid 

AUDA: 12-(3-Adamantan-1-yl-ureido) Dodecanoic Acid 

tAUCB: trans-4-[ 4-(3-Adamantan-1-yi-Ureido )-Cyclohexyloxy]-Benzoic acid 

Bcl-2: B-Cell Lymphoma 2 

BrDU: 5-Bromo-2-Deoxyuridine 

CARDIA: Coronary Artery Risk Development in young Adults study 

CDU: 1-Cyclohexyi-3-Dodecyi-Urea 

Cflar/Fiip: Caspase and FADD-Iike Apoptosis Regulator 

CYP 450: Cytochrome P450 

DAPI: Diamidino-2-Phenylindole 

DHETE: Dihydroxyeicosatrienoic Acids 

EEL: External Elastic Lamina 

EETs: Epoxyeicosatrienoic Acids 

Ephx2-/-: Ephx2-/- Gene Deleted Mice 

FADD: Fas Associated Death Domain 

Faim: FADD Inhibitory Molecule 

HPLC: High Performance Liquid Chromatography 

MCA: Middle Cerebral Artery 

JNK: Jun N-terminal Kinase 

LC or L: Left Common Carotid Artery 

127, 



Mapk8ip/Jip: Mitogen Activated Protein Kinase 8 Interaction Protein/ JNK 

Inhibitory Protein 

MCAO: Middle Cerebral Artery Occlusion 

Mcl-1: Myeloid Cell Leukemia Sequence 1 

NfkB: Nuclear Factor Kappa B 

PBS: Phosphate Buffered Saline 

PCNA: Proliferating Cellular Nuclear Antigen 

PPAR-alpha: Peroxisome Proliferator-activated Receptor 

Prdx2: Peroxiredoxin 2 

RC or R: Right Common Carotid Artery 

SEH: Soluble Epoxide Hydrolase 

SEHi: Soluble Epoxide Hydrolase inhibitor/inhibition 

SHRSP: Spontaneously Hypertensive Stroke Prone Rats 

SphK2: Sphingosine kinase 2 

TNF: Tumor Necrosis Factor 

TOAST: Trial of ORG 10172 in Acute Stroke Treatment 

tPA: tissue Plasminiogen Activator 

VSMC: Vascular Smooth Muscle Cell 

Wf0r: Wistar Kyoto Rats 

WT: Wild Type mice 
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